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PREFACE 

During August/September 2001, a group of 75 physicists from 51 
laboratories in 15 countries met in Erice to participate in the 39th Course 
of the International School of Subnuclear Physics. The countries 
represented by the participants were: Argentina, Austria, Canada, China, 
Denmark, France, Germany, Greece, Hungary, Israel, Italy, Japan, the 
Netherlands, Poland, Russia, Singapore, Spain, Sweden, United Kingdom, 
Ukraine and the United States of America. 

The School was sponsored by the Academies of Sciences of 
Estonia, Georgia, Lithuania, Russia and Ukraine; the Chinese Academy of 
Sciences; the Commission of the European Communities; the European 
Physical Society (EPS); the Italian Ministry of University and Scientific 
Research (MURST); the Sicilian Regional Government (ERS); the 
Weizmann Institute of Science; the World Federation of Scientists and the 
World Laboratory. 

The purpose of the School was to focus attention on the theoretical 
and phenomenological developments in String Theory, as well as in all the 
other sectors of Subnuclear Physics. Experimental highlights were 
presented and discussed, as reported in the contents. 

A new feature of the School, introduced in 1996, is a series of 
special sessions devoted to "New Talents". This is a serious problem in 
Experimental Physics where collaborations count several hundreds of 
participants and it is almost impossible for young fellows to be known. 
Even if with much less emphasis the problem exists also in Theoretical 
Physics. So we decided to offer the young fellows a possibility to let them 
be known. Eleven "new talents" were invited to present a paper, followed 
by a discussion. Three were given the prize: one for the best presentation; 
one for an original theoretical work; and one for an original experimental 
work. These special sessions devoted to New Talents represent the 
projection of Subnuclear Physics on the axis of the young generation. 

As every year, the discussion sessions have been the focal point of 
the School's activity. 

During the organization and the running of this year's Course, I 
enjoyed the collaboration of two colleagues and friends, Gerardus 't Hooft 
and Gabriele Veneziano, who shared with me the Directorship of the 
Course. I would like to thank them, together with the group of invited 
scientists and all the people who contributed to the success of this year's 
Course. 



vi 

I hope the reader will enjoy the book as much as the students 
attending the lectures and discussion sessions. Thanks to the work of the 
Scientific Secretaries, the discussions have been reproduced as faithfully as 
possible. At various stages of my work I have enjoyed the collaboration of 
many friends whose contributions have been extremely important for the 
School and are highly appreciated. I thank them most warmly. A final 
acknowledgement to all those in Erice, Bologna and Geneva, who have 
helped me on so many occasions and to whom I feel very indebted. 

Antonino Zichichi 
Geneva, October 2001 
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Lattice QCD Results and Prospects 

Richard Kenway 

Department of Physics & Astronomy, The University of Edinburgh, 
The King's Buildings, Edinburgh EH9 3JZ, Scotland 

Abstract 

In the Standard Model, quarks and gluons are permanently confined by the 
strong interaction into hadronic bound states. The values of the quark masses 
and the strengths of the decays of one quark flavour into another cannot be mea
sured directly, but must be deduced from experiments on hadrons. This requires 
calculations of the strong-interaction effects within the bound states, which are 
only possible using numerical simulations of lattice QCD. These are computa
tionally intensive and, for the past twenty years, have exploited leading-edge 
computing technology. In conjunction with experimental data from B Factories, 
over the next few years, lattice QCD may provide clues to physics beyond the 
Standard Model. These lectures provide a non-technical introduction to lattice 
QCD, some of the recent results, QCD computers, and the future prospects. 

1 The need for numerical simulation 

For almost 30 years, the Standard Model (SM) has provided a remarkably successful 
quantitative description of three of the four forces of Nature: strong, electromagnetic 
and weak. Now that we have compelling evidence for neutrino masses, we are beginning, 
at last, to glimpse physics beyond the SM. This new physics must exist, because the 
SM does not incorporate a quantum theory of gravity. However, the fact that no 
experiment has falsified the SM, despite very high precision measurements, suggests 
that the essential new physics occurs at higher energies than we can explore today, 
probably around the TeV scale, which will be accessible to the Large Hadron Collider 
(LHC). Consequently, the SM will probably remain the most appropriate effective 
theory up to this scale. 

QCD is part of the SM. On its own, it is a fully self-consistent quantum field theory of 
quarks and gluons, whose only inputs are the strength of the coupling between these 
fields and the quark masses. These inputs are presumably determined by the "Theory 
of Everything" in which the SM is embedded. For now, we must determine them from 
experiment, although you will see that to do so involves numerical simulation in an 
essential way, and this could yet reveal problems with the SM at current energies. 
Given these inputs, QCD is an enormously rich and predictive theory. With today's 
algorithms, some of the calculations require computers more powerful than have ever 
been built, although not beyond the capability of existing technology. 
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flavour 
up (u) 
down (d) 
charm (c) 
strange (s) 
top (i) 
bottom (b) 

charge 
2/3e 

- l / 3 e 
2/3e 

- l / 3 e 
2/3e 

- l / 3 e 

mass 
1 - 5 MeV 
3 - 9 MeV 

1.15 - 1.35 GeV 
75 - 170 MeV 

174.3 ± 5.1 GeV 
4.0 - 4.4 GeV 

Table 1: The three generations of quarks, their charges and masses, as given by the Particle 
Data Group [1]. 

1.1 The problem of quark confinement 

The essential feature of the strong interaction is that the elementary quarks and gluons 
only exist in hadronic bound states at low temperature and chemical potential. This 
means that we cannot do experiments on isolated quarks, but only on quarks which 
are interacting with other quarks. In high-energy scattering, the coupling becomes 
small and QCD perturbation theory works well, but at low energies the coupling is 
large and analytical methods fail. We need a formulation of QCD which works at all 
energies. Numerical simulation of lattice QCD, in which the theory is defined on a 
finite spacetime lattice, achieves this. In any finite energy range, lattice QCD can be 
simulated within bounded errors, which are systematically improvable with bounded 
cost. In principle, it appears to be the only way to relate experimental measurements 
directly to the fundamental degrees of freedom. Also, it enables us to map the phase 
diagram of strongly-interacting matter, and to explore universes with different numbers 
and types of quarks and gluons. 

The challenge of lattice QCD is exemplified by the question "Where does most of the 
proton mass come from?". The naive quark model describes the proton as a bound state 
of two u quarks, each of mass around 3 MeV, and one d quark, of mass around 6 MeV, 
yet the proton mass is 938 MeV! The missing 926 MeV is binding energy. Lattice 
QCD has to compute this number and hence provide a rigorous link between the quark 
masses and the proton mass. In the absence of the Theory of Everything to explain 
the quark masses, we invert this process - take the proton mass from experiment, and 
use lattice QCD to infer the quark masses from it. In this way, we are able to measure 
the input parameters of the SM, which will eventually become an essential constraint 
on the Theory of Everything. 

1.2 Objectives of numerical simulation 

The SM has an uncomfortably large number of input parameters for it to be credible 
as a complete theory. Some of these are accurately measured, but most are not. In the 
pre-LHC era, we hope this uncertainty disguises clues to physics beyond the SM, eg 
inconsistencies between the values measured in different processes. Most of the poorly-
known parameters are properties of quarks - their masses and the strengths of the 
decays of one flavour into another (for example, table 1 gives the masses of the quark 
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Figure 1: A schematic picture of what the QCD phase diagram may look like in the tem
perature, T, chemical potential, n, plane [2]. 

flavours quoted by the Particle Data Group). A particular focus is the question whether 
the single parameter which generates CP violation in the SM correctly accounts for 
CP violation in both K and B decays. 

Lattice QCD can connect these quark parameters to experiment without any interven
ing model assumptions. In many cases, particularly at the new B Factories, which are 
measuring B decays with unprecedented precision, the experimental uncertainties are 
being hammered down very fast. The main limitation on our ability to extract the 
corresponding SM parameters is becoming lattice QCD. This is the main topic of these 
lectures. 

A second objective of lattice QCD is to determine the phase diagram of hadronic mat
ter, shown schematically in figure 1. This use of computer simulation is well established 
in statistical physics. Here we want to understand the transition from normal hadrons 
to a quark-gluon plasma at high temperature, and whether an exotic diquark conden
sate occurs at high chemical potential. The former is important for understanding 
heavy-ion collisions. The latter may have important consequences for neutron stars. 
However, the phase diagram is sensitive to the number of light quark flavours, and 
simulating these correctly is very demanding. Also, the QCD action is complex for 
non-zero chemical potential, making our Monte Carlo algorithms highly inefficient. 
So there are considerable challenges for lattice QCD. Even so, there has been much 
progress, such as the recent determination of the location of the end-point of the criti
cal line separating hadronic matter from the quark-gluon plasma, indicated in figure 1 
(this topic will not be discussed further here, see [2] for a recent review). 

Finally, there is a vast array of other non-perturbative physics which numerical sim
ulation could shed light on. We should be able to learn about monopoles and the 
mechanism of confinement. The spectrum of QCD is richer than has been observed 
experimentally and lattice QCD could tell us where to look for the missing states. We 
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should be able to compute the structure of hadrons measured in high-energy scatter
ing experiments. Recent theoretical progress in formulating exact chiral symmetry on 
a lattice has reawakened hopes of simulating chiral theories (such as the electroweak 
theory, where left-handed and right-handed fermions transform differently under an 
internal symmetry) and supersymmetric (SUSY) theories. Simulation may provide our 
only way of understanding SUSY breaking and, hence, how the SM comes about as 
the low-energy phase of a SUSY theory. 

For more information, you should look at the proceedings of the annual International 
Symposium on Lattice Field Theory, which provide an up-to-date overview of progress 
across the entire field (the most recent being [3]), and the textbook by Montvay and 
Miinster [4]. 

2 Lattice QCD 

2.1 Discretisation and confinement 

Quantum field theory is a marriage of quantum mechanics and special relativity. Quan
tum mechanics involves probabilities, which in a simulation are obtained by generating 
many realisations of the field configurations and averaging over them. We use the 
Monte Carlo algorithm for this, having transformed to imaginary time so that the 
algorithm converges. Special relativity requires that we treat space and time on the 
same footing. Hence, we work in four-dimensional Euclidean spacetime. The lattice 
approximation replaces this with a finite four-dimensional hypercubic lattice of points. 
In effect, we transform the path integral for QCD into the partition function for a four-
dimensional statistical mechanical system with a finite number of degrees of freedom, 
in which expectation values are given by 

(0) = j [ VAVqVq 0[A, q, q] e-SalA}+q(p[A]+m)q^ ^ 

In doing so, we have introduced three sources of error: a statistical error from approx
imating expectation values by the average over a finite number of samples, a finite-
volume error, and a discretisation error. All three can be controlled and reduced 
systematically by applying more computational power. 

The crucial breakthrough, which began the field of lattice QCD, was to show how QCD 
could be discretised while preserving the exact local gauge invariance of the continuum 
theory [5]. Quarks carry an internal degree of freedom called colour. The gauge 
symmetry requires that physical quantities are invariant under arbitrary rotations of 
the colour reference frames, which may be different at different spacetime points. It 
is intimately related to confinement. In fact, as a consequence, it can be shown that , 
in lattice QCD with very massive quarks at strong coupling, the potential energy of 
a quark-antiquark pair grows linearly with their separation, due to the formation of a 
string of flux between them. This is supported by simulations at intermediate values of 
the coupling, eg the results in figure 2. Thus, ever increasing energy must be injected 
to try to isolate a quark from an antiquark. At some point, there is enough energy in 
the string to create a quark-antiquark pair from the vacuum. The string breaks and the 
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Figure 2: The quark-antiquark potential, V(r), versus separation, r, in units of the physical 
scale ro (which is determined from the charmonium spectrum), obtained from lattice QCD 
simulations at a range of quark masses [6]. 

quarks and antiquarks pair up, producing a copy of the original configuration, but no 
free quark! Although QCD simulations have not yet reached large enough separations 
or light enough quarks to see string breaking, the confining nature of the potential has 
been clearly established over a range of different lattice spacings, indicating that this 
picture of confinement extends to the continuum limit and, hence, is correct. 

Unfortunately, another symmetry of QCD, called chiral symmetry, which holds for 
massless quarks, has proved more difficult to preserve on the lattice. The spontaneous 
breaking of chiral symmetry is believed to be the reason why the pion is so much lighter 
than other hadrons. In fact, the pion would be massless if the u and d quarks were 
massless. Most simulations to date have used lattice formulations which break chiral 
symmetry explicitly, by terms in the action which vanish in the continuum limit. This 
causes some technical difficulties, but ensures the theory is local. We now understand 
that chiral symmetry can be preserved at non-zero lattice spacing, o, provided the 
lattice Dirac operator, D, obeys the Ginsparg-Wilson relation [7], 

j5D + L>75 = aDl5D. (2) 

The resulting theory is not obviously local, although this has been proved provided 
the gauge coupling is sufficiently weak [8]. Locality must be demonstrated for the 
couplings actually used in simulations to ensure universality, ie the correct continuum 
limit. Furthermore, with current algorithms, these new formulations are at least 100 
times more expensive to simulate than the older formulations. However, they may 
turn out to be much better behaved for simulating u and d quarks, and they offer the 
exciting possibility of extending numerical simulation to chiral theories and possibly 
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even SUSY theories. 

2.2 Easily computed quantities 

Lattice QCD enables us to compute n-point correlation functions, ie expectation values 
of products of fields at n spacetime points, through evaluating the multiple integrals 
in equation (1). Using the standard relationship between path integrals and vacuum 
expectation values of time-ordered products, two-point correlation functions can be 
expressed as 

{&(r)O(0)) = <O|T[0t(T)O(O)]|O> 

= (o|e>te-̂ Te»|o) 

= £IHe>|o) | 2 ~, (3) 

where H is the Hamiltonian, ie, they fall exponentially at large separation, r, of the 
two points in Euclidean time, with a rate proportional to the energy of the lowest-lying 
hadronic state excited from the vacuum by the operator O. If the corresponding state 
has zero momentum, this energy is the hadron mass. The amplitude of the exponential 
is related to the matrix element of O between the hadronic state and the vacuum, 
which governs decays of the hadron in which there is no hadron in the final state, ie 
leptonic decays. For example, the pseudoscalar meson decay constant, /PS , is given by 

iMpsfrs = ^<0|ffi7o76ft|PS>. (4) 

Similarly, three-point correlation functions can be expressed as 

(*&T2)O{q,n)K{0)) = (0\ir(p)e-^-^6(q)e-^k\0) 

= ^(0\m\n)e^^(n\dmn')e-^{n'\K\0) (5) 
n,n' n n 

and so, using results from two-point functions as in equation (3), we can extract matrix 
elements of operators between single hadron states. These govern the decays of a 
hadron into a final state containing one hadron, eg semileptonic decays such as K —> 
itev. Unfortunately, this analysis doesn't extend simply to decays with two or more 
hadrons in the final state. However, two- and three-point correlation functions already 
give us a lot of useful physics. 

2.3 Input parameters and computational limitations 

The first step in any simulation is to fix the input parameters. Lattice QCD is formu
lated in dimensionless variables where the lattice spacing is 1. If there are Nf flavours 
of quark, their masses are fixed by matching Nf hadron mass ratios to their experi
mental values. The remaining parameter, the coupling g2, then determines the lattice 
spacing in physical units, a. This requires one further experimental input - a dimen-
sionful quantity which can be related via some power of a to its value computed in 
lattice units. 
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In principle, then, we may tune these parameters so that o -» 0, keeping the quark 
masses fixed at their real-world values, and keeping the lattice volume fixed by a 
corresponding increase in the number of lattice points. Fortunately, we only need to 
do this until the lattice spacing is smaller than the relevant hadronic length scales. 
Thereafter, dimensionless ratios become constant. This is called scaling and we know 
from asymptotic freedom that this occurs in the limit g2 —>• 0. Since, in this limit, 
hadronic correlation lengths diverge relative to the lattice spacing, the continuum limit 
is a critical point of lattice QCD. Thus, because our algorithms involve only local 
changes to the fields, they suffer critical slowing down. This is the main reason why 
lattice QCD requires very high performance computers. 

While ensuring the lattice spacing is small enough, we must keep the computational box 
bigger than the hadrons we are simulating, if it is not to seriously distort the physics. 
Here we encounter a further costly feature of QCD. Even for hadrons built from the 
four lightest quarks, u, d, s and c, the range of mass scales is more than a factor of 
twenty. To accommodate this range would require lattices with hundreds of sites on a 
side, which is well beyond current computers. The remedy is to compress the range of 
scales, by compressing the range of quark masses that are actually simulated. Then we 
use theoretical models to extrapolate the results to the quark masses in the real world. 
While this step spoils the model-independence of lattice QCD, eventually, as computer 
power increases, and with it the range of quark masses that can be simulated, the 
models will be validated by the simulations. 

2.4 Computational cost and computers 

The computational objective is to extend our simulations to a larger range of quark 
masses, smaller lattice spacings and larger volumes. With present algorithms, we 
quickly find that our computers run out of steam as we push these parameters towards 
their real-world values. Consequently, our estimates of how our algorithms perform 
in these regimes are rather poor. If L is the linear size of the box and Mps is the 
mass of the pseudoscalar meson built from the lightest quark flavours in the simulation 
(eventually the pion), then the computational cost is given roughly by 

, 1 x 7 . 0 - 8 . 5 , i s 2.5-3.5 

number of operations oc L4-5-50 ( - ) ( —— J . (6) 

Here, the exponents are only known to lie roughly within the given ranges. The sig
nificance of this may be understood by considering a simulation at a particular lattice 
spacing. A minimal check should include repeating the calculation on a lattice with 
half the lattice spacing. This requires about 500 times more computer power. So, even 
if the first calculation could be done on a PC, checking it requires a supercomputer! 

Our best estimate is that it will require 100-1000 Tflops years, using present algorithms, 
to compute the quantities being studied today with all sources of error under control 
at the few percent level. This is not beyond existing computer technology. Locality 
of the interactions and translational invariance mean that QCD may be implemented 
highly efficiently using data parallelism on massively parallel computers. Also, Moore's 
Law, which states that microprocessor speeds double every 18-24 months, seems likely 
to extend long enough for Pflops computers to be built. 
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In the meantime, as already mentioned, the computational complexity of QCD may 
be reduced by modifying the quark content of the theory. Early work employed the 
apparently drastic "quenched approximation" in which virtual quark-antiquark pairs 
in the vacuum are neglected. This reduces the cost by at least two orders of magnitude. 
Today, we can include these dynamical effects for two rather massive degenerate quark 
flavours. The data may be extrapolated down to the average mass of the u and d 
quarks, which we know from isospin symmetry can be treated as degenerate to a good 
approximation. The remaining flavours are treated in the quenched approximation. In 
due course, we will include dynamical s and c quarks, as the range of mass scales which 
can be simulated increases. 

An important point is that the methods for extracting physical quantities from the 
simulations are largely unaffected by the flavour content. Thus, lattice QCD has been 
able to advance by simulating versions of the theory which are different from reality. 

3 Quark masses 

Quark masses are encoded in the hadron spectrum. They may be determined by 
running simulations at a range of quark mass values, computing the hadron spectrum 
in each case, and matching the computed hadron masses to their experimental values. 
There is one further step. Being parameters in the QCD action, quark masses depend 
on the scheme used to make the theory finite and on the energy scale at which they 
are defined. To be useful for phenomenology, we must convert the quark masses in 
the lattice scheme, at the scale given by the lattice spacing, mq(a), to a perturbative 
scheme, such as MS, at scale fi, ie, 

< M = Z™>lM(H mg(a). (7) 

However, perturbation theory can only be trusted at high energies, in particular, above 
the sort of lattice cut-offs which can be reached in most simulations. So we have to 
use a non-perturbative method to evolve the lattice quark masses to a high enough 
scale where a perturbative calculation can be used to do the matching. This process 
of non-perturbative renormalisation is now well established [9] and will be described in 
more detail in section 4 on hadron structure. 

Before presenting the results for quark masses, it is useful to set them in the context of 
quenched QCD. It was finally established in 1998 that the quenched hadron spectrum 
disagrees with experiment [10]. The results for two different definitions of the s quark 
mass, using the experimental K and <j> masses as input, are shown in figure 3. Two 
important conclusions follow. First, the deviation from experiment is small, around 
10%, which means that quenched QCD is a good model to use for some phenomenology. 
This is also why it took a long time to reduce the simulation errors sufficiently to 
expose the disagreement. Second, a symptom of having the wrong theory is that it is 
not possible consistently to define the s quark mass. This is what it means to falsify a 
theory by computer simulation. We can't prove that QCD is correct, but if it 's wrong, 
then something like this will happen, once we have all the systematic and statistical 
errors small enough and under control. 
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Figure 3: The mass spectrum of mesons and baryons, built from u, d and s valence quarks, in 
quenched QCD [10]. Two lattice results are shown for each hadron: solid circles correspond 
to fixing the s quark mass from the K mass, and open circles correspond to using the c/> mass. 
The horizontal lines are the experimentally measured masses. 

As mentioned in the previous section, the most realistic simulations to date use two 
degenerate quark flavours, representing the u and d quarks. These simulations are 
performed in a box of side roughly 2.5 fm, using dynamical quark mass values in the 
region of the s quark mass. The data are extrapolated to zero quark mass using chiral 
perturbation theory. The other flavours are quenched. Results for the common u and 
d quark mass versus the lattice spacing [11] are shown in figure 4. Discretisation errors 
affect different definitions of quark mass differently, and it is an important consistency 
check that the results converge in the continuum limit. The result of the two-flavour 
simulations [11] is 

m j f (2 GeV) = 3.44±0
0;^ MeV, (8) 

which, as can be seen in figure 4, is 25% below the quenched result. It is an important 
question whether the u quark is massless, since this could explain the absence of CP 
violation in the strong interaction. Lattice QCD is beginning to address this question, 
evidently pointing to a negative conclusion. 

The corresponding result for the s quark mass [11] is 

mf>(2 GeV) : 9Qtn MeV. (9) 

Although the s quark is still quenched, the effect of including the dynamics of the two 
light flavours is to remove, at the present level of precision, the inconsistency between 
results obtained using the K and <j> masses as input. Also the result is around 20% 
lighter than in quenched QCD. Such a low s quark mass would have important phe-
nomenological implications. For instance, direct CP violation in K decays is inversely 
proportional to m2

s, so that an accurate determination of ma is essential for understand
ing whether the SM gives the correct value. It will be interesting to see whether the s 
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Figure 4: The common mass of the u and d quarks in quenched QCD (open symbols) 
and QCD with two degenerate flavours (solid symbols) versus the lattice spacing [11]. Two 
definitions of quark mass are used, from the vector Ward identity (VWI) and from the axial 
Ward identity (AWI), giving different results at non-zero lattice spacing. In the quenched 
case, results are from both standard (qStd) and improved (qlmp) lattice actions. 

quark mass is reduced further when a dynamical s quark is included in the simulations. 
Chiral perturbation theory predicts the ratio of quark masses, m3/mua = 24.4(1.5), and 
this is consistent with these lattice results, for which the ratio is 26(2). 

To complete the picture, the lattice results for the c [12] and b [13] quark masses are 

m 
MS/^MS (mfb) = 1.31(5) GeV 

m^imf*) = 4.30(10) GeV. 

(10) 

(11) 

Note the wide range in mass scales, which is one reason why QCD simulations are so 
costly. It is neither possible nor necessary to compute the t quark mass in lattice QCD 
since, being so high, it can be determined accurately using perturbation theory. 

4 Hadron structure 

The distribution of momenta carried by the partons making up a hadron, ie quarks 
and gluons, can be calculated from first principles in lattice QCD [14]. Since these 
parton distributions have been obtained experimentally from deep inelastic scattering 
data, in a regime where perturbation theory is applicable, the lattice calculations are 
a test of QCD and can test the region of validity of perturbation theory. Lattice 
calculations may also help where experimental information is scarce, such as for the 
gluon distribution at large x. 

We make use of the operator product expansion. This relates moments of structure 
functions to hadronic matrix elements of local operators, which can be computed in 
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lattice QCD, eg 

Mn(Q
2) = f1dxxn-2F2(x,Q2) 

Jo 

= cf(g2 /M2 ,5(M))42 )(M) + o( i /Q 2 ) . (12) 

Here, the hadronic matrix elements are denoted by A@\ and the quantities C^ are 
Wilson coefficients, which may be computed either in perturbation theory or using 
lattice QCD. The crucial point is that both the matrix elements and the Wilson coef
ficients separately depend on the renormalisation scale, n, but the structure functions, 
being physical quantities, do not. So the product C^A^ must be independent of \i. If 
C^ and A$ are computed in different schemes, we must find a way to evolve them to 
a common value of /j,, where the two schemes can be related and their /j, dependences 
cancelled. Since the perturbative scheme used for the Wilson coefficients, typically MS, 
is only valid at high energies, this means evolving the hadronic matrix elements to a 
high enough scale, where perturbation theory can be used to relate the two schemes. 

Two methods for scheme matching are currently being used. Both involve defining an 
intermediate renormalisation scheme. In the RI MOM approach [15], this intermediate 
scheme normalises the matrix element of the local operator between quark states of 
momentum p (p2 = fi2) to the tree-level result in Landau gauge. It is hoped that the 
momentum scale may be chosen high enough to justify perturbative matching at this 
scale. The alternative SF scheme [16] uses a step scaling function to relate the hadronic 
matrix element (extrapolated to the continuum limit), renormalised in a box of side 
2L, to that in a box of side L. This is then iterated to a high enough scale (ie a small 
enough box) that the perturbative (5 function in the SF scheme may be used to evolve 
it to the L —¥ 0 (n -+ oo) limit, where the result is scheme independent. This so-called 
RG-invariant matrix element may then be run back down to the desired perturbative 
scale in the MS scheme, using the MS f3 function. 

The latter fully non-perturbative renormalisation method has been used to determine 
the average momentum of partons in a pion, (a;), in quenched QCD [17]. The result is 

(x)m{2A GeV) = 0.30(3), (13) 

which is significantly larger than the experimental value of 0.23(2). This is probably 
because there are fewer partons to share the pion's momentum in quenched QCD. 
Thus, we expect structure functions to be sensitive to whether our simulations correctly 
incorporate sea-quark effects. 

5 Quark decays 

The SM does not fix the strengths of the decays of one quark flavour into another. 
These are parametrised by the Cabibbo-Kobayashi-Maskawa (CKM) matrix, 

(vud vus vub\ 
VCKM = Vcd Vcs Vcb . (14) 

V Vtd Vts Vtb ) 
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Thus, for example, |VU;,| is the strength of the decay of a b quark into a u quark. It 
is important to measure these CKM matrix elements experimentally to understand 
whether the SM provides a consistent picture of quark mixing and decays. The exis
tence of only three generations of quarks and leptons imposes constraints on the CKM 
matrix elements. Specifically, VCKM is unitary, and this property is embodied in the so-
called unitarity triangles. Precision measurements might reveal that these constraints 
are violated, giving clues to physics beyond the SM. This is the main focus of the 
experimental programme at B Factories, which are studying the decays of the b quark 
within a B meson, since these decays are sensitive to some of the less well known CKM 
matrix elements [18]. 

Confinement prevents the direct observation of quark decays. We can only measure 
hadron decays, and we need to use lattice QCD to take account of the strong inter
actions occurring in the bound state. As the experimental data improves rapidly, the 
issue is becoming one of precision. Measurements of sin 2(3 this year (/? is one of the 
angles in the unitarity triangle involving the heavy and light flavours) suggest that the 
SM correctly describes CP violation in B decays, so that discrepancies amongst the 
CKM matrix elements, if they exist at all, will be small. Thus, it is going to be a 
considerable challenge for lattice QCD to compute the hadronic matrix elements with 
the few percent precision needed to find any signals of new physics, at least before the 
LHC opens up the TeV energy range. 

B physics presents two new technical problems for lattice QCD. First, the b quark mass 
is larger than the energy cut-off available on today's lattices. The cut-off is essentially 
the inverse lattice spacing and this cannot be made too big if the volume is to remain 
large enough. So we have to use a theoretical model either to treat the 6 quark non-
relativistically, or to extrapolate in mass upwards from data around that of the c 
quark where relativistic simulations are possible. Second, we need good momentum 
resolution, since the lattice results are sometimes most reliable in kinematic regimes 
which are not experimentally accessible and extrapolation in momentum is required. 
Both problems point to the need for bigger, and hence finer, lattices. 

A wide range of lattice results have been obtained by now, eg relating to the mixing of 
neutral B mesons, b hadron lifetimes, and various exclusive B semileptonic decays. 

The neutral Bq meson mass difference is given by 

AM, = 0 M ^ B S o {m2/M2
w) \VtqVt;\

2MBq fBqBBq. (15) 

Here, all the quantities are experimentally measurable, or computable in perturbation 
theory, except the CKM matrix elements, Vtq and Vtt, (which we seek) and the hadronic 
matrix element, parametrised as fB BBq, which can be computed in lattice QCD. An 
indication of the accuracy of the lattice calculations may be gleaned from the Ds meson 
decay constant, foB, which has been measured experimentally to be 241(32) MeV [18], 
and for which the lattice estimate is 255(30) [19]. The lattice result for the B mixing 
matrix element is [19] 

/ S V ^ B = 230(40) MeV. (16) 

Both these lattice results include an estimate of quenching effects in the combined 
systematic and statistical error. The challenge is to reduce this uncertainty to a few 
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percent. Currently, we do not have control of quenching effects, although progress 
with simulations including two dynamical light flavours (which can be relatively easily 
extended to 2 + 1 light flavours) suggests we will soon have much greater confidence 
in the central values. However, the computational cost of reducing the statistical error 
by a factor of ten or so is very high, as we have seen from equation (6). So it may 
be difficult for lattice results to keep up with the precision achieved by experiment (eg 
CLEO-c expects to determine fn, within a few percent). 

Some of the systematic errors cancel in ratios of matrix elements. So more precise 
lattice estimates can be obtained for quantities such as [19] 

BBs = 1.16(5). (17) 

Semileptonic B decays enable us to extract jV^̂ l a n d \Vui,\, the strengths of b —>• c 
and b -> u transitions, from the experimentally observed B —• D*lv and B —•. ntu 
decays. All the lattice results so far are for quenched QCD. They show that the b —> c 
decays are within the domain of validity of heavy-quark effective theory (HQET), which 
embodies a symmetry between sufficiently heavy quark flavours. This symmetry fixes 
the normalisation of the B —> D*lv decay form factor to be 1 at zero recoil (ie, when 
the B and the D* have the same velocity). The form factor squared is essentially 
the experimental rate, up to a factor of |VC&|2. So there is not much left for lattice 
QCD to do, except to compute the small corrections to the heavy-quark limit due to 
the finiteness of mi,. In fact, the current best lattice estimate of these corrections is 
- 0 . 0 8 7 1 ^ [20]. 

However, lattice QCD will have a dramatic impact o n B - > -ntv decays, where, since 
the pion is composed entirely of light quarks, HQET cannot provide the normalisation. 
The hadronic matrix element for this decay may be decomposed into two form factors, 
/ + (g 2 ) and / 0 ( 9

2 ) , 

Ml-Ml . . . , „ / „ . ... M\_^Ml 

q = p-p' (18) 

V = bj^u, 

which describe the dependence on the momentum, q, transferred to the leptons. The 
lattice results for these are shown in figure 5. Clearly, the lattice does not span the 
full kinematic range, so model-dependent extrapolation is needed to compute the total 
decay rate. However, it is possible to measure the differential decay rate experimentally, 
although data are not yet available, so that direct comparison with the lattice results 
will be possible within a limited momentum range, providing a fully model-independent 
measurement of |V^i,|. 

A puzzle, which lattice QCD may be able to resolve, is why the lifetime of the A& is 
much shorter than the lifetimes of the B mesons. To leading order in the heavy-quark 
mass, all b hadrons have the same lifetimes, eg in HQET, 

{n{j/)\V\B{p)) = \ 2 *g"/„(g2) + (p" +p"* - * V ) f+(q2) 
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/ / G e V 2 

Figure 5: Lattice results for the form factors /+ (upper data) and /o (lower data) for 
B -»• -KIV decays, obtained by APE [21] and UKQCD [22]. The curves are dipole and pole 
fits, respectively, with the kinematical constraint /o(0) = /+(0) (from [23]). 

r(A t) 
r(B») 

1 + 0 1 

mi 
compared with experiment: 

r(B-) 
T(B°) 

r(A») 

= (0.98 ± 0.01) + 0 —? 

= 1.06(4) 

= 0.79(5). 

(20) 

(21) 

(22) 
T(B°) 

The light spectator quarks enter the A(, decay at 0(l/ml), so this term might account 
for the disagreement if spectator effects are large for some reason. A preliminary, very 
crude lattice calculation obtained [24] 

T(B~ 

T(B°) 

T(B°) 

= 1.03(2)(3) 

0.92. 

(23) 

(24) 

Although a sensible error could not be attached to the Aj result, this nevertheless 
indicates the potential for lattice QCD to substantially extend our understanding of b 
physics beyond that possible with heavy-quark symmetry arguments alone. 

Finally, a topic of much current interest is K —> irn decays. Again, the challenge is 
to compute the hadronic matrix elements sufficiently reliably to establish whether the 
SM correctly accounts for the measured value of the ratio of direct to indirect CP 
violation, e'/e = 17.2(1.8) x 10~4, which is the world average based on the results from 
the KTeV and NA48 experiments. 

There are several technical difficulties for lattice QCD here, not least, the presence 
of two hadrons in the final state. However, two independent calculations in quenched 



15 

e'/etIO"4] 

a 16x32 
• 243x32 

* | * * ; 

O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
mH

2 [GeV2] 

Figure 6: Results for e'/e obtained by the CP-PACS Collaboration in quenched QCD on 
two different lattice sizes [25]. Results axe plotted versus the square of the mass of the 
pseudoscalar meson octet, rnjvf. 

QCD were performed this year, both resulting in a value around -4 (2) x 1 0 - 4 [25, 26]. 
The systematics of the two calculations are similar. Both use an effective theory to 
integrate out the c and heavier quarks, and chiral perturbation theory to relate the 
matrix elements with two pions in the final state to K —¥ it and K —> |0) matrix 
elements, which can be computed on the lattice. The lattice QCD matrix element 
calculations appear to be under control. This is suggested by the fact that both groups' 
final results agree, as do the CP-PACS results from simulations on two different lattice 
sizes, shown in figure 6. So it is the approximations used in formulating the lattice 
calculation that are under suspicion, not the SM! Although more work is required, the 
existence of a signal at last (early attempts having been swamped by statistical noise), 
suggests it will not be too long before lattice QCD resolves this long-standing puzzle. 

6 QCD machines 

The huge computational requirement for lattice QCD, together with its susceptibility 
to data parallelism, drove the early exploitation of massively parallel computers and 
has motivated some groups to build specialised machines. 

In the UK, this began with the ICL Distributed Array Processor, which sustained 
around 20 Mflops in the early 1980's. From there we moved to the Meiko i860 Com
puting Surface in 1990, which sustained 1 Gflops, and thence to the 30 Gflops Cray 
T3E in 1997. Elsewhere, in recent years, Japan has led the field with two Hitachi ma
chines: a 300 Gflops SR2201 costing $73 per Mflops in 1996, followed by a 600 Gflops 
SR8000 costing $17 per Mflops per year (it is leased) in 2000. Columbia Univer-
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sity's QCDSP project [27] produced 120 and 180 Gflops machines at Columbia and 
Brookhaven, respectively, in 1998, based on Texas Instruments' 32-bit digital signal 
processing chips and a customised 4-dimensional mesh interconnect. The cost of this 
was $10 per Mflops. Finally, this year, the APE group has installed over 300 Gflops 
of its latest APEmille [28] fully-customised 32-bit machine, with a 3-dimensional mesh 
interconnect, at Pisa, Rome, Swansea and Zeuthen. Its cost is $5 per Mflops. All these 
performance figures are sustained values for QCD. Two trends are evident from these 
numbers. The various architectures have tracked Moore's law fairly closely and there 
has been a steady fall in price/performance. 

Two projects are currently targeting multi-Tflops performance in 64-bit arithmetic 
for $1 per Mflops or less. apeNEXT [29] is a direct evolution from the APEmille 
architecture. The other is the QCDOC project [30]. 

QCDOC (QCD On a Chip) is a joint project involving Columbia University, the RJKEN 
Brookhaven Research Centre and UKQCD. We are designing and building an Appli
cation Specific Integrated Circuit (ASIC) using IBM's Blue Logic embedded processor 
technology. The ASIC contains all of the functionality required for QCD on a single 
chip. It comprises a PowerPC 440 core, a 1 Gflops (peak) 64-bit floating-point unit, 
4 MByte of memory, 12 x 500 Mbit/s bi-directional serial communications links, and 
a 100 Mbit /s Ethernet port. The power consumption will be around 2 Watt per chip, 
so that systems with tens of thousands of nodes can be cooled easily. Although not 
needed for the most demanding dynamical quark simulations, we will include between 
32 and 512 MByte of external memory per node, depending on cost, eg to enable it to 
do large quenched calculations. The 12 communications links will be used to construct 
a 6-dimensional mesh, allowing the 4-dimensional QCD lattices to be mapped in a 
wide variety of ways, providing flexibility to repartition a machine without recabling. 
The separate Ethernet tree will be used for booting and loading the machine and for 
parallel I /O. 

The ASIC design is essentially complete and is undergoing tests. We plan to have 
working chips by October 2002. Our first Tflops-scale machine should be operational at 
Columbia early in 2003 and a 5 Tflops sustained version will be installed at Edinburgh 
by the end of that year. A further two machines, sustaining 5 and 10 Tflops, are 
expected at Brookhaven on the same timescale. 

In parallel, several projects are evaluating Pentium clusters, using commodity inter
connects. These appear to offer cost-effective smaller systems, which are guaranteed 
to track microprocessor developments, but, due to an order of magnitude higher power 
consumption, cannot easily scale to very large configurations. 

7 Future prospects 

After 25 years, lattice QCD has reached the point where its potential for computing 
phenomenologically important quantities has been demonstrated. In some cases, par
ticularly B physics, the results are beginning to have an impact on experimental data 
analyses. 
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However, we have not yet achieved our main goal of having all sources of error under 
control at the few percent level. The challenge is to extend the range of quark masses 
which can be simulated down towards the masses of the u and d quarks, so that data 
is obtained unambiguously within the domain of validity of chiral perturbation theory. 
This will require 100-1000 Tfiops years of simulation. Such computer power for QCD 
is within reach of existing technology and will be achieved over the next five years, 
probably by the generation of computers which follows from the current apeNEXT 
and QCDOC projects. Thus, it is conceivable that precision tests of the quark sector 
of the SM could reveal new physics before the LHC. 

Beyond that immediate goal, recent lattice implementations of exact chiral symmetry 
offer the prospect of not only simulating u and d quarks directly, but also chiral and 
SUSY theories. Using today's algorithms, these will be substantially more costly than 
conventional lattice QCD formulations. However, they may be worth the price, and a 
lot of effort is going into developing faster algorithms, so the price may come down. If 
SUSY particles are discovered at the LHC, then numerical simulation may be our only 
way of understanding how SUSY breaks to produce the familiar SM at low energies. 

Regardless of what physics we find beyond the SM, experiments involving quarks will 
always have to deal with confinement. QCD and the rest of the SM have been so 
successful, it is unlikely they will be rapidly replaced by a better effective theory below 
100 GeV. The vastly complicated realisations of QCD at low energies will surely defy 
analytical treatments. So, as long as we have a quantum field theoretic description of 
hadrons at low energies, we'll need lattice QCD. 
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CHAIRMAN: R. D. KENWAY 

Scientific secretaries: H. Meyer, N. Tantalo 

DISCUSSION I 

Tantalo: 
Can you say a few words about gauge fixing on the lattice? I would like to know your 

personal opinion on that. 

Kenway: 
The strength of the lattice formulation is that it preserves local gauge invariance. So I 

prefer to remain within the gauge invariant framework. The worry when you fix the 
gauge is that your calculation is afflicted by Gribov copies. Where it has been checked, 
this appears not to be a problem. The RI-MOM scheme imposes renormalization 
conditions on non-perturbatively computed Green functions between quarks and gluons 
in Landau gauge, and is relatively easy to implement. It is almost certainly more reliable 
than schemes based on lattice perturbation theory for lattice parameters available today, 
and it is the method of choice for a wide range of matrix element calculations. To be 
completely safe, you should compute the scale evolution non-perturbatively as in the SF 
scheme, which is gauge invariant. But this is expensive and has only been applied to a 
few renormalization factors. 

Meyer: 
How are the Grassmann variables dealt with in Monte Carlo simulations? 

Kenway: 
The integration variables for the quarks are indeed anti-commutative. However, the 

action is quadratic in these variables and one can integrate analytically over them before 
implementing the path integral over the gauge fields on a computer. 

Trusov: 
You calculated the interquark potential to be linear (V(r) = o r) for large distances. 

Does this picture still hold for any quark state (baryon for example)? And if yes, does the 
parameter 0 turn out to be the same as in the meson or not? 

- Kenway: 
Two problems come to mind. The first is that potential models do not make much 

sense for hadrons with light valence quarks. They work best for c c and b b mesons. The 
second is how accurately you can model the interactions between three heavy quarks 
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using potentials. I do not know whether anyone has tried this, so I cannot comment on 
what value of the string tension would come out. 

- Schilling: 
Will it ultimately become possible to calculate nucleon structure functions or parton 

distributions on the lattice? 

- Kenway: 
In principle, yes. There are first attempts to compute low moments of structure 

functions; I will show a few results in the next lecture. 

- Maratchevsky: 
Please explain which conditions were imposed on the system to prove quark 

confinement on the lattice? Was this proved for an arbitrary cubic lattice? 

Kenway: 
The full proof works for any non-zero lattice spacing. No phase transition is observed 

in simulations as the continuum limit is approached. So it is extremely unlikely that 
confinement is spoiled in this limit. Strictly speaking, if the quark mass is finite, the area 
law for Wilson loops has to be modified for large loops, since the string breaks when the 
energy stored in it is sufficient to create a quark-antiquark pair from the vacuum. In QCD 
with light dynamical quarks, the area law is not a good order parameter for confinement 
and neither does it make sense to talk about linear potentials. The confinement proof uses 
a hypercubic lattice, but it works in the same way for other lattice geometries. 

Piazza: 

How is it that quark masses are both input to and output from lattice simulations? 

Kenway: 
The quark masses are free parameters in QCD. So the determination of their values is 

an experimental measurement. The lattice calculation provides the connection between 
the parameters in the action and the measured hadron spectrum. In practice, we guess the 
quark mass values used as an input to the lattice simulations and then adjust our guesses 
until the computed hadron spectrum matches experiment. In this way we infer the quark 
masses, but they are of course, an experimental output, obtained with help from the 
lattice. 

- Faccioli: 
What problems arise with resonances? Can one use 2 exponential fits to extract their 

properties? 
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- Kenway: 
The ground state and first excited state energies can be extracted fairly reliably using 

multi-exponential fits (you typically need at least one more exponential in the fit than the 
number of states, to soak up higher-state contributions). It is well known that such fits 
tend to be unstable. Recently, more sophisticated Bayesian methods have been proposed 
to avoid this problem, but we do not have much experience with them yet. 

- Faccioli: 
What is the role of confinement in light hadron physics on the lattice? 

Kenway: 
The masses of hadrons built from valence u and d quarks come almost entirely from 

the confining forces (rather than the quark masses). The dynamics of the light quarks is 
governed principally by the realisation of chiral symmetry and the linear potential picture 
is not much use because the string readily breaks (although this has not yet been seen in 
simulations). 
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DISCUSSION II 

- Golovnev: 
Can the lattice technique be applied to other theories with large coupling constant, for 

example QED at high energy? 

- Kenway: 
One of the difficulties is that QED, as a lattice theory, does not have a continuum 

limit that is non-trivial. So if you try to remove the cutoff, you end up with a non-
interacting theory. On the other hand, you could just regard QED as an effective theory, 
that is, a theory with a scale given by the non-zero lattice spacing, the argument being that 
QED is embedded in some larger theory, for example electroweak theory. Until recently 
the problem with this has been the absence of a chirally symmetric lattice formulation. 
Now we have formulations based on the Ginsparg-Wilson relation which enable us to 
maintain chiral symmetry. That means it should be possible to define chiral theories non-
perturbatively. In fact, Martin Liischer has formally constructed an abelian chiral theory 
on the lattice. The analogous construction for non-abelian chiral theories has not been 
fully carried out, but there seems to be no problem in principle. Nobody has attempted to 
simulate these theories yet; these are recent developments, and the Ginsparg-Wilson 
formulations are much more expensive than the traditional ones. So, except in the context 
of lower-dimensional model theories, we will need some breakthrough in algorithms or 
much more powerful computers before we are able to tackle them. 

Trusov: 
Can lattice QCD help us in the calculation of the hadronic contribution to (g-2) of the 

muon? 

- Kenway: 
As far as I know, up to now there have not been any attempts to calculate these 

contributions using the lattice. 

- Harder: 
Is there any chance of studying the fragmentation of quarks into jets with lattice 

QCD? 
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- Kenway: 
This will be very difficult. We would need something like the operator product 

expansion to express the fragmentation process in terms of hadronic matrix elements of 
local operators, which might then be computed in lattice QCD. 

Nguyen: 
What is the fate of Heavy Quark Effective Theory (HQET)? Could lattice QCD 

improve the results, such as to make HQET obsolete someday? 

Kenway: 
Obviously, with the focus on B physics, understanding the region of validity of 

HQET is important. Also, there are a number of technical issues concerning the 
systematics of the way we treat heavy quarks on the lattice. The problem today is that 
the energy cutoff on the lattice is lower than the b-quark mass, so we have to use an 
extrapolation based on HQET, or a non-relativistic formulation of QCD. These are both 
effective theories for heavy quarks. The question is what is their domain of applicability? 
Eventually, we should be able to simulate the b quark directly. With the 10 teraflops scale 
machine that we are building right now, we could take the lattice cutoff to 5-6 GeV in 
quenched QCD. Such simulations should put us safely in the HQET regime and enable us 
to establish the sizes of power corrections in the range mc to mi,. For these quark masses, 
dynamical quark effects can be ignored. 

I believe this exercise will strengthen HQET rather than diminish its importance. This 
is because, within their domain of applicability, such effective theories capture the 
dominant degrees of freedom and, underpinned by lattice QCD, they can provide an 
intuitive understanding of QCD which numbers alone cannot easily do. 

- Prasad: 
Are you perturbed about the result of the lattice calculation of Re(e'/e) and do you 

include a systematic error for quenching ? 

- Kenway: 
The agreement between the results from the two collaborations suggests that what has 

been calculated has been done correctly. There are several possible explanations for the 
negative result. Most likely, something is missing. There may be a problem with the use 
of chiral perturbation theory. Certainly, this is an unknown quenching error and no 
attempt has been made to include this as a systematic error. Finally, of course, it might be 
that the Standard Model gives the wrong result. However, it is much too early to conclude 
such a thing. First and foremost, understanding the result is a technical problem for the 
lattice community to sort out. 
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- Prasad: 

How do you see lattice QCD keeping up with new results from B factories? 

Kenway: 
It will be a real challenge for lattice QCD to keep pace with the flood of data from B 

factories. This is coming at a time when we are just beginning to get control of the effects 
of dynamical u and d quarks on B physics. So the immediate prospect is for us to gain 
much greater confidence in the central values of our matrix element estimates, rather than 
to hammer down the errors. For some quantities, such as lifetimes, where today's 
theoretical estimates are poor, any reliable estimate will be of value. However, it will take 
a couple of years with teraflops-scale machines before we will significantly reduce the 
errors in decay constants, B parameters and form factors. 

- Dent: 
Can you describe how to use the lattice for QCD at high temperature or chemical 

potential? 

Kenway: 
To do non-zero temperature, you must fix the Euclidean time dimension to be 

proportional to the inverse temperature and impose periodic (antiperiodic) boundary 
conditions on the gauge (quark) fields. Non-zero chemical potential is much more difficult. 
The action becomes complex and Monte Carlo importance sampling does not work - the 
calculation grows exponentially with the lattice volume. One approach is to generate 
configurations at zero chemical potential and then reweight them according to the correct 
distribution at |x*0. This trick seems to work quite well to get the end point of the 
critical line separating hadronic matter from the quark gluon plasma. 

- Sichtermann: 
A fruitful branch of experimental study of QCD is hadron structure functions. Why is 

there "so little" from the lattice calculations? 

- Kenway: 
Although there have been several exploratory calculations of low moments of 

structure functions in quenched QCD, these have not been pushed hard, because we 
expect dynamical u and d quark effects to be large. Now that 2-flavour configurations are 
available, there is renewed interest, and you can expect activity in this area to grow over 
the next few years. However, it will take some time to get the quark masses low enough 
for the dynamical effects to be clearly exposed. 
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- Hill: 
To what extent can the many teraflop-years of computer time necessary to "solve" 

QCD be reduced by using improved actions - working at fixed lattice spacing, but adding 
higher-order non-renormalizable terms to the action, to correct for finite lattice spacing 
error? 

- Kenway: 
Practically all current implementations of lattice QCD use some form of improved 

action. Even using these improvements, multi-teraflops machines are needed. This is 
because it is still necessary to obtain data at several different lattice spacings (and on large 
enough lattices to give, for example, good momentum resolution for form factors) and to 
perform a continuum extrapolation. Improvement guarantees a smoother approach to the 
continuum limit, but it does not guarantee that the scaling violations are small for any 
given quantity. The big gain from improvement is that we can work with relatively coarse 
lattices and partially avoid the rapidly rising computational cost of dynamical fermion 
algorithms with decreasing lattice spacing. 
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DISCUSSION I 

Faccioli: 

Is there a concept similar to the 9 angle in solid-state physics? 

Shifinan: 

Yes, there is. In crystals, potentials are periodic. Naively, one would say that 

when one shifts by one period, the wave function must remain the same. In fact, it can 

acquire a phase. In solid-state physics, this is called quasi-momentum. It is conserved 

(in the absence of boundary effects and impurities). 

Trusov: 

Does there exist a difference between the particle constrained to a circle in a 

gravitational field on the one hand and, on the other hand, the particle in a periodic 

potential, in the sense that the wave function of the former should be strictly 27t 

periodic, whereas in the second case it could differ by a phase? 

Shifinan: 

First, I would like to reiterate that on the circle the wave function does NOT have 

to be periodic, even though a = 0 and a = 2TC are physically one and the same point. 

The wave function itself is not physically observable. What must be strictly periodic 

is the combination y/*n(a)y/k(a)for all n and k. The quasi-periodic boundary condition 

on the circle does not contradict the strict periodicity of iff*n(a)y/k(a). There is a 

difference between the particle on the circle and in the periodic potential (crystal). In 

the crystal, one can introduce perturbations which are not periodic (impurities). By 

the same token, the crystal boundaries ruin the periodicity. At the same time, on the 

circle any perturbation must be strictly periodic. 

Puchwein: 

How does the 't Hooft interaction arise and what is the relation to the chiral 

anomaly? 

Shifinan: 

In the theory I have discussed, at the classical level there are two conserved 

fermion numbers: those of % and \|/ are separately conserved. Correspondingly, there 

are two conserved currents which one could define, say, as 
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WaWa ~ XaXa 

WaYa + XaXa> 

respectively. The first current remains conserved at the quantum level, while the 

second one is anomalous, 

This is the chiral anomaly. Let us integrate the last equation over d4x. On the left-

hand side we get the change of the corresponding fermion number in the instanton 

transition, on the right-hand side we get twice the topological number of the instanton, 

Aq = 2. In other words, the instanton produces the %, \|/ pair (see the figure). 

Note that for the instanton both lines are outcoming while for the anti-instanton 

both are ingoing. 

- Hill: 

Can you state explicitly what the 't Hooft symbol stands for? 

Shifman: 

The 't Hooft symbol rf^ is given by eajlv for \i,v = 1...3 and by 8av for \i = 4, 

v = 1.. .3. Note its antisymmetry in the indices \i and v. 

Papazoglou: 

In the QM example you presented the instanton corresponded to a tunneling 

between two distinct classical minima. In the QCD case, can you explicitly give the 

two minima that the instanton tunnels between? 

Shifman: 
Yes, they are given by an identically zero A^ = 0, on the one hand, and an 

A = Ud^lT1 on the other hand, where U eG stands for a non-contractible map into 

the gauge group under consideration. 

Jaa 

and 

7(2) 
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Wiseman: 

How much control do you have over non-perturbative corrections which are non-

instantonic? 

Shifrnan: 

In QCD the coupling runs with the instanton scale p and hence one does not have 

control. If S becomes large, i.e. g21 An1 ~ 1, one must sum all instantons, and also 

other non-perturbative contributions. In the electroweak case, g is always smaller than 

some maximal value, so the instanton corrections are well-defined and small. However, 

for SUSY, by using additional information (holomorphicity), one can propagate 

instanton results to strong coupling (in certain cases). 

Perez-Veitia: 

Could you explain why the SU(N) moduli have 4N parameters? 

Shi/man: 

Consider as an example the N = 2 case and the BPST solution. 

(x-x0) +p 

where one modulus comes from p and four from the choice of Xo. There are also 3 

rotations possible for SU(2) (they reside in Oab), so we obtain the total number of 

1 + 4 + 3 = 8 moduli. I leave the general SU(N) case as an exercise. 
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DISCUSSION II 

- Harder: 
If the field enters into a topologically different state (which you told us is possible in 

quantum mechanics), does that have any effect on the physical observables? 

Shifman: 
Yes, clearly. For example, the energy of a system might change. 

Schilling: 
What are the prospects to apply nonperturbative instanton models to high-energy 

elastic scattering at small x ("Pomeron exchange")? 

- Shifman: 
The problem is that here you are at strong coupling and "clean" methods do not work. 

One has to resort to other models. Such models are being developed mainly by two 
groups: Stony-Brook and St. Petersburg. However, the models are not fully reliable and 
parameter-free (cut-offs, etc.). Therefore, I am not quite optimistic about them. 

- Dymarsky: 
When we consider the field configurations, we say that when x goes to infinity, 

G^v(x) tends to a definite limit, which does not depend on the direction along which x 
goes to infinity. So, we have one point at infinity, not many - all points at infinity are 
identical. The question is: why do we need to do this identification? 

Shifman: 
This approach is quasiclassical and for this reason you are interested in a finite action. 

If the action is infinite, at least quasiclassically this point in a functional space is beyond 
reach. We cannot connect it to any of "our" points, because the connection is proportional 
to e_s, S is infinite ... , so this sector is totally decoupled. If you want the action to be 
finite, you have to glue all these infinities into one point. Otherwise the action will be 
infinite. 

Meyer: 
Could you remind us of how the 0-term appears in the Lagrangian? Also, since it is 

CP-violating, are there new proposals to explain the experimental vanishing 6 in the case 
ofQCD? 
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Shifman: 
Apart from tuning the 0 angle to zero (which is unnatural), the only viable (to my 

mind) proposal is that put forward in the seventies by Weinberg and Wilczek - to add a 
massless pseudoscalar (axion) that automatically cancels out the 0 angle. There are still 
non-excluded regions in the parameter space for the existence of this particle. 

Nozadze: 
An instanton is the solution of the equations of motion (something like the Maxwell 

equations) with zero current, and the equations of self-duality. But we have studied the 
instantons in the theory with matter which will give a current to the equations of motion. 
So, now an instanton is not the solution of these equations? What should we do in this 
case? 

- Shifman: 
Really, if we have matter fields, the right-hand side of the equation of motion, in 

general, is not equal to zero. But if we have only fermion matter fields, since we consider 
zero modes, the right-hand side does vanish both for the instanton and for the anti-
instanton. If we add some bosonic fields to our theory, the situation changes, and a 
current is generated, so some corrections appear. These corrections have been taken into 
account. 

Wiseman: 
How do I see instanton contributions in dual gravity theories? 

- Shifman: 
The answer could prove too long, so I think it is better to consult the paper by Khoze 

et. al. (hep-th/9808157) for details. 

- Faccioli: 
Does the instanton number density, regarded as a function of instanton size, lead to 

divergences in SQCD? 

- Shifman: 
In SQCD the instanton density n(p)=pk exp(-...p2v2) , and this exponential factor 

forces any p-integral in the theory to be convergent. 

- Papazoglou: 
The result for the gluino condensate relied on exact supersymmetry. How is it 

modified if we introduce supersymmetry-breaking operators? 
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- Shifman: 
The calculation in this case is controllable, despite the absence of exact 

supersymmetry in the leading order in SUSY breaking. If, for instance, one adds the 
2 2 supersymmetry-breaking operator Lm= mgA. /g +h.c. (a gluino mass term) and makes an 

expansion in mg/g , one can obtain a trustable result as long as m g « A where A is the 
supersymmetry-breaking scale. 

For SU(N) gauge group, exact supersymmetry implies N degenerate vacua. The 
inclusion of a supersymmetry-breaking term breaks the degeneracy and leaves a single 
global minimum. The other minima are lifted from zero and become local. The splitting 
between two adjacent minima is of order N while the height of the barriers is of order 

2 

N . The false vacuum decay proceeds via the bubble production. A bubble will be 
produced of radius of order N. The bubble wall thickness is of order 1/N. The probability 
of producing a bubble is proportional to exp(-cN ) . The quasiclassical calculations fix 
the index k . This verifies an independent calculation of Witten in 1998. You may consult 
my paper (hep-th/9809184) for details. 

Golovnev: 
What is the physical meaning of gluino condensation? How can it appear in the real 

processes? 

Shifman: 
I think it would be too early to speak now about real processes with gluino 

condensations. Because SUSY has not been discovered yet. 

- Perez-Veitia: 
We know the form of the function <AA>(m) for values of m close to 0. And we know 

1/2 

that this is holomorphic. After that we fix it as Cm for every m. Why cannot we 
imagine that <^.X>(m) = Cm f(m), where f(m) is holomorphic, f(0)=l, but f is not 
exactly unity for all m? 

- Shifman: 
It is impossible. Because from the general symmetry analysis of the theory and the 

1/2 
nature of the singularities at 0 and °°, there is the only possible solution: m . 

- Dai: 
What lesson do we learn from SUSY for ordinary QCD? 

- Shifman: 
See Witten(1998), NonSUSY SU(N) for N-*°o . Or see my paper: hep-th/9809184. 
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DISCUSSION I 

- Sibirjakov: 

String theory is formulated in continuous background. How then can non-
commutative geometries appear near D-branes? 

- Dijkgaaf: 
One answer lies in Matrix theory, where the coordinates are replaced by nxn 

matrices which, in general, do not commute. The diagonalized form of one suggests 
the interpretation of an n-particles configuration. The matrix element X;i (think of an 
open string starting and ending on the same brane labelled by i) corresponds to a point 
in spacetime. In this sense replacing the coordinate with a matrix corresponds to 
second quantization. If the branes are far away from each other, only diagonal 
configurations matter and a background geometry appears. 

- Sibirjakov: 
Thermal Hawking radiation breaks unitarity. How can it be derived from unitary 

string models? 

- Dijkgraaf: 
Hawking describes the formation of a black hole and computes the outgoing 

radiation. First of all, it is an approximation because he considers the photon field in a 
fixed background. In string theory the picture is very different. The black hole 
consists of a D-brane, the ingoing and outgoing graviton is nothing but a closed 
string. This is a completely unitary, computable process. One can approximate the 
temperature associated to it. However the microscopic formulation is unitary; the 
spectrum always contains microscopic information of the system. It is described by an 
element of a Hilbert space, not a density matrix. We have an in state and an out state. 

Wiseman: 
How consistent is it to look at supergravity solutions derived from low energy 

effective actions in the context of cosmology, e.g. Hovava-Witten as a dynamical 
system? 

- Dijkgraaf: 
We think of supergravity as the effective field theory describing the low energy 

behaviour of string theory, because it does not allow by itself a consistent 
quantization. There are two things to worry about, concerning lifting a certain 
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supergravity background to a classical solution to string theory. First, if the curvature 
is large compared to the string length 1, since there are many corrections to the 
Einstein part of the Lagrangian (R) e.g.: R , which are down by certain factors of 1" . 
Secondly, the string coupling constant is the expectation value of the dilaton. If it is 
constant, as is often the case, one can set its value at infinity; in particular one can 
choose it small for consistent string perturbation theories. However SUGRA solutions 
quite often have spacetime varying dilaton field, which can become large. Certain 
regions of a solution (with small curvature and weak dilaton) will still be expected to 
be correctly described by supergravity. 

Perez-Veitia: 
What makes the strings "decide" to attach to the brane? 

- Dijkgraaf. 
The question should be asked in a different way. In the theory, one has to consider 

all possible configurations (i.e. ending and starting points for the strings). There will 
be many sectors after the quantization corresponding to these. In a sense, each string 
labelled by the branes of their starting and ending points correspond to separate 
particles. For example, the W boson will be a string from brane 1 to brane 2 and the Z 
will be the string from a brane to itself, both being the physical excitation of the open 
string. The remaining question is their dynamics. 

Popkov: 
Does supersymmetry help in solving the cosmological constant problem? 

- Dijkgraaf: 
In fact, even finding supersymmetry breaking at the scale one expects does not 

solve it. Even the mass set by that process leads to a large cosmological constant. 

Popkov: 

Might there be divergencies in the nonperturbative sector of string theory? 

- Dijkgraaf: 
This question cannot be answered, as string theory does not have a 

nonperturbative description for all possible backgrounds. In perturbation theory 
though (at least for "simple" background), amplitudes are finite. People working in 
the field believe that it is a consistent theory and have not found any inconsistencies 
so far. In some sense, the right degrees of freedom and the right formulation of the 
theory is still open to a large extent. There are little corners of the parameter space 
where we understand also the nonperturbative definition and it is finite too, but in 
general this is a completely open problem. 

Popkov: 
Do divergencies appear in the case of non supersymmetric background? 
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- Dijkgraaf: 
There are certain consistent string backgrounds which are finite and have broken 

supersymmetry, although they are not very interesting phenomenologically. Of course 
in string theory there is always an infinite set of fields. Finiteness is indeed obtained 
by the "cancellation of bosons by fermions", but one needs only the density of 
bosonic and fermionic states to be equal at large momenta, which does not always 
mean having literally as many bosonic states as fermionic ones. 

Dymarsky: 
How do non-abelian structures such as X matrix enter string theory? 

Dijkgraaf: 
There are various ways non-abelian gauge symmetries can appear in string theory. 

One example is the open string carrying in the Chan-Paton indices as discussed 
above. The second example is the heterotic string. It is closed, thus one can treat the 
left and the right moving modes differently in the quantum theory. This leads to 
nonabelian gauge groups: EgxEs or SO(32). The third example leading to non-abelian 
gauge symmetry is from the Kaluza-Klein picture (compactifying from internal 
directions). Considering the metric on that space and take say g^, it will behave like 
an abelian gauge field. Recently we discovered that if the spacetime is singular, and 
the singularity is treated correctly, it will give non-abelian gauge symmetry itself. The 
surprising fact is that if one considers the theory at all values of the coupling constant, 
all of these phenomena are in some sense equivalent. It is understood in terms of 
duality transformations, e.g.: the strongly coupled heterotic string has dual 
formulation in terms of the open string. 

Dymarsky: 
Are the Chan-Paton matrices added by and in the theory? 

- Dijkgraaf. 
In the case of the open string, the configuration of putting branes to the theory is 

restricted. The tadpole cancellations have to be taken into account, e.g.: the one-point 
functions of the fields have to be zero. In particular if you put maximal branes in the 
spacetime (i.e. which cover all the spacetime, there is a certain consistency which 
favours precisely the gauge groups SO(32) for the heterotic string. However, one can 
consider other complicated configurations; it will describe certain massive objects 
instead of the vacuum of the theory. 

Prasad: 
Can you imagine any particular measurable effect related to strong gravitational 

lensing, gravitational waves or CMB-polarization? 
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- Dijkgraaf: 
The first short answer is no, but it depends very much on where the string and the 

Planck scales are situated. Traditionally these scales are supposed to be at very high 
energies. As far as I know, not only in gravitational wave effects, but also in 
cosmology, the imprints of Planckian physics are washed out by all kinds of other 
effects. For brane world scenarios where the gravitational scale is about 1 TeV, there 

19 

would be new physics around the corner. In the case of the conventional 10 GeV for 
the Planck-scale, it should be very hard to observe any of these effects 
experimentally. In my opinion, to see strings in the sky should be very difficult! 

Veneziano: 
Recently there have been a few papers (one of which was written by Brian 

Greene) claiming possible new string physics in the CMB. Under certain conditions, 
the order of these effects should be given by the string length divided by the Hubble 
length during inflation. I am not sure whether this paper is absolutely correct but the 
effects would not be infinitesimally small. 

- Dijkgraaf: 
This is really one of the interesting papers, together with a seminar from Steven 

Shenker who tried to follow these ideas. Shenker was quiet pessimistic because of this 
cosmological horizon with only about 5000 patches, and the corresponding statistics 
with square root of 5000 are very low. Nevertheless, I agree with you that these 
effects are not ridiculously small. As far as I understood Shenker's negative 
conclusions, there is not enough sky for reasonable statistics. 

Maratchevski: 

Is it possible to derive the unique low energy limit of a Superstring theory in 4D, 
in particular the low energy group structure of Yang-Mills theory and could you 
describe possible mechanisms? 

- Dijkgraaf: 

Perhaps some 15 years ago the belief was that there is only one consistent 
background with 4 dimensions that contains the Standard Model as a broken SUSY. 
Today we understand that there are many consistent string backgrounds with SUSY, 
which seems to be perfectly well-defined from the QM point of view. If you think of 
all consistent string vacua, you get some kind of hierarchy on top of which you have 
maximum SUSY N=8 (in 4 dimensions), going down to N=4, N=2, N=l and finally 
N=0. Probably the top floor which has very symmetric vacua is somehow ignored. 
They might be excluded somehow topologically. Up to now, mainly theories with a 
lot of SUSY (high N) were considered. The N=8 theory is basically unique and N=4 
has a continuous family of moduli-spaces. N=2 is already very complicated. One has 
some kind of a big tree with about 10 branches of allowed compactifications, none of 
which is our world (because of SUSY). For N=l, much less is known but there is 
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much emphasis on this case today because you have a superpotential and many of the 
vacua are classical vacua that can be destroyed. Here you need some non-perturbative 
input because you can find many classical solutions, but we want quantum solutions. 
Perhaps in the N=l case there could be much fewer allowed backgrounds than we 
might naively think. N=0 is a complete question mark. 

Personally I would be very surprised if for N=l SUSY there would only be one 
consistent background in 4D. Probably we have many since new techniques in string 
theory allowed to identify even more of them. Progress is somehow going in a wrong 
direction and we need something to pick out the right vacuum. 

Maratchevski: 
So essentially, this is an unsolved question? 

- Dijkgraaf: 
Yes, it is certainly unsolved but since people are getting a good feeling for non-

perturbative phenomena, things look quite promising. 

- Dai: 
What is the relation between brane-world scenarios and conjectured M-theory? 

Dijkgraaf: 
This topic would fill a whole lecture! First of all, string theory contains branes. 

Some people who are doing phenomenology on brane worlds are string-motivated but 
they do not check (or feel that they should check) whether what they do is something 
that is concretely realized in string theory. We only have one model which decides to 
accept the solution or not. Somehow people picked up these brane ideas and ran away 
with it, leaving somewhat conservative string theorists behind. Any string-
compactification can be formulated in terms of the Type-I-string, at least in some 
regime. These D-branes extend over all 10 spacetime dimensions. But T-dualities can 
be used to realize these same branes as 4-dimensional branes living in the 
fundamental space-time. So almost any string compactification is connected to some 
kind of a brane world through a set of dualities. But there are a lot of specific details 
coming in as, e.g., the precise field content on the brane and the exact configuration of 
the brane. At this stage you have to choose whether either you do string theory and 
you satisfy all its rules, or you simply play with its contents. Maybe in my next 
lecture I can show you that under certain circumstances consistent string 
compactifications look like brane world scenarios of, e.g., the Randall-Sundrum type. 
So by now the conclusion is that they naturally appear in string theory. 

- Zichichi: 
This is a very interesting conclusion but we should not forget that sooner or later 

string theory should lead us to real science. The number of people working on string 
theory is exponentially increasing. What experiments can you propose to verify some 
of its predictions? 
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Dijkgraaf: 
You are right. Up to now, string theorists tended to avoid the contact with 

experimentalists because they felt that they do not really understand the heart of the 
matter. We might be missing some very crucial ingredients, for instance how to 
control this non-perturbative physics. The theory is incredibly rich and 
mathematically challenging, so that sometimes we feel that you should wait a bit to 
understand what you are talking about. The rules of string theory are flexible, not as 
in lattice QCD for example. 

Korthals-Altes: 
If you had a computer which was infinitely powerful, could you put your theory 

on the lattice? 

- Dijkgraaf: 
Certain backgrounds can be done. Ordinary fundamental string theory is 

understood non-perturbatively (flat space, obviously in light-cone quantization) and 
can be put on the computer. 

Korthals-Altes: 
So I hope Richard Kenway would take that to heart. 

- Dijkgraaf: 
However, this theory is roughly as complicated as 10-dimensional SUSY Yang-

Mills. It would be great if you had non-perturbative results in this string theory and 
this would say something about the non-perturbative formulation. 

- Papazoglou: 
You described how the IR-limit of Super-Yang-Mills theory in D-dimensional 

space corresponds to the UV-limit of gravity in D+l dimensions. Does this 
correspondence also work the other way round? 

- Dijkgraaf: 
Yes, it does. Let me postpone the answer to that question to my second lecture. 

- Dent: 

You said that the D-brane is a solution to Einstein's equations? 

- Dijkgraaf: 

Yes, but I should say Einstein's equations for the metric, together with some of 
the standard abelian gauge fields that are a part of a supergravity multiple! 

- Dent: 

Since this is low energy effective action, why should one trust this action in the 

central region where there is high curvature? 
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- Dijkgraaf: 

This depends on the D-brane. You have to worry about the metric but also about 
the dilaton, which corresponds to the string coupling constant and can vary over 
space-time. The most often used D-brane is the D3-brane which corresponds to a 3+1 
dimensional world volume. In that background, the dilaton is not varying, so it can 
just be put to a small value. In this theory, high curvature regions might appear and 
you can ask whether there are stringy corrections to that high curvature. Here you 
need some non-renormalization theorem that tells you that the geometry is AdS. Since 
the AdS-space is not only a solution to the low energy super gravity equations, but 
actually is a solution to all orders to the stringy background, there are no a' or stringy 
corrections to this geometry. 

Veneziano: 

I thought that in the AdS-CFT correspondence you still have to go to large g N in 
order to have a large AdS-radius? 

- Dijkgraaf: 
The point is that AdS-space is an exact solution to string theory. The claim is that 

there are no string corrections to this solution. However, the exact CFT in this 
background is not explicitly known, since there is a background RR flux. Only in the 
case of AdS 3 do we have an exactly solvable CFT, viz. the SL(2,R) W2W-model. 

Veneziano: 

When Lipatov computes the pomeron which is cylinder in N=4 theory, he seems 
to get a graviton, a spin two bound state. I am not sure whether this is necessary in the 
AdS-CFT correspondence? 

- Dijkgraaf: 
I am confused by this remark too, since usually in the AdS-CFT correspondence 

the stress energy tensor of the Yang Mills theory is a spin 2 field. This means that the 
pomeron seems to be a slightly different object. We roughly know the spectrum of 
this theory: it is a chiral supermultiplet and contains perhaps other fields with spin 2. 

Veneziano: 
So is there a massless spin 2 object in N=4 Super-Yang-Mills? 

Dijkgraaf: 
No. 

Veneziano: 
I agree with you. 
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CHAIRMAN: R.H. DIJKGRAAF 

Scientific Secretaries: A. Dymarsky, G. Nozazde, D. Vasiliev 

DISCUSSION II 

Melnikov: 
Why do we have the SU(N) on the stack of the branes rather than for example 

GL(N) theory? Could we see this from open string theory action? 

- Dijkgraaf: 
We have oriented strings and CPT imposes the following condition on the matrix: 

it should be hermitian. 

- Nozadze: 
Studying the limit of zero B field from the string point of view, we should get the 

pure YM theory and from the point of view of non-commutative theory we get non-
commutative theory with large non-commutativity. What is the reason? 

Dijkgraaf: 
There is no smooth limit in this case. In the decoupling limit we always assumed 

that B is large, so the limit B-»0 is singular. 

Vasiliev: 
1. How could we get a non-commutative theory from the non-commutative one at 

the classical level? 
2. Why could we not deal with de-Sitter space instead of anti-de-Sitter space? 

Dijkgraaf: 
1. The simplest answer is that the three string vertex in open string field theory (in 

contradiction with common QFT) is always non-commutative. The true answer lies in 
the way of regulanzation of the theory and you can find it in the paper of Seiberg and 
Witten. 

2. This is a very interesting and involved question. One of the reasons is that 
de-Sitter space and the sphere are the spaces of positive curvature, but we should 
cancel the energy density associated with flux associated to the branes. There are 
some other problems, including the problem of unitarity of the theory on dSs. 

Dymarsky: 

We can obtain ordinary and non-commutative theories from string theory due to 
regularization. How can we understand this fact? (We know that physically important 
objects do not depend on regularization). 
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- Dijkgraaf: 

Really, these theories are equal to each other by a field redefinition. We do not 
have explicit formulas for the lagrangians of these theories, but Seiberg and Witten 
derived differential equations that allow a reconstruction of the lagrangian order by 
order. 

- Golovnev; 

When considering quantum space-time, the mixing of different macroscopic states 
may appear. How to avoid it? 

- Dijkgraaf: 

In the AdS/CFT duality we see that it is necessary to include a sum over different 
geometries in the gravitational theory that are compatible with the boundary 
conditions. 

- Piazza: 
Does the Maldacena conjecture give us any limits for the solution of the black-

hole type? 

Dijkgraaf: 
Considering YM theories at finite temperature forces us to including black hole 

solutions in the gravitational theory. 

Mayer: 
Could you come back to the connection of the string theory with warped 

compactification? 

- Dijkgraaf: 
The connection has been studied recently. The open string fixed on a brane (on the 

stack of N branes) gives a natural starting point. One finds Randall-Sundrum type 
compactifications. 

- Dai: 
What is the symmetry underlying NCYM? 

- Dijkgraaf: 
Gauge symmetry is defined as : ap-»ip*exp(i <|>(x)). 

- Sibiryakov: 
In your lectures you mentioned an approach to non-commutative geometry based 

on the existence of a B-field. There is another approach based on deformed symmetry 
groups. What is the correspondence between these two approaches? 
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- Dijkgraaf: 
I am not familiar with the latter point of view. So I do not know the answer. 

- Dent: 
1. You have given two descriptions of a D-brane, one as the surface where string 

ends, one as a solution in SUGRA. What is the evidence that these should be the same 
objects? 

2. That was for Maldacena in 1998 but can you say why people were so excited in 
1995 when Polchinsky proposed D-branes? 

- Dijkgraaf: 
1. It is certainly a nontrivial claim to make. I do not have a complete list, but there 

are numerous "experimental" tests that have succeeded on both sides of the 
correspondence, for example the spectrum of operators in the CFT corresponds to the 
fields of the SUGRA and also some 3-and 4-point functions have been computed. 

2. The interest came in 1995 because it gave a simple way to treat branes. Up till 
then, people had been working on brane solutions but it was not taken so seriously 
since branes could not be quantized. But then one could just treat D-branes (of 
arbitrary geometry) by looking at open strings ending on it. Also Witten showed very 
soon afterwards that superimposing several D-branes resulted in non-abelian gauge 
theory. Then most of the interest in the last five or six years has come from the 
possibility that these links, along with matrix theory, SUGRA (etc.), could provide a 
new way of looking at gauge theories and vice versa. 

- Hill: 
Can the non-commutative 8 parameter be used as a UV regulator in QED or other 

Standard Model gauge theories? 

- Dijkgraaf: 
The limit 0 -» 0 is not smooth, so it could not cancel all divergences. Hence this 

method does not work under all circumstances. 

- Kadar: 

Non-commutative coordinates are when quantum gravity is treated. What is the 
intuitive motivation? 

- Dijkgraaf: 

Originally it comes from the theoretical observation that concerning small 
distances using both gravity (black holes) and quantum theory (uncertainty of energy), 
we could get an analogue of Heisenberg relation on Ax and At that can be treated as 
non-commutativity of space and time. Space-time non-commutativity is still a non-
trivial issue in string theory. 
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Wiseman: 

What is the paper where Rehren "proved", using algebraic field theory, that SYM 
is dual to a spin-2 theory on AdS rather than a gravity theory? 

- Dijkgraaf: 

Rehren has perhaps missed the point. It is true that the bulk symmetry in AdS does 
reduce to the conformal group on the boundary but this is just an ingredient of the 
AdS/CFT and not the whole reason. It is clear that the relation should not be local 
between the bulk theory and boundary one. It is basically making some mathematical 
ingredients more precise. 

- Papazoglou: 

The AdS/CFT correspondence works for N=4 SYM. Could one have an analogous 
correspondence for less amount of supersymmetry, where the SYM is not conformal? 

Dijkgraaf: 

Certainly if one considers the D-branes not in a flat, but in a curved space time 
background, then you will get a geometry AdSsxY , where Y is a 5/dim manifold 
which is not S5. On the SYM side of the correspondence, you can get for example 
N=l SYM with additional matter content. 

Korthals-Altes: 
Non-commutative U(l) gauge theory is for integer value N of non-commutativity 

parameter, the same as SU(N) gauge theory in a twisted box. Is there any such 
relation on the string level? 

Dijkgraaf: 
String theory on a torus T has an extended duality symmetry group SO(n,n,Z) 

that acts on the non-commutativity parameter 9 ^ as fractional-linear transformations 
9-*(a9+b)/(c9+d). It also acts on the rank N of the gauge bundle. This symmetry is 
preserved under the decoupling limit, and relates the U(l) theory at 9=N to U(N) at 
0=0. 
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DISCUSSION I 

- Harder: 
Since strings are extended objects, is there an angular momentum associated with 

rotation? Spin? 

- Bachas: 
Spins can rotate and this means they have an angular momentum. Also the spin can be 

seen as a rotation of the string. 

- Hill: 
Is there a difference between the set Z2 orbifold (identifying reflected points on a 

circle) and a line segment? 

Bachas: 
No, both are equivalent. 

- Hill: 
Would you say that string theory is a theory of string-like objects in a pre-existing 

space-time? 

- Bachas: 
There is a lot of effort being put towards a background independent formulation of 

string theory, though none has been found yet. The many duality relations suggest that 
the different string theories are different descriptions of the same (background 
independent?) underlying theory. 

Ousmanov: 
I heard that if we consider strongly interacting string theory, then there is only one 

consistent model. However in the lecture, five low energy limits were discussed. Would 
you explain what are the differences between these five low-energy limits of the same 
theory? 

Bachas: 
Let us consider the whole area, where the moduli of the consistent strongly interacting 

theory can vary. This strongly interacting theory is not known, but we hope that it exists. 
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Different values of moduli correspond to different values of coupling constants. The area 
where the moduli vary can be represented as a star with six ends. These ends correspond 
to low-energy limits of the theory. We know five such limits, but we believe that the sixth 
endisllDSUGRA. 

- Dai: 
What is the physics of compactification? 

- Bachas: 
This depends upon the structures of string moduli space, and whether there is a 

dynamical evaluation in this space. It could be some type of spontaneous symmetry 
breaking to give rise to this evaluation. 

- Dai: 
What is meant by spinors in higher dimensional space? 

- Bachas: 
Spinors are connected to higher symmetry groups by the Lorentz group. Other 

invariances are higher symmetry group provide the R-symmetry in SUSY. 

- Kay: 
When compactifying dimensions the Graviton Tensor GMN goes to an array: 

Guv Gv> 
Qiv Qij 

What do tensors with mixed indices correspond to? 

- Bachas: 
They correspond to vector gauge bosons in the lower dimensional theory since they 

have only one Greek index. 

Ousmanov: 
Is there any string theory low-energy limit for which the theory could be checked 

experimentally? 

- Bachas: 

There are many different predictions of low-energy string theories, but with these 
theories, particles are predicted to have such a great mass that in modern colliders they 
cannot be found. 
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Roessl: 
Is it a choice to have the compactification scale greater than the string scale since there 

should be a "dual" description with the inverse compactification scale? 

- Bachas: 
You can choose 1/R as a compactification scale, but this would however give you large 

winding numbers and high frequency modes. T-dualities are gauge dualities, so these two 
descriptions are equivalent, however, we are more familiar with low energy physics 
(compared to the string scale). The case Rals is much more natural. 

Meyer: 
What does T-duality imply for the scale of the compact extra dimension? 

Bachas: 
Within perturbative theory, it implies R > ls. Recently, it has been suggested that in 

non-perturbative QST, it may be possible to have R < ls. In perturbative theory, R < ls 

would imply many massless modes corresponding to the windings of the string around 
the extra dimension. Notice that the T duality maps [0, 1] to [1, °°] so that there is no 
upper bound on R. 

- Wolf: 
Would an experimental test of Newton's Law down to distances of 10" cm 

significantly limit the parameter space for string theory? 

Bachas: 
It would not seriously limit the parameter space for string theories but would be a 

useful information to have. 

Trusov: 
Some string models could successively violate SUSY. For example, from N=2 to N=l, 

and after that from N=l to N=0 (no SUSY). We know that it is difficult to violate SUSY 
partially. Could you explain it in detail? 

Bachas: 
We can violate supersymmetry partially using non-trivial geometry (branes, for 

example). In this case, central charges appear in the theory, and Witten's theorem does 
not work. This theorem works only in a pure 4D space-time. 

Sibiryakov: 
You said that in string theories, supersymmetry is partially broken at high scales and 

that N=l SUSY is broken at low energy by field theoretical mechanism. As far as I know 
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it is a hard job to break SUSY in field theory and it usually requires a hidden sector. Is 
such a sector present in string models? 

Bachas: 
Yes, there are such hidden sectors. For example, for heterotic strings there is one E8 

gauge group which corresponds to the standard model sector while the second E8 

describes an entirely hidden sector. These sectors interact only through gravity. SUSY is 
broken by gaugino condensation in the hidden sector. However, gaugino condensation by 
itself does not guarantee breaking of SUSY and one has to perform calculations to verify 
SUSY breaking. 

- Sibiryakov: 
One of the possible explanations of the UHECR puzzle is the violation of Lorentz 

invariance. Does string theory predict any kind of Lorentz invariance? 

- Bachas: 
Lorentz invariance violation may be realized in some brane world scenarios. For 

example if the brane is wound diagonally on two compact extra dimensions, the speed of 
gravitons is different from the speed of photons, because the former can propagate in the 
bulk while the latter is bound to the brane. However, maybe, this is not what we need. 
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DISCUSSION II 

- Hill: 
There seems to be a lot of work recently in brane-world models, where a 

phenomenological model which satisfies experimental/cosmological bounds (and/or solves 
hierarchy, cosmological constant problems) is first found, and then a string theory 
realization is looked for. Do you think this is a fruitful approach? It seems backwards -
shouldn't one start with string theory, and derive the low-energy limit? 

- Bachas: 
I do not think that these models provide (yet) a satisfactory solution to the 

cosmological constant problem. There is still a lot of work to be done. It is good that 
people approach the problem from different directions (string theory, and from 
phenomenology), but there are obstacles to string theory realizations of the 
phenomenological models (e.g. RS). For instance, in string theory, AdS spaces do not 
exist on their own, but are accompanied by RR fluxes, which effect the induced metric on 
the brane. 

Wiseman: 
Does string theory have anything to say about the initial conditions of the universe? 

Bachas: 

It may do in the sense that there are cosmology scenarios where one starts in a near 
vacuum state. However there does not seem to be any way of assigning a quantum 
measure to the classical initial conditions. However, it may be that although the universe 
looks non-SUSY, the symmetry breaking may be very small. In perturbation theory, we 
cannot see that it is breaking just as for a Z2 symmetric double potential well in QM. 
Then the perturbative SUSY description may well provide a good model for the universe, 
along with a near SUSY initial state. 

- Sibiryakov: 
Can string theory describe the loss of information due to Hawking radiation? 

- Bachas: 
No, it cannot. The calculations of Hawking radiation in string theory are totally 

unitary, so there is no loss of information. However, they have been performed only for 
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critical, or near to critical black holes and the background has been assumed to be fixed. 
So, these calculations do not really describe evaporation of black holes. 

Ousmanov: 
Why are p-branes called 'solitons'? Is it because they have all the properties of usual 

solitons, which we know from hydrodynamics? 

Bachas: 
We talk about p-branes as about 'solitons' in the following sense: p-branes can be 

considered as localized (in the space) excitations which interact and move as usual 
solitons. 

Ousmanov: 
Is there any Backlund transformation for such solitons? If we know this Backlund 

transformation, then we know lots of types of p-branes. Can T-duality be considered as a 
Backlund transformation? 

Bachas: 
I do not know. 

- Harder: 
You told us that type I and type II string theories could predict different 

compactification scales. Since both classes of theories are considered perturbative 
approximations of the same underlying theory, how can that be? Does it mean that this 
prediction is actually beyond the scope of validity of one of the two theory classes? 

Bachas: 
No, since they are in completely different regions of the parameter space, the 

compactification scale might indeed be different in both cases. 

Papazoglou: 
Is it possible to achieve gauge coupling unification in the brane world picture with low 

string scale? 

Bachas: 
In the case of two large extra dimensions, brane world models of fields can vary 

logarithmically along the extra dimensions resembling the usual picture of gauge coupling 
running. However the beta functions (or better their difference) are not exactly the same 
as in the MSSM picture. Another way to achieve unification is by power law running 
where Munifications » Mpl, but in this case we cannot claim that there is a prediction. 
It is rather a condition that one puts in by hand. 
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- Dai: 
Does the relation between black holes and D-branes show that the former have non-

abelian hair? 

- Bachas: 

All the charges of this D-branes like holes are abelian, for sure. 

- Dai: 
Does the extended charge have a density on D-branes? 

Bachas: 
Yes, it is part of the dynamics. 

- Dai: 
How are gauge theories with different string origin distinguished, i.e. from Chan-Paton 

and from coinciding D-branes? 

- Bachas: 
They are essentially the same but with different boundary conditions. In fact, the 

former can be understood by the D9-brane. 

- Dent: 
Some field theory models on orbifolds with SUSY breaking boundary conditions have 

been proposed. It is claimed that the scalar mass correction in the models is finite, if the 
calculation is done by summing all (an infinite number) K-K modes before integrating over 
4D momenta. (This is to respect locality in the 5th dimension.) Can you comment on 
these claims? 

- Bachas: 
I have not studied these in detail but there are two points. First, the calculation is one-

loop and relies on a very particular regularisation, there is no symmetry which would 
guarantee that it would work beyond one-loop. Second, it is true that string theory 
provides a definite regularisation. The string scale acts as a cut off at which the other 
degrees of freedom appear. There may be divergences but they are infra-red in nature, 
corresponding to long closed string propagators. So the Kaluza-Klein regularisation is 
unlikely to give any useful result on its own but if it can be embedded in some string 
construction it may be part of the picture. 

Meyer: 
Is there an explanation within string theory why some dimension did not develop? 
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- Bachas: 
No, except if you tune some parameters and initial conditions. 

- Roessl: 
Apart from the relation between SUSY-breaking scale and the compactification scale, 

what restricts the arbitrariness in the size of the extra dimensions (in particular in type I 
theory)? 

- Bachas: 
There are several possible ways how the compactification scale(s) can be determined: 

experiments (e.g. Newton's law), grand unification compactifications, reproduction of the 
standard model 

- 'tHooft 
I think I know what your answer to this question will sound like, but in my attempt 

to understand what branes really are I wonder about the following: It is often claimed, by 
string theorists, that all string theories will be equivalent by duality mappings. Now you 
also convinced us that type I and type II string theories have D-branes but the heterotic 
has not. How do you map a theory with branes onto one that has none? What is your 
view on this? 

- Bachas: 
The heterotic string theory does have branes, though they are not Dirichlet branes. 

You have the heterotic 5-brane which is really a non-perturbative soliton solution of 
Einstein's equations. I did not talk about these because including these branes into a 
description of the Standard Model could be very difficult. 

Veneziano: 
In heterotic unification, what is wrong about unifying gravity and some GUT theory 

at 5-107 GeV and then breaking the GUT group down to the Standard Model at 3-1016 
GeV? 

- Bachas: 
What you propose is one solution, we know that there are several possible solutions 

which are a very small modification of the standard minimal unification where "everyone" 
meets at the same point. Wittten has a solution where you have a very small region of 
strong coupling and then you go to the supergravity description. You should not be 
worried until we have the standard model, ten percent is not a problem, and the fact that 
the task comes out correct to a few percent is an unexpected success. However, once we 
have a real model, I agree with you, one has to be worried about this percent, and I think 
that what you propose can be a solution for this problem. 
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- Altes: 
You stated that branes could confine localized gauge fields on them; is this 

unavoidable? In normal field theory, it is very difficult to confine a gauge field to the 
domain wall. So, I find it remarkable that branes can do so. 

- Bachas: 
Yes, it is unavoidable, one way to understand it is that these fields are zero modes of 

the fields living in the bulk. 
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DISCUSSION I 

- Meyer: 
Could you explain again the See-Saw mechanism? 

- Gavela Legazpi: 
Let me do it as a simple example. You want a mass for a neutrino, so why do you not 

just add a vR to the SM? I have a vR and I can write a standard Yukawa coupling kv to the 
Higgs field and the standard lepton doublet, like for charged leptons and quarks, L ^ = 
\Lbar(|rvR, where with Lbar is indicated the conjugate lepton doublet. If I stop there, I have 

—12 

a very tiny Yukawa coupling, 0(10 ), a very fine tuning and, at variance with the quarks, 
inside the same family! But in fact I cannot stop there. I have also then to add any new 
possible SU(2)xU(l) gauge invariant term. That is, I am forced to add in the Lagrangian a 
term A~vc

LvR = AvRvR (going out of the algebra, I am introducing a i|np-like coupling. I 
cannot do it for instance for the electron, because I would have in the Lagrangian a non-
conserved charge term. Indeed, for a neutral particle, this is the most general contribution 
to mass in the Lagrangian). After diagonalization, you have a mass term equal to 
m^ = (Xv«))> /A) • ~vc

RvL for natural \ ,~1 and large A, that yields a small neutron mass, 
i.e. the See-Saw mechanism. You have also a term proportional to A, which gives a heavy 
neutrino. 

- Trusov: 
a) What happens with phases in the Majorana case? Is it the same as for quarks in the 

CKM mechanism? 
b) Which kinds of neutrinos come out of the See-Saw mechanism? 

- Gavela Legazpi: 
a) Whatever is the mechanism that creates neutrino masses, you know that there are 

three active neutrinos. Let us fix on three neutrinos. As for the CKM mechanism, 
vev

li
vT c a n t>e written in terms of V]V2V3 by a matrix which has the same form as the 

CKM, that is called MNS. You always get that at least. If, besides, you have a 
Majorana, you have to multiply the MNS matrix by a general matrix which has two 
phases. If you want to be sensitive to the Majorana character, you have to study 
neutrinoless double p decay: those two supplementary phases do not contribute to 
oscillations. 

c) Majorana ones. 
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- Sichtermann: 
If you could either: 
a) realise an experiment on upcoming decay with a lower threshold, let us say keV 

instead of MeV, thus improving the existing mass limit on the v^, or: 
b) measure with two orders of magnitude improved precision the muon electric dipole 

moment (EDM), 
where would you place your cards? 

- Gavela Legazpi: 
It is important to improve limits on mass in general. But v^ at keV scale is not that 

promising. If I should improve an experiment to such sensitivities, ~ keV, it would be to 
measure something. So, you are betting on an m ~ keV. For that overall mass, the 
measured mass differences would indicate a degenerate spectrum, Am/m « 1, nij - m2 -
m3 • m. The experiment you propose is sensitive in fact to 2j | Uei | mit which in this 
scenario gives 2j | Uei | rri; - m 2j | Uei | = m. But this universal m is limited in this case 
by Tritium decay to be < few eV. Really not a promising prospect. So, even if it is always 
good to do such a measurement, it has to be compared to the improvements of the 
measurements of electric dipole moments: a quantity that is the best window beyond the 
SM, including for CP violation. Supersymmetry, or any other model of New Physics, 
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gives as natural order of magnitude for the neutron EDM 10 +10 e cm. Measurements 
put an upper limit of about 10~25 e cm. You have a similar bound for the electron EDM too. 
Many of those beyond the Standard Model models fine-tune to accommodate those bounds 
but cannot escape from predicting higher values for the dipole moments of heavier 
fermions. Electron dipole moments appear in the SM at two loops (or two W exchanges) at 
least, so they are in no case competitive with New Physics predictions which appear 
typically at one loop. That is what makes dipole moment measurements so important, 
especially for heavy particles. 

- Nguyen: 
Could next generation accelerator neutrino experiments reach the same accuracy obtained 

by atmospheric and solar neutrino experiments? 

- Gavela Legazpi: 
There is an accelerator experiment in Japan, called KAMLAND, that is going to be able 

to reach the resolution of order 10% or even less on Amf2 and 812, if the solar deficit is 
confirmed to be explained by the solar large mixing angle solution (LMA-MSW). 

- Sibirykov: 
a) Can you go into more detail on the SNO experiment? b) Did the SNO experiment 
exclude the sterile neutrino? c) Will the exclusion of sterile neutrinos mean that all 
neutrinos are Majorana, because the right-handed component of the Dirac neutrino 
resembles the sterile one? 
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- Gavelet Legazpi: 
a) It has been proved that we receive other active neutrinos than electronic ones from 

the Sun. That is, the Sun is also sending muon and tauon neutrinos. This was 
established through the comparison of the electrons from ve d -» p p e" (CC) with 
the total flux of active neutrinos of any kind, measured from vx e" -* vx e" (ES). 
That inferred flux (taken from SuperKamiokande in practice, because they have a 
more precise measurement of this last quantity), is not the same as the one provided 
by the CC reaction. The next important information they will provide is from the 
Neutral Current measurements vx d -» vx p n (NC) yielding more sensitive 
information on sterile. 

b) It is not rigorously excluded but put it in difficulties. In fact the region of Am2 VS 
tan29 you are allowed in this case is really limited. 

c) As far as low energy sterile neutrinos are concerned, one may still build models 
with them. However, these models are rather unnatural. Heavy Majorana neutrinos 
are natural. Light ones are difficult to obtain, except in some models with strings, 
as I mentioned. 

- Roessl: 
a) How do the new experimental results from SuperKamiokande and Subdury 

neutrino experiments influence our trust in the Standard Solar Model? b) What 
about oscillations within the Sun? 

- Gavela Legazpi: 
a) Data from flux rates measured seem really consistent with the Standard Model 

expectations. Bahcall should be happy. 
b) In fact, oscillations seem to occur inside the Sun. The large mixing angle, which is 

slightly favoured, implies oscillations inside. Neutrinos are produced well inside 
the Sun. The data are compatible with the large mixing angle solution, for which the 
matter inside the Sun has an essential role. 
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CHAIRMAN: B. GAVELA-LEGAZPI 

Scientific Secretaries: T. Dent, V. Prasad 

DISCUSSION II 

- Canelli: 
What are the qualitative differences between appearance and disappearance 

experiments? 

- Gavela: 
Appearance experiments are when you see something that was not there to begin 

with, for example, at a neutrino factory, to get u,+ when you started from u/. There are 
no Standard Model processes that can give you u~. Disappearance experiments are, 
for example, those providing the solar data before SNO. We only knew that electron 
neutrinos from the sun were disappearing: about 1/3 of the v's predicted by the 
standard solar model arrived at the detector. 

Appearance experiments have the advantage of greater precision; the error 
depends on N rather than on the square root of N, so you have more sensitivity. 

- Maratchevski: 
How can neutrino masses be measured in experiments and what experiments are 

planned in the near future? 

- Gavela: 
I gave the experimental limits on v masses in the lecture, the question is where are 

they derived from. There are two types of experiment, the first is sensitive to the 
absolute mass scale, independent of the type of mass term (Dirac or Majorana), the 
second is sensitive only to Majorana mass. 

The first type is for example tritium beta-decay to e + v. You look at the 
distribution of the outgoing electrons as a function of energy, concentrating on the 
highest energy region. If the v mass were zero, the distribution would be a straight 
line crossing zero, at an energy Q; with nonzero v mass, the phase space factor 
changes the shape of the distribution to cross zero at smaller energy. This gives an 
upper limit of 2.5 eV for the "ve" - in fact it limits a particular combination of mass 
eigenstates. At the maximum electron energy, the phase space is proportional to the 
square root of ((Q-Ee)

2 - mv
2), so to get more sensitivity, one would need to go to beta 

decays with smaller Q: the ratio that gives the figure of merit corresponding to the 
shape of the area between the end of spectrum line when the v mass is zero and the 
end of spectrum line when the mass is not zero, over the total width, goes as (mv /Q)3. 
To go to smaller Q experiments is difficult. For the "v ", one can use 71+ decay to u, + 
vR, which is sensitive in the range of keV. The pion mass measurement is a main 



61 

source of uncertainty. For vT, the best limit to date is from ALEPH, from x to 5rc + vx. 
These are sensitive to the kinematics so to the total mass scale, whatever its nature. 

Neutrinoless double beta decay can give a big improvement. A signal is only 
possible with Majorana mass terms, as exemplified by the corresponding 
Feynman diagram. All species contribute to this effect. With the kinematic 
measurement you are sensitive to the sum over mass eigenstates of (for example) 
mv.|Vie| for tritium, but for double beta decay you are sensitive to the sum of 

|Vie|
2 i *i so there can be cancellation here if you have Majorana phases. A 

proposed experiment, GENIUS, could go down to 0.01 eV for this effective mass 
combination. 

There is some hope that the first indication of the v mass will come from 
supernovae or the CMB. Although supernovae only produce initially electron v's, they 
oscillate in flight and the flux on earth contains the three types of neutrinos, vx, v2, v3, 
which means that some state with mass of at least 0.05 eV is arriving. But you need a 
supernova to look for it - could you get to a generation of experiments detecting, say, 
one every 10 years (certainly then not only from supernovae in our galaxy)? It is a 
beautiful idea: you use the time of flight, the delay of arrival from the production 
moment. To establish the initial time precisely, the best hope is from supernovae 
collapsing into black holes. Tritium beta-decay can be improved but astrophysics may 
win. 

The neutrino mass also can leave an imprint in the microwave background 
radiation, although the analysis is model dependent. 

Maratchevski: 
Can you describe experiments in which the 4th neutrino generation may have 

been seen, and what was measured in these experiments? 

- Gavela: 
There is a positive indication from a ve - v^ oscillation experiment in the US with 

a traditional beam: Am2 is very large, about (leV)2, much bigger than the atmospheric 
and solar mass differences. That is the so-called LSND signal we mentioned before. 
Then if you have three mass differences you need 4 neutrinos. As we know from LEP 
that there are only three active light neutrino species, this would bring into the game a 
4th neutrino which has to be sterile. 

I do not know of a reason to discredit this experiment; it seems like a good 
measurement. This region of parameter space is being investigated by an experiment 
at Fermilab, MiniBooNE, and also in the future at ORLANDO. If the signal is finally 
confirmed, and given all present data, the mass spectrum for the four neutrinos is 
more likely to have a large (about leV) gap between two nearby sets of two masses 
than to be three very light neutrinos and one with a larger mass. If the effect persists, 
it would be very significant and all future plans for experiment would have to be 
revised. For example, one might even detect CP violation as I described at a neutrino 
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factory, but with a baseline of about 100 km; in fact for a signal of CP violation you 
may even manage without a neutrino factory. 

Zichichi: 
You could have a large mass difference and no CP violation. 

- Gavela: 
Yes, obviously if the phase is zero or 7t then there is no CP violation. All 

observable effects of the CP phase in the MNS matrix require, analogously to the 
CKM analysis for quarks, that for three species all leptons of the same charge are 
non-degenerate, and that all mixing angles are non-zero. And then that the CP phase 
is not zero, as the formulae showed. The observable effect of a MNS phase at the 
neutrino factory increases in practice linearly as the solar mass difference increases. 

- Wiseman: 
You drew a model with a 1 eV mass difference... 

- Gavela: 
Yes, this is the scenario to explain the LSND result based on three active and one 

sterile neutrino; the mass eigenstates are mixtures of ve, v vT and vs. 

- Wiseman: 
There is a cosmological bound on the number of relativistic v species, 

approximately three. 

Gavela: 
This bound depends on the mixing, in general vs will also contribute. 

- Wiseman: 
How does the mixing affect it if everything was at equilibrium at high 

temperature? 

- Gavela: 
I cannot give you the exact details. In papers by Langacker and others, there are 

scenarios where the vs is out of equilibrium. 

- Harder: 

Since neutrino oscillations are lepton flavour violating, how does this change our 
picture of the charged leptons - do we expect lepton oscillations (although with 
completely different parameters) or can all effects be rotated away by a CKM-type 
matrix? 
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- Gavela: 

The situation is analogous to the quark sector. There are two questions: in the 
quarks it is conventional to shift the mixing angle to the down sector. It could equally 
well be in the other one, but this is the way that will give you the right result most 
quickly. For instance, the charm quark decays very quickly before it has time to mix, 
so to say. Formally the two conventions are equivalent. 

- Papazoglou: 
The see-saw explains the smallness of v masses; how could one explain the 

hierarchy between the masses of different v species? 

- Gavela: 

Let me give an example. You could have three-neutrino scenarios with two light 
and one heavier, or one light and two nearly degenerate heavier v's. The theoretical 
preference based on the see-saw mechanism is the first, because the ratios of masses 
ve : vn : VT a r e expected to behave like the masses of the other fermions in the family, 
for example d:s:b or u:c:t. 

Besides this prejudice there is no definite prediction; it remains an important open 
question for experiment. 

- Perez-Veitia: 
If v masses are equal to the upper bound, will this have an effect on the density of 

the Universe so that we can say if it is open or closed? 

- Gavela: 
We already know that the upper bound on the fraction of the critical density in 

neutrinos is 0.1; I can find the lower bound if you want. So certainly even at the upper 
bound it is not enough to close the Universe. In general, the recent data diminish the 
impact of neutrinos in astrophysical and cosmological evolution. 

- Pieri: 
How can the see-saw mechanism be related to baryogenesis? 

- Gavela: 
I had no time to show this in the lectures. In fact it is the simplest mechanism of 

baryogenesis. The see-saw is nothing but the Standard Model with heavy Majorana 
neutrinos. For baryogenesis you need a Majorana phase which requires at least two 
generations of heavy Majorana neutrinos - take three. The left-handed doublet can be 
coupled to the Higgs field and the right-handed N field with Yukawa couplings which 
are in general complex and give Majorana phases if there are at least two generations. 
Fukugita and Yanagida first thought of this (Yanagida also invented the see-saw, with 
Gell-Mann, Ramond and Slansky). 
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If the phases are nonzero, baryogenesis can come from leptogenesis through the 
decay of heavy v's, for example N —> <p + 1. You have a tree-level and a one-loop 
diagram with exchange of Majorana fields, including a Majorana mass insertion with 
a phase. This is a AL * 0 process. The interference of the diagrams produces a CP-
violating asymmetry between the process and its conjugate. (The intermediate state is 
put on shell to get the absorptive part: that gives you the necessary CP-even phase to 
interfere with the CP-odd one, so as to put the last one in evidence.) 

The advantages of this are, first, that you have a source of lepton number 
violation; second, that in those couplings I wrote there is a source of CP violation and 
you are not penalised by small low energy mixing angles. And third, that you have a 
natural out-of-equilibrium condition: the N neutrinos are very heavy, they go out of 
equilibrium at high temperature and the Universe is expanding too quickly for the 
reaction rate to keep up. The reaction time is longer than the Hubble time. Also the 
baryon asymmetry is not affected by sphalerons: these are an extension of the 
instantons that Prof. Shifman was discussing. They produce transitions between vacua 
with different baryon number at high temperatures and wipe out baryon asymmetry 
from most mechanisms, but not in the case of leptogenesis. In fact, as they conserve 
B - L, they transform the generated A L into a A B = A L. This model can be 
supersymmetrized as well, or inserted into grand unified models. Please refer to my 
lecture notes for further clarification on neutrinos and leptogenesis. 

- Prasad: 
If there is no Majorana neutrino, you cannot have enough CP-violation for 

leptogenesis. What are the limits from double beta decay experiments that can be 
placed on the existence of Majorana neutrinos? 

- Gavela: 
Right. And the neutrino factory will not tell you anything about CP violation 

required for baryogenesis: it can only tell you something about the CKM matrix-like 
CP violation in neutrinos. The two types of CP violation are not related in general. 
Recall that if nature had only two light neutrino species, there would be no phase a la 
CKM and still you could get leptogenesis. Neutrino-less double beta decay 
experiments can tell you something about the Majorana character of neutrinos and 
even, compared with other data, about the low energy CP phases associated to the 
Majorana character. But even those latter phases are not related in a model 
independent way to the phases responsible for leptogenesis in the see-saw 
mechanism. 

Assume both types of experiments mentioned give a positive result: CP violation 
a la CKM and also the Majorana character or even the inference of a low energy 
Majorana phase. You still cannot say that it has been shown that CP violation in the 
neutrino sector can account for leptogenesis but the case is much stronger. 
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- Prasad: 

Do you have another possible way of looking for Majorana neutrinos? 

- Gavela: 

No. I would like to. What I would like to have is a direct test of even just the see
saw mechanism. Seems tough. 

- Prasad : 

Are there limits on neutrino-less double beta decay which will affect your model? 

- Gavela: 
Yes, there are the limits that I have shown you in my lectures. From the 

information from the tritium beta-decay and neutrino-less double beta decay and from 
the mixing angles, we may be able to say something about the low energy Majorana 
phases. It is very important for the future. 

- Trusov: 
My question is about baryogenesis but you have already answered this question. 

The Higgs mechanism produces heavy neutrinos. Is this true? 

- Gavela : 
Yes, in the sense that there is the Yukawa coupling between the Higgs field, the 

standard lepton doublets and the heavy Majorana neutrinos. 

- Trusov : 
What about that Higgs field? 

- Gavela : 
This is the Standard Model Higgs field and mechanism to give masses to 

fermions. Besides giving couplings which contribute to the mass when the Higgs field 
takes a v.e.v,. it produces simultaneously the couplings I mentioned. 

Trusov: 
What about the charged Higgs, and does the neutrino couple to the W boson? 

- Gavela : 
The charged Higgs, as you say, are the longitudinal components of the W's. So the 

N's couple to W's and charged leptons too. Look at the effective operator. 

- Dymarsky: 
Can neutrino masses be explained using extra dimensions? 
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- Gavelet: 
Let a singlet fermionic field fly over the bulk, for instance a dilatino or gravitino, 

or just put there a sterile neutrino by hand. A small neutrino mass does not require a 
see-saw factor. The standard Yukawa coupling to the left-handed neutrino and Higgs 
living on the brane is penalized by the volume factor, that a priori can explain 
naturally small Dirac neutrino masses. If we project in four dimensions, we will see 
that a priori we have mixing between your active neutrino on the brane and the 
Kaluza-Klein tower of extra-dimensional states. 

It is even claimed by Dienes et al. that there are scenarios with extra dimensions 
where you could have neutrino oscillations without neutrino masses, but I still do not 
understand this last scenario very well. 

- Sichtermann: 
At a neutrino factory, one can produce polarized muons and hence can control the 

energy of neutrino beams. Is this useful? 

- Gavela: 
You are right about the energy spectrum. Modifying the polarization can change 

also the amount of muon and electron neutrinos in the forward direction. In this way, 
you can a priori kill a neutrino species at will and you can produce muon or electron 
neutrinos without contamination of other flavours, which may be relevant if you do 
not identify the final charges of leptons. 

- Meyer: 
I was at Professor Dydak's talk and he mentioned that the LSND results were in 

contradiction with other experimental data. In particular, with the experiment in 
France and at nuclear reactors where they did not see any flux. Also, these results 
exclude the possibility of sterile neutrinos. What do you have to say? 

- Gavela: 

I do not understand, other than the bounds from Chooz. KARMEN results must be 
what you mean. KARMEN has gone over the same area as LSND. There is a tiny bit 
of phase space where the signal is not completely excluded. That will be explored by 
Miniboone and ORLANDO. 

Sibiryakov: 

What are the limits on the number of neutrinos from astrophysical and 
cosmological considerations? 

- Gavela: 
The total number of light neutrinos is 3. 
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- Sibiryakov: 
No, it was less. 

- Gavela: 

No, it was 3.3. 

- Sibiryakov: 

No, it was slightly less. Anyway, what about experiments of the type of the 
neutrino factory to study neutrinos in the Caucasus? 

- Gavela: 
Yes, this is true. I am sorry, I forgot to mention this. There are also other putative 

sites in northern Europe. 

- Sibiryakov: 
What does the neutrino factory tell you about the parameters that are affected by 

atmospheric neutrinos? 

- Gavela: 
Yes, the neutrino factory will make big improvements to parameters in the 

atmospheric neutrino regime: it will measure A m23 and 623with a precision of about 
1%. Before that, MINOS for instance is supposed to attain precisions of about 10%, 
for the present central values of SuperK. 
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The s and i-channel approaches to the high energy hadron scattering are reviewed. The 
parton model is applied to describe the high energy and deep-inelastic processes. In QCD 
the parton picture leads to the DGLAP evolution equations for the parton distributions. The 
gluon and quark are shown to lie on their Regge trajectories. The integrability properties 
of the effective theory for the high energy QCD in the multi-colour limit are outlined. The 
Baxter - Sklyanin representation for the wave function of the composite colourless states is 
formulated. Next-to-leading corrections to the BFKL equation in QCD and supersymmetric 
gauge theories are discussed. The effective action for the gluon and quark integrations local 
in the parton rapidities is presented. 
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1 High energy asymptotics 

It is well known that the scattering amplitude A(s,t,u) for the process a + b —> a' + b' is 
an analytic function of three invariants s, t and u. For the case of the particles with equal 
masses m we have 

S = (Pa + Vbf, U=(pa- p6')
2> t=(pa- Pa'f, S + U + t = 4m2. (1) 

For example, the amplitude A(s,t) in the s-channel (where \/s = 2E is the c.m.energy 
of the colliding particles and \f^t = q is the momentum transfer) is obtained as a boundary 
value of A(s, t, u) on the upper side of the cut at s > 4m2 in the complex s-plane with the 
use of the dispersion relation (omitting for simplicity subtraction terms) 

. . . L. r™ ds' ImsiA r°° du' ImuiA 
A(s + te,t)= — + r^—. (2) 

74m 2 IT S1 — S — IE . /4m2 IT W — U 

Here Imsi A and ImuiA are the imaginary parts of A(s, t, u) in the s and u channels. At high 
energies ^/s ~^> m2 the most essential kinematics corresponds to the elastic interaction with 
fixed q and a small scattering angle •& 

s > g 2 ~si92 ~ m 2 , (3) 

where u ~ — s. 
In this kinematics the averaged s-channel angular momenta I grow with energy as I = pE 

(7? is the impact parameter). As a result, the s-channel partial wave expansion of the am
plitude takes the semiclassical form corresponding to the impact parameter representation: 

A{s,t) = -2isJd2p{S{s,p)-\\<0~i}, t = - t \ (4) 

where S(s, p) = exp(i8(s, p)) can be considered as the S -matrix of a 1 + 1 dimensional field 
theory parametrized by p. The phase <5(s, p) is a complex function and from the s-channel 
unitarity one obtains ImS(s, p) > 0. According to the Froissart theorem the essential values 
of p can grow with energy not as rapidly as c ln(s) and therefore one can obtain the Froissart 
restriction on the possible growth of the total cross section 

Ota = -Im3 A{s, 0) < 4TTC2 ln2(s). (5) 
s 

Providing that it is possible to neglect the imaginary part ImsA(s, t) at high energies, 
one can derive the Pomeranchuck theorem for the total cross-sections of the particle-particle 
and particle-anti-particle scattering: 

% - I- (6) 

The simplest model, where the total and elastic cross-sections are constant and the 
Pomeranchuck theorem is fulfilled, is the so-called diffractive model with the amplitude 
A(s,t) = isf(t). But in 1961 V.N. Gribov proved that this model does not agree with 
the t-channel unitarity relations. In his work he suggested the following modification of 
the amplitude: A(s,t) = isln_ 1^2(s) f(t) which appeared later in the framework of the 
perturbative QCD (see [1]). 
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2 Pomeranchuck pole 
In the Regge-pole model, which is in an agreement with the elastic i-channel unitarity, the 
high energy asymptotics of the two particle scattering amplitude has the following form 

A(s>t)= E&w^VWsSW- (7) 
p=±l 

This representation is obtained from the Feynman diagram with the i-channel exchange of 
the Reggeon - the particle with the continuous spin j = jp(t). In the above expression pi,2(t) 
are its couplings with the external particles, £r|t> is the signature factor (for the possible 
signatures p = ±1): 

= exp(-JTrj)+p 
J sin 7rj 

The trajectory jp(t) is assumed to be linear 

3P(t) = f0 + a'pt, (9) 

where j$ and a'p are respectively its intercept and slope. Experimentally all light hadrons 
with integer spins j lie on the trajectories having an universal slope a' « lGev'2. It means, 
that the hadrons have an inner structure, because only for an extended object the energy 
depends on its angular momentum. 

To reproduce an approximately constant behaviour of hadron-hadron total cross-sections, 
a special moving pole with vacuum quantum numbers is introduced in the i-channel partial 
wave fj(t). This singularity is called the Pomeranchuck pole or Pomeron. Pomeron is com
patible with the Pomeranchuck theorem because it has the positive signature. Its trajectory 
for small i is close to 1: 

j{t) = l+u(t) , w = A + a't (10) 

with the intercept A = j(0) — 1 « 0.1 and the slope a' w 0.3Gev~2. As a result, the real 
part of A(s, t) is small in an agreement with experimental data. 

A more general approach to the high energy asymptotics is based on the i-channel angular 
momentum representation for the scattering amplitudes 

r-G+ioo fin 

„ i Jcr—ioo Z7TI 

dj 

P=±-"7-*°° 

where 4>j(t) is proportional to the i channel partial waves and the parameter a is chosen 
from the condition that all singularities of 0?(i) are situated to the left from the contour 
of integration over complex values of j . There is an inverse transformation to the j-plane 
amplitudes 

/•OO ft c 

<%{t)=[ —8-' Im,Ato{8,t),-AM(s,t) = -{A{a,t)+pA{-8,t)) , (12) 
J Jth S 2 

corresponding to a simplified version of the Gribov-Froissart representation. 
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For the case of the Pomeron the t channel partial wave has the form of the propagator 
for a non-relativistic particle: 

Here E = 1 - j , m0 = - A , (2m)"1 = a' and q2 = -t. In the j-plane there are other 
moving singularities of 4>j(t) - the Mandelstam cuts arising as a result of a simultaneous 
exchange of several Pomerons. V. Gribov constructed a quantum field theory in which all 
possible Pomeron interactions are taken into account. In this theory the Pomeron dynamics 
is described by a complex field tp(y,"/?) depending on the rapidity y = \ In j?^ playing role 
of a time and on two-dimensional impact parameters ~f? which are canonically conjugated 
to the momentum transfer If. This approach is rather successful in the description of 
the experimental data, obtained at high energy hadron-hadron collisions, but it contains a 
number of phenomenological quantities. 

3 Parton model and DGLAP equation 

The ideas of the parton model initially were suggested by R. Feynman and developed by V. 
Gribov to describe the high energy asymptotics of scattering amplitudes. The elastic hadron-
hadron scattering in the lab. system is considered in this model as three subsequent processes: 
a multi-parton fluctuation of the colliding hadron, the interaction of slowly moving partons 
with the target and a coherent transition of scattered partons into the outgoing hadron. 
The time of such fluctuation is large At ~ E/m2, the interaction between the partons 
is local in their rapidities y = ln(fco/m) and the average number of produced particles 
is logarithmic n ~ \n(s/m2). The partons moving to the target lost their energy in a 
geometrical proportion. Due to fluctuations of the two-dimensional impact parameters ~j? of 
partons in the process of their energy decreasing, the averaged value "p grows as t/ln(s/m2), 
leading to the Regge-like behaviour ~ exp(—a'q2 ln(s/m2)) of the elastic amplitude. The 
configuration, in which two fluctuations of the initial hadron interact simultaneously with 
the target is responsible for the contribution from the Mandelstam cut. 

Later the partonic picture was used by J. Bjorken and R. Feynman to describe the scaling-
invariant behaviour of structure functions for the deep-inelastic scattering of electrons off 
hadrons. These structure functions are expressed in terms of the total cross-section cr7.j, 
for the interaction of a virtual photon having the momentum q with a hadron having the 
momentum p. In the framework of the parton model it is assumed that the hadron is 
a superposition of an infinite number of states containing point-like partons - quarks and 
gluons and the total cross-section for the 7*p - scattering can be calculated in the impulse 
approximation as a sum of the cross-sections for the photon-quark interactions: 

PI 7 ? 2P1 
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Here a = ^ is the fine structure constant, eq is the charge of quarks measured in the unit of 
the electron charge e and nq (x) is the inclusive probability to find a quark with the energy 
fc0 = xp0 inside the rapidly moving hadron (p0 —> oo). The main assumption of the parton 
model is that transverse momenta of partons k± are restricted at large Q2, which leads to 
the independence of nq (XB) from Q2, known as the Bjorken scaling behaviour of inclusive 
probabilities. 

It turns out that, in the framework of the renormalizable quantum field theories, the 
parton distributions nr(x) depend logarithmically on Q2 due to ultraviolet divergences in 
the transverse parton momenta k±- As a result, nr{x) satisfy the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equation [2]: 

d 

dlnQ-

where 

• nk(x) = -wk nk(x) + Y, — Wr^fc(-) nr(y), (13) 
r
 Jx y y 

u>k = Y2 dxx wk^i(x). 
• JO 

These equations have a clear probabilistic interpretation. Namely, the first term in the 
right hand side describes the decreasing of the number of partons k as a result of their decay 
to other partons in the phase space d In Q2 and the second term corresponds to the growth 
of nk(x) due to the fact that the partons k can appear in the products of the decay of the 
partons r. The DGLAP equation is compatible with the conservation of the energy and of 
other quantum numbers Q 

1 = Yl / dxx nr(x), Qh = J2 dxQT{x). (14) 

The decay probabilities wr-,k(x) are calculated in the perturbation theory as a series in 
the running QCD coupling constant 

as{Q ) = —: = 02 , /32 = —Nc --nf. 

Their momenta 

lr,k{j) = I dxx]~lwr^k(x) - Srkwk 
Jo 

are proportional to the anomalous dimension matrix fr.kU) for the twist-2 operators with 
the Lorentz spin j . In particular, the energy-momentum tensor 0^ with j = 2 has the 
anomalous dimension equal to zero. At j —> 1 the anomalous dimension ygg(j) in LLA has 
a pole and therefore the averaged number of gluons ng(x) grows at small x as 

ng(x) ~ exp(c V
/ ?h^) , £ = 1 In ^ g | . (15) 
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The prediction of the DGLAP equations for the hard processes in QCD is in a good 
agreement with experimental data providing that in the splitting kernels Wk-^i{x) the next-
to-leading corrections are taken into account [3]. Recently the anomalous dimensions jr,k{j) 
were calculated in some cases even in the two-loop approximation [4]. 

4 BFKL Pomeron 

Gluon in QCD is reggeized [1]. It means that for the process A + B —> A1 + B' at high 
energies and gluon quantum numbers in the i-channel, the scattering amplitude has the 
Regge asymptotic behaviour 

/(a,t) = p r A ' A V ) ^ J rw<z2) (16) 

where A, A', B, B' and c are colour indices. The vertex Tc
A,A(q2) 

rCA'A(q2)=9Tc
A,ASXA,XA + 0(g3) 

contains the generator TA,A of the gauge group SU(NC) (for QCD Nc = 3) and the Kroniker 
symbols S\A,\A corresponding to the conservation of the s-channel helicity A in the Born 
approximation. 

The vertices TA (g2) and the gluon trajectory j — 1 + u>(—q2) are known up to the second 
order of the perturbation theory (see [5]). In the lowest order w(i) is given below 

g2Nc f g2 d2k 2 
Lj{t) = -T^Jk>(q-ky>t = -q- (17) 

Using the dimensional regularization to remove the infrared divergency in the integral 
over k, one obtains that j —> 1 for t —> 0 and therefore the massless gluon with the spin 
j = 1 lies on the Regge trajectory. On the other hand, introducing a small mass m in the 
gluon propagators, we have 

The most essential process at high energies is the production of gluons having their 
momenta k\, &2,..., kn in the multi-Regge kinematics 

r - l 
s » s r , r+1 > k2

± ~ qlx , sr,r+i = (fcr + fcr+1)
2 , qr = pA - pAi - Y^ kt • 

t=\ 

The amplitude for this process has the factorized form 

9l 92 9n+l 
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where the gluon trajectories are uiT = co(-q^). The vertex r*; (qy+i, qy) for the production 
of the gluon dr with the momentum kr = qr — qT+\ and the polarization vector ZM(fcr) is given 
below 

where the vector C(qr+i,qr) is [1] 

C(qT+u 9r) = -9r+i - 9r + PA T^ 1 )-PB\ T^~ + • 
\krPA PAPBJ \krPB PAPB) 

Because k^Cy.(c[r+\,qT) = 0, one can use an arbitrary gauge for the polarization vector 
l,i{kT). In the light-cone gauge p^ZM(/cr) = 0 the polarization vector, satisfying the Lorentz 
condition A^Z^Ay) = 0, can be parametrized by its transverse component l^(kr) as follows 

KTPA 

and therefore we obtain 

i;(K) C^+u qr) = Iffa) C±(qr+1,qr) = l*C + IC . 

Here I = l\ + ih, C = C\ + i C2 are complex components of two-dimensional vectors l^, C~t 
and 

C=*±f. (18) 
The BFKL Pomeron in the leading logarithmic approximation (LLA) 

3 2 l n s ~ 1, g2 < 1 

is a composite state of two reggeized gluons [1]. In QCD the high energy asymptotics of the 
total cross-sections has the form corresponding to a square-root singularity tpj ~ yjj — 1 — A 
of the i-channel partial wave 

1 A g2N 

/ I n s " ' 8TT2 

where E0 can be considered as the ground state energy of the BFKL Hamiltonian H\i 

Eil> = Hml>. (19) 

This Hamiltonian is written below 

#12 = log \pl\ + log \p\\ + - r - log \p\2\ p{p2 + - r - log \p2
12\ p*2px + 4 7 . (20) 

Here pk = Xk+iyk , Pk a r e complex coordinates of the reggeized gluons in the two-dimensional 
impact parameter space, P12 = pi — P2, Pk = id/(dpk), pl = id/(dpi) are the corresponding 

file:///krPA
file:///krPB
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momenta and 7 = — \P(1) is the Euler constant. The kinetic terms log|p£| (k = 1,2) in 
H are proportional to the gluon Regge trajectories. The contributions, containing log \p\2\, 
appear after the Fourier transformation from the product CC* ~ l/fcX2of the two effective 
vertices C. 

It turns out, that the Pomeron ground state energy is 

£ 0 = - 8 1n2, 

which allows one to calculate the intercept A = s-^£ In 2 of the BFKL Pomeron. Due to 
the diffusion in the variable In fcX2 with growing g2 In s the gluon virtualities decrease and 
starting with some energy one can not use any more the perturbation theory. As a result, 
the total cross-section in LLA a ~ sA violates the Froissart theorem, based on the s-channel 
unitarity. To restore the unitarity of scattering amplitudes one should take into account 
the contributions from the multi-reggeon composite states (see below). Note, that from the 
DGLAP equation one can obtain the photon-hadron cross-section a ~ Q~2exp(c\/£ Ins) 
also violating the Froissart bound. 

Next-to-leading corrections to the eigenvalues of the kernel for the BFKL equation were 
recently calculated (see[6], [7]). In the extended N = 4 supersymmetric theory the result is 
an analytic function of the conformal spin [7], which gives a possibility to find the anoma
lous dimensions for the twist-2 operators and to obtain the DGLAP equation from BFKL 
one. The cross-section for the production of hadrons in the virtual photon-photon collisions 
calculated from the BFKL equation in non-abelian renormalization schemes with the use of 
the BLM approach is in an agreement with the experimental data of the L3 group [8] (see 
also ref. [9] for different treatments of the next-to-leading corrections). 

There are other colourless objects which can be constructed as composite states of several 
reggeized gluons in the leading logarithmic approximation (LLA). The simplest particle of 
such type is the Odderon having (opposite to the Pomeron) the charge parity C = — 1 and 
the signature Pj = — 1. It is a composite state of three reggeized gluons [10]. 

In LLA of multi-colour QCD the equations for the composite states of several reggeized 
gluons have remarkable properties: the Mobius invariance [11], holomorphic separability [12], 
integrability [13],[14] and duality symmetry [15]. They can be generalized in the form of an 
effective 2 + 1 field theory for the high energy processes [16]. The effective Lagrangian for 
the interaction of the reggeized gluons with the quarks and gluons inside a fixed rapidity 
interval was constructed in ref. [17]. It allows to calculate higher order corrections to the 
effective vertices and gluon trajectory. 

In LLA the quark with the mass M is also reggeized [18]. This property corresponds to 
the fact, that in the t-channel partial wave with the positive signature and quark quantum 
numbers there is a moving pole having the trajectory going through the point j = 1/2 for 
t = M2 . Because all known mesons and baryons are composite states of quarks, the theory 
of the reggeized quarks can be used for the calculation of the baryonic and mesonic Regge 
trajectories. Next-to-leading corrections to the quark interaction can be obtained by the 
dispersion approach used earlier in the case of the BFKL pomeron [1] [5]. An alternative 
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method, based on the effective action for the reggeized quarks and gluons, is discussed below 
(see [17] and [19]). 

5 Integrability in multi-colour QCD 

For the unitarization of scattering amplitudes, one should take into account contributions 
from the diagrams with an arbitrary number n of reggeized gluons in the t-channel [20]. The 
wave function fm ~ (pi, p j , . . . , p~Z; p~o) of their colourless composite states corresponding to the 
local operators Om^n(po) depends on the two-dimensional impact parameters p i , p j , ...,p^ 
and belongs to a principal series of unitary representations of the Mobius group 

apk + b 
Pk 77~Z1' 2 1 

cpk + a 
where pk (p*k) are holomorphic (anti-holomorphic) gluon coordinates and a, b, c, d are arbi
trary complex parameters [11]. 

For these representations the conformal weights 

m = 1/2 + iv + n/2, m = l/2 + w- n/2 (22) 

are expressed in terms of the anomalous dimensions 7 = 1 + 2iv of the operators Om^l(po) 
having the integer conformal spin n. They are related to the eigenvalues 

M2fm^ = m(m-l)fmt~, M*2/m,~ = m(m - l ) / m i ~ (23) 

of the Casimir operators M2 and M*2: 

M2 = (JT MA = £ 2 Mr° M: = - ]T p2
rsdrds, AT2 = (M2)*. (24) 

\fc=l / r<s r<s 

Here Mk are the Mobius group generators 

Ml = pkdk, Mk~ = dk, M+ = -p20k (25) 

and dk = d/(dpk). 
The wave function fm^ satisfies the Schrodinger equation [11]: 

m.,m Jm,m Jm,tn' \ ) 

Its ground state eigenvalue Em ^ is proportional to the position ujm ^ = j — 1 of a j-plane 
singularity of the t-channel partial wave: 

92NC 
Emz (27) 

governing the n-Reggeon asymptotic contribution to the total cross-section atot ~ s 
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In the particular case of the Odderon, being a composite state of three reggeized gluons 
with the charge parity C = — 1 and the signature Pj — —1 [10], the eigenvalue w ~ is 
related to the high-energy behaviour of the difference of the total cross-sections an and app 
for interactions of particles p and antiparticles p with a target: 

u/3L 
<7pp-<7pp~ S "••">. (28) 

The Hamiltonian H in the multicolour QCD (Nc —> oo) has the property of the holomor-
phic separability [11]: 

H = Uh + h*), [ft, ft*] = 0 , (29) 

where the holomorphic and anti-holomorphic Hamiltonians 

n n 
h=Yl hKk+l ,h* = Yi hk,k+l (30) 

A:=l k=\ 

are expressed in terms of the BFKL operator: 

hk,k+i = logfe) + log(pfc+i) H log(pfc,fc+i)pfc + log(pk,k+i)Pk+i + 2 7 . (31) 
Pk Vk+l 

Owing to the holomorphic separability of ft, the wave function / m „ ( p i , P2, •••, p~Z; Po) can 
be written in the form demonstrating its holomorphic factorization: 

/ m , m ( P l , " - , P ^ P o ) = X X i / m ( P l . - " > P r t ; P o ) / ~ ( ^ " - , P n ; P o ) . ( 3 2 ) 
r,l 

where r and / enumerate degenerate solutions of the Schrodinger equations in the holomor
phic and anti-holomorphic sub-spaces: 

6m fm = h Jm , e~ /~ = ft /~ , Em^ = £m + €^ . (33) 

Similarly to the case of two-dimensional conformal field theories, the coefficients Crti are 
fixed by the single-valuedness condition for the function fm^(p~i,p~2,--,P~^',P~o) in the two-
dimensional "p^-space. 

It is remarkable, that for ft there is a family {<?,.} of mutually commuting integrals of 
motion [11]: 

[*-,«.] = 0, [? r , f t]=0. (34) 

They can be written as follows 

qT= 5Z Pili2Pi2i3---PirhPhPi2---Pir- (35) 
i l< l2<- . -< i r 
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In particular q2 is proportional to M2. 
The generating function for these integrals of motion coincides with the transfer matrix 

T for the XXX model [11]: 

T(«) = tr {Ll{u)L2{u)...Ln{u)) = £ un-r qT, (36) 
r=0 

where the L-operators are 

Lk{u)=(U + P2kPk P" ) • (37) 

The transfer matrix is the trace of the monodromy matrix t(u): 

T{u) = tr («(«)), t(u) = Lx{u)L2{u)...Ln(u). (38) 

It can be verified that t(u) satisfies the Yang-Baxter equation [11]: 

q{u) q(v) iZliv -u) = Vffiv - u) t%{v) <}(«), (39) 

where l(w) is the L-operator for the well-known Heisenberg spin model: 

^M=^:<^+^:r (40) 
The commutativity of T(u) and T(v) 

[T(u),T(v)} = 0 (41) 

is a consequence of the Yang-Baxter equation. 
If one will parametrize t{u) in the form 

t(M) = ( * > ( « ) + ^ ) {-(") ) , (42) 

this Yang-Baxter equation for the monodromy matrix is reduced to the following Lorentz-
covariant relations for the currents iM(w): 

b » , i » ] = \jM,Uu)] = ̂ Jr^y (f(u)f(v)-j"(v)f(u)). (43) 

Here e ^ ^ is the antisymmetric tensor (£1230 = 1) in the four-dimensional Minkovski space 
and the metric tensor g1"' has the signature ( 1 , - 1 , - 1 , - 1 ) . This form follows from the 
invariance of the Yang-Baxter equations under the Lorentz transformations. 

The commutativity of the transfer matrix T(w) and the holomorphic Hamiltonian is a 
consequence of the fact that the pair Hamiltonian hktk+\ can be written as follows [14] 

hk,k+i = ^("i*,*+i) + ̂ (1 ~ "ifc,*+i) - 2^ (1 ) . "iit,fc+i (mk<k+1 - 1) = A?fc)fc+i. (44) 
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The Hamiltonian h and the integrals of motion qr have the symmetry under the duality 
transformation 

Pk -> Pk+i,k -*Pk+i, 

combined with the transition to the transposed operators [15]. In particular it allows one to 
reduce the solution of the three-body problem to the Schrodinger equation with one degree 
of freedom having the potential energy ~ x~zl2. With the use of this duality symmetry a 
new solution for the Odderon with the intercept exactly equal to 1 was found [21]. It can be 
considered as a partner of the BFKL pomeron in the multiplet, appearing due to the fact, 
that at large Nc limit there is a degeneracy between two Regge trajectories having the gluon 
quantum numbers but an opposite signature. 

6 Baxter-Sklyanin representation 

The Bethe ansatz gives a possibility to find a representation of the Yang-Baxter equations 
[11],[14]. To begin with, one should construct the pseudovacuum state |0), satisfying the 
equation 

j+(u) |0) = 0. (45) 

Its non-trivial solution exists only in the transposed space 

BMIO)* = 0, 

where B(u) = j+(w), and the pseudovacuum state is given below [14] 

fc=l PkO 

It is convenient to introduce the function Q(A), satisfying the Baxter equation 

A(A) Q(A) = (A + i)n Q(\ + i) + (A - i)n Q(X - i), (46) 

where A(A) is an eigenvalue of the transfer matrix T(A): 

A(A; 7?) = E H ) * Vk An"fc , Mo = 2 , Ml = 0 , M2 = -m(m - 1). (47) 
fc=0 

The coefficient Hk = — i Qk, k = 3,4,..., n are proportional to the eigen values of the integrals 
of motion qk. 

According to the Yang-Baxter equation, the holomorphic wave functions for the compos
ite states of the reggeized gluons can be written in the form [22] 

i> = Q(ui)Q(u2)...Q(un.1)\0)t, (48) 
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where Uk are the mutually commuting roots of the equation jl_ (u) = 0 

j l (2*) = 0. 

In ref. [23] the unitary transformation from the impact parameter representation to the 
representation, where the Sklyanin parameters u^ are diagonal, was constructed. It was 
found that the Baxter functions Q(u) for the composite states of n gluons are meromorphic 
and their poles are situated in the imaginary axes in the points u = ir, where r = 0 ,±1,±2, . . . 

Moreover, we have n independent Baxter functions Q^iX; ~Jt) (t = 0,1,2,..., n — 1) 

Here (if. = (—l)k Hk and the coefficients ar, bTi... for r > 1 are found from the recurrence 
relations following from the Baxter equation with the use of the normalization condition 

a«(7?) = ar i- t )(?) = l. 

The parameters bo, Co,..., ZQ and the factor 5^(7?) are obtained without any ambiguity 

from the requirement 

The last constraint guarantees that the Baxter equation is fulfilled everywhere including 
A —> oo. The quantization of the integrals of motion fik for fc = 3,4, ...,n is obtained from 
the condition that the energy 

a\!(JI) 

is the same for all t. In the opposite case the total energy Em ^ of the wave function Qm ~ ( A ) 

Q™,™(̂ ) = E^0 ( "(A; 7?)Q(t,)(A*; J?) 

in the complex plane A = Ai + i\<z (2A2 is integer) would not have a definite value. In the 
above expression the coefficients Ct)t> are calculated from the normalizability of <2m?m( A), 
leading in particular to the cancellation of the poles for A2 / 0. 

Note, that due to the Baxter equation one can derive the following linear relation among 
the neighbouring Baxter functions 
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tcoth(7rA)QW(A; 7?) = Q(t+1)(A; J?) + 5 f } ^ Q ^ H A ; 7?) + 7( t)(7?)Q( t)(A; 7?)-

The quantization of the integrals of motion //*, is equivalent to the relations 

7 W ( 7 ? ) = 0 . 

In particular for the Odderon (n = 3) we have 

b0(- 0) = ir - 4 log 2 = 0.369004.. . . 

The function &o(|, /i) can be computed at small [i 

bo(- fj.) = 0.369004 - 2.835// - 2.749/z2 - 2.947/i3 + ..., 

which gives a possibility to calculate the Odderon energy at m = | 

£ = H^ ^ + ^ 2 ' ~M^= ° - 7 3 8 0 0 8 ~5-498 ^ + •-

Prom the above quantization condition we obtain for m = | 

/JI = 0.205257506, fj,2 = 2.3439211, /z3 = 8.32635, /i4 = 20.080497 

with the corresponding energies 

Er = 0.49434, E2 = 5.16930, E3 = 7.70234, £ 4 = 9.46283 

in an agreement with results of ref. [24]. 

7 Corrections to BFKL kernel in QCD and SUSY 

To begin with, we remind the results of ref. [6], where the QCD radiative corrections to 
the BFKL integral kernel at t = 0 were calculated. The total cross-section a(s) for the 
high energy scattering of colourless particles A, B, written in terms of their impact factors 
$i{qi) and the t-channel partial wave Gu(q, q') for the reggeized gluon scattering, is written 
as follows 
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Here q and q' are transverse momenta of virtual gluons and s = IpxpB is the squared 
invariant mass of the colliding particles having momenta p& and ps- The Green function 
Gu{q, q') depends on two-dimensional vectors If and If' and satisfies the BFKL equation 
[6]. 

As it was shown in ref. [1], a complete and orthogonal set of eigenfunctions of the LO 
homogeneous BFKL equation in the two-dimensional impact parameter space If is 

Gn^q/q',9) = (^J <**, (51) 

where 7 = | + iv is the anomalous dimension of the twist-2 operators and n is the conformal 
spin [11]. 

The BFKL kernel in this representation is diagonalized up to the effects related to the 
running of the QCD coupling constant as(q

2) [7]: 

u) = I x(n, 7) - 6{n, 7) — - ^ — I , (52) 

where 
7? Ti 

X(n, 7) = 2*(1) - * ( 7 + - ) - tf (1 - 7 + 2) 

and 8{n, 7) is calculated in an explicit way. The result contains the Kroniker symbols <5„0 and 
5„2. These non-analytic contributions in particular lead to the violation of the holomorphic 
separability. 

It is natural to investigate the BFKL equation in the supersymmetric gauge theories 
where there could be significant simplifications. It turns out [7], that for the particular case 
of the extended N = 4 SUSY the non-analytic terms are cancelled (see [7]): 

^ = 4 a ( x ( n , 7 ) - a < f U S ! ' ( n , 7 ) ) , (53) 

where 

_J_' "2 

° ~ lfor2 

and 

(i+ife(H«20) (54) 

Ti Ti 

*""»(«, 7) = 2$(n, 7) + 2*(n, 1 - 7) - 6C(3) - ¥"(7 + ^ ) " *"(* " 7 + 2) • (55) 

Here 

{-if {W{k + 1) - *'(Jfc + n + 1)) +13'(k + n + 1) + (3'{k + 1) 
$(™>7) = E - k + 7 + n/2 

~ (-l)fc($(n + fc + l)-#(*; +1)) 
+ t o (fc + 7 + «/2)2 
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and 

In accordance with ref. [6] the anomalous dimension 7 for the local operators with the 
Lorentz spin j = 1 + UJ can be found from the equation 

u = u;susv(n, 7) = 4a (X(n, 7) - a (*""»(«, 7) + 2X(n, 7)x'("> 7))) x(n, 7) • (56) 

The right hand side of this equation for the N = 4 model can be analytically continued to 
negative integer values n = — k — 1. It gives a possibility to calculate the residues of the 
anomalous dimension 7 not only near j> = 1 but also at all negative integer points j = —k 
(k = 0,1,...) [6]. In particular in the Born approximation we obtain for the anomalous 
dimension 

°° / 1 1 \ 

7 = 4 a £ (^— - ~ J = 4a (*(1) - 9(j - 1)) . (57) 
The above result is in an agreement with the direct calculation of 7 in the Born approxi

mation for the N = 4 supersymmetric gauge theory. Indeed, it turns out, that in this theory 
the following linear combinations of momenta v? s and Arf of parton distributions for 
the unpolarized and polarized ep scattering 

n\ + v?g + 4 , Anj" 1 + 2 A n f x , nf2 - 2 (j - 3) n f 2 + ^ ^ n ^ 2 , 

A< 3 - (j - 4) AnJ-3, < 4 - ^ 5 | < 4 - j f | « r 4 (58) 

are renormalized in a multiplicative way and have the same anomalous dimension 

7 = 4a (*(1) - * ( j - 1)). 

Note, that this result means that, in the limit Nc —> 00, the evolution equations for the matrix 
elements of the quasi-partonic operators (see ref. [25]) are equivalent to the Schrodinger 
equation for an integrable Heisenberg spin model. 

The investigation of the similar relations between BFKL and DGLAP equations in the 
next-to-leading approximation is given in ref. [26]. 

8 Effective action for reggeized gluon and quarks 

Let us review the effective field theory for the reggeized gluon interactions [17]. Apart from 
the anti-hermitial gluon field v^ = —iv^Ta and the quark fields i)),ip, we introduce the anti-
hemitial fields A+ and A_, describing the emission and absorption of reggeized gluons in 
the i-channel. They have the additional constraints d±AT = 0, related to the fact that in 
the quasi-multi-Regge kinematics the produced particles are separated in the groups having 
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approximately the same rapidity y. The effective theory is formulated for each of these groups 
and describes the interaction local in the rapidity space y0 — | < y < j/o + \ (V ̂  m ih)-
The interaction between the particles with essentially different rapidities is performed by the 
exchange of reggeized gluons. The light-cone components are defined as follows d± = n^d^ 
and n± = <5g ± i5% (in the cm. system, where the initial particles A and B have momenta 
along the third axis p3

A = — p% = \PA\). 
The effective action for the reggeized gluon interactions can be written in the form [17] 

Sa.„ = J dAx{LQCD + tr ((A+(v+) - A+)^A_ + (A.(v_) - A-)%A+)) , (59) 

where LQCD is the QCD Lagrangian depending on usual gluon va and quark iji fields. The 
composite field A±(v±) is non-local 

oo 

Mv±) = £ ( - 0 ) " w ± ( ^ V ) " (60) 
n=0 

and can be written in terms of the covariant derivatives D± 

A±(v±) = — d ± — d ± . 
9 U± 

One can express A±(v±) also through the Wilson P-ordered (and anti-P-ordered) expo
nents with the integration contours displaced along the light cone directions. 

A±(v±) = --d±U(v±) 

U(v±) = | exp i-9- £ W V ( * ' ) ) + f exp ( f jjx'+v^x')) . (61) 

It provides the hermicity property of the action. 
Under the local gauge transformations of the gluon and quark fields the effective action 

SaelI is invariant providing that A± is considered to be an gauge invariant quantity [17]. 
Because A± belongs to the adjoint representation of the gauge group, the action is invariant 
also under the global gauge transformations. 

The action describing the gauge-invariant interaction of the gluon and quarks with the 
reggeized quarks within the fixed rapidity interval rj can be written as follows [19]: 

Self = SG.Jf + SQef{, SQeff = J <PxLQcn , 

LQeff = a+{id - Af)(o_ - U+{v.)i>) + a-{iB - M)(a+ - U+{v+)^) 

+(a+ - $U(v+)) (id - M)a. + (o_ - ipU{v.)){id - M)a+), 
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where o+, (a+) are the fields describing the production of (reggeized) quarks (anti-quarks) 
in the t-channel and a_, (a_) are the corresponding fields for their annihilation (cf. [16]). 
The reggeon fields satisfy some additional kinematical constraints similar to A±. 

The reggeon fields a± and a±are assumed to be gauge invariant providing that the gauge 
parameter \{x) decreases at large x. They belong to the fundamental representation of the 
gauge group. It means, that 5 e / / is invariant under local and global gauge transformations. 
By expanding it in the series over the QCD coupling constant we can formulate the Feynman 
rules, giving a possibility to calculate the reggeon trajectories and vertices in the leading and 
next-to-leading approximations. Another method is based on an intensive use of the t and 
s channel unitarity conditions (cf. [5]). 

I thank Professor A. Zichichi for his kind invitation to present these lectures in DIS-2001 
at the Bologna University and at the 2001 Erice School. The discussions with G. 't Hooft, 
G. Veneziano and other participants of the Erice School were especially helpful. 
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CHAIRMAN: L.N. LIPATOV 

Scientific Secretaries: V. Braguta, A. Chalov 

DISCUSSION 

Schilling: 

In your lecture you briefly mentioned the role of the QCD evolution equation and the 

pomeron in SUSY. Could you comment a bit more on this topic? 

Lipatov: 

In QCD, at the next-to-leading approximation, the eigenvalue of the BFKL kernel 

0)(n,y) contains non-analytic terms proportional to 8n0 and 8n2, where n is the conformal 

spin and y is the anomalous dimension of local operators. These terms violate the 

conformal separability. In all SUSY theories, 5n2 is exactly cancelled. Moreover, in the 

extended N=4 SUSY, the term 8n0 is also cancelled and (o(n,y) is an analytic function of 

n. By its analytic continuation to negative values of n, one can find the residues of the 

poles of y for twist-2 operators in the points j = -n . Using the constraint that the 

anomalous dimension for the energy-momentum stress-tensor T is zero, one can restore 

the whole anomalous dimension as a sum of the poles with the known residues. It means 

that the DGLAP equation for N = 4 SUSY is probably contained in the BFKL equation. 

If one postulates that the eigenvalue equation for a unified DGLAP-BFKL equation in 

this theory has the form l=g2 Nc %(j,m), one can calculate the function %(y,m). Then it 

turns out that the intercept of the BFKL pomeron u)max tends to 1 when g2 Nc —> °° and 

therefore, in accordance with the Maldacena guess, the pomeron coincides with the 

graviton in this model. 

Facciolli: 

Suppose we evolve QCD from high Q2 to its small values. When do we reach the 

point where only valence quarks are resolved? How are the constituent quarks related to 

the valence quarks at that energy? 

- Lipatov: 

The parton model is formulated in the infinite momentum frame. Even at 

comparatively small Q2, one should perform the Melosh transformation of the wave 

function from the constituent to current quarks. The perturbative evolution equation 
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cannot be applied to this non-perturbative region. We should use a more accurate 

approach related with the Wilson renormalization group, in which the functional integral 

over fields with large virtualities is performed in a recurrent way to obtain an effective 

action for the non-relativistic quark model. In this case, we can hope to solve the problem 

of the hadron spectrum in a self-consistent way. 

- Perez-Veitfa: 
What features of the pomeron make it behave like a graviton? 

Lipatov: 

The analogy between the pomeron and the graviton was mentioned by many 

physicists. For example, in the framework of the weak-coupling regime for the reggeon 

calculus, V. Gribov pointed out that the universality of the pomeron couplings can be 

understood, if its interaction vertex is proportional to the energy-momentum stress tensor. 

Further, when one-loop correction to the Veneziano amplitude was calculated, it was 

discovered that it has a new singularity. Initially it was interpreted as a pomeron, but later 

by Scherk and other authors it was shown that this singularity corresponds to the graviton 

of the string theory. 

Sichtermann: 

Ball, Forte and Ridolfi showed in 1995 by expanding the anomalous dimension that 

the DGLAP equation leads to a rise of inclusive structure functions such as 

expA/cln(l/x)ln(ln(Q2) in the limit of x —> 0 and Q2—» °°. This suggests to consider 

ln(l/x)and lnln(Q2) as more physical quantities than x and Q . Can something similar be 

for the BFKL equation? 

- Lipatov: 

The idea that some combination of the variables Q and 1/x is better for the time in 

the evolution equation is interesting. For example, Yu. Dokshitzer several years ago 

discussed the possibility that the Gribov-Lipatov relation between the partonic 

distributions and fragmentation functions is valid only if we would use, in the DGLAP 

equation, instead of InQ , another function of x and Q . This problem is especially 

important when one attempts to write a unified BFKL-DGLAP equation. 

Veneziano: 

In your approach you fix Q2 and push x to zero. It is not clear for me what it means. It 

looks as if the right limit must be when you take simultaneously x —> 0 and Q —» °°, 
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providing that some ratio of their powers is fixed. In what limit is the BFKL equation 

correct? 

Lipatov: 
If x —> 0 and Q2 —> °°, both evolution equations are equivalent with a double-

logarithmic accuracy. Of course, corrections to the double-logarithmic approximation are 
different in two regions, where one of these variables is fixed. The BFKL equation 
corresponds to the Regge limit, where Q2 is fixed. 

Veneziano: 

The question is how far can you go in the small-x region and still trust your 

equations. 

Lipatov: 

It is a rather complicated problem. The DGLAP equation is valid in all orders of 

perturbation theory, because it is directly related to the renormalization group approach. 

As for the BFKL equation, it should be modified in the next-to-next-to-leading 

approximation because one should include in the pomeron wave function the Fock 

components with four reggeized gluons. Therefore, generally we should solve the field 

theory in the 2+1 dimensional space-time with the effective lagrangian which can be 

obtained from QCD. The reggeon fields in this theory depend on the transverse 

coordinates p and on the rapidity y playing role of time. 
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T H E P U Z Z L E OF T H E U L T R A - H I G H E N E R G Y C O S M I C R A Y S 

I.I. Tkachev 
CERN Theory Division, CH-1211 Geneva 23, Switzerland. 

In early years the cosmic ray studies were ahead of the accelerator research, starting from the 
discovery of positrons, through muons, to that of pions and strange particles. Today we are 
facing the situation that the puzzling saga of cosmic rays of the highest energies may again 
unfold in the discovery of new physics, now beyond the Standard Model; or it may bring to 
life an "extreme" astrophysics. After a short review of the Greisen-Zatsepin-Kuzmin puzzle, I 
discuss different models which were suggested for its resolution. Are there any hints pointing 
to the correct model ? I argue that the small-scale clustering of arrival directions of cosmic 
rays gives a clue, and BL Lacs are probable sources of the observed events. 

1 Introduct ion 

Immediately after the discovery of the relict Cosmic Microwave Background Radiation (CMBR), 
Greisen, Zatsepin and Kuzmin [1] have realized that the highest energy protons should catas-
trophically lose energy in photo-production of pions on this universal background. This process 
limits the distance to farthest sources of observed rays to be roughly 100 Mpc and should lead 
to the cut-off in the energy spectrum. Neither cut-off, nor nearby sources were discovered, 
while the number of events beyond the expected cut-off energy is growing with time [2-7]. The 
findings of Greisen, Zatsepin and Kuzmin (GZK) are based on solid fundamental physics which 
involves precisely measured cross-sections in a GeV energy range (in the center of mass reference 
frame). Therefore, if data are correct - and it is believed they are basically correct?- one should 
either invoke new physics, or accept unconventional and uncomfortable very "extreme" astro
physics. This is the reason for excitement and growing interest in the ultra-high energy cosmic 
ray research. Many possible solutions for the GZK puzzle were suggested, each has its own 
enthusiasts. There is room still even for radically different suggestions, because da ta are sparse. 
However, it may be that UHECR accelerators have been already identified with the conclusion 
that BL Lacertae objects constitute the probable source of the observed events [9]. Statistical 
significance of identification is high: conservative probability of the observed correlations to be 
a fluctuation is around 10~4. Naturally, it will be the main focus of my lecture. For other recent 
reviews see [10], textbooks are listed in [11]. 

2 M e t h o d s of de tec t ion 

At energies below 1014 eV the flux of cosmic rays is sufficiently high so that direct measurements 
using high altitude balloons or satellite experiments are possible. Above 1015 eV the flux is only 

"While recently a disagreement in measured fluxes had emerged [8], there is no reason for doubt in reality of 
super-GZK events. 
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one particle per m2 per year, which excludes direct observations on the orbit. At 1020 eV 
the number is down to one particle per square kilometre per century. Here the problem for 
direct measurements would be not only a vanishingly small flux, but enormously high energy 
itself (remember that calorimeters at modern colliders weigh hundreds of thousands of tons). 
Fortunately, most of our detector is already built for us by Nature and is put, rotating, into 
orbit: the Earth 's atmosphere makes a perfect calorimeter. The atmosphere is just thick enough 
so tha t showers of secondary particles produced by incoming cosmic rays of the highest energies, 
in collisions with nuclei of air, reach their maximum intensity just above the Earth 's surface. 
Particles in a shower propagate with the velocity of light, forming a thin disk perpendicular to 
the direction of the incident particle. At 1019 eV the footprint of the shower on the ground is 
several kilometres across. 

The shower can be registered either by placing an array of particle detectors on the earth's 
surface, or by measuring fluorescence light emitted when shower particles excite nitrogen molecules 
of the atmosphere. Particle detectors in a ground array can be spaced hundreds of metres apart 
and are operational round the clock. Fluorescent light telescopes see the cosmic ray track just 
like the fly's eye would see the meteorite, but only moving with the speed of light. These detec
tors are operational only on clear moonless nights, but are able to measure longitudinal shower 
profile and its maximum depth directly. 

With either technique the energy and incident direction of primary particles can be measured 
shower by shower. Chemical composition also can be inferred, but only in a statistical sense 
after averaging over many showers. 

1. Arrival direction. The timing of a signal in different detectors is used to determine the 
direction of a shower (ground array technique). Direction is measured with an accuracy of 
about 2°. The measurement is straightforward and does not involve any uncertainties. Inferred 
information is reliable and, as we will see below, even with the current low statistics at highest 
energies, is highly non-trivial. Fluorescent light telescopes observe the whole shower track and 
in stereo mode the precision of angle determination is 0.5°. 

2. Energy. Energy estimate on the other hand is not that straightforward. In fluorescent light 
detectors, the energy of primary particles is derived from the observed light intensity, therefore 
incorrect modelling and /or insufficiently frequent monitoring of the atmosphere transparency can 
be a source of errors. For the ground array detectors the energy estimate relies on the Monte-
Carlo model of shower development and is related to the shower density profile. Nevertheless, 
the currently favored model, QGSJET [12] describes data well from TeV up to highest energies 
and it is believed that the overall error (statistical plus systematic) in energy determination does 
not exceed 30 %. 

The best would be to employ both, ground array and fluorescent light, techniques simulta
neously. This should reduce systematic errors, and this is the design of the forthcoming Pierre 
Auger project [13]. 

3. Chemical composition. It can be inferred from the details of a shower development. 
For example, showers initiated by heavy nuclei s tart earlier in the atmosphere and have less 
fluctuations compared to proton showers. Showers initiated by photons behave in the opposite 
way. Fluorescent detectors observe shower development directly. At ground array detectors 
the shower depth can be extracted by measuring e.g. the ratio of electrons to muons. At 
lowest energies, chemical composition of cosmic rays reflects primary and secondary element 
abundances, for a recent review see [14]; at highest energies, the conclusion is that less than 
50% of primary cosmic rays can be photons and less than 50% of primary cosmic rays can be 
iron nuclei [15]. 
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3 M a g n e t i c fields 

Magnetic fields play an important role in the processes of cosmic ray acceleration and propaga
tion, their trajectories being bent by the action of the Lorentz force 

dv Ze , a, 

* = T p x f l J - (1) 

For a qualitative discussion it is often sufficient to compare a gyro-radius of the trajectory of a 
relativistic particle 

to other relevant length scales of the problem. E.g., magnetic "trap" cannot confine a cosmic 
ray if the gyro-radius exceeds the t rap size. Deflection angle A0, after traversing the distance 
L in a homogeneous magnetic field, is proportional to L/Ri,. In a chaotic magnetic field, the 
deflection angle will grow as \fh. 

4 Generat ion of U H E C R 

Origin of cosmic rays and/or their acceleration mechanisms have been a subject of debate for 
several decades. Particles can be accelerated either by astrophysical shock waves, or by electric 
fields. In either case one can estimate maximum energy. With optimistic assumptions the final 
estimate is the same. On practice, a maximum of energy is expected to be much lower. 

1. Shock acceleration. Particles are accelerated while bouncing between shocks. Acceleration 
may continue until a particle is confined within an accelerating region, in other words until gyro-
radius Eq. (2) is smaller than the size of the region. This gives 

Emax = ZeBL . (3) 

2. Acceleration by an electric field. The latter can be created by a rapidly rotating magne
tised neutron s tar or black hole. If motion is relativistic, the generated electric field is of the 
same order as the magnetic field, and the difference in electric potentials is BL. This again 
reproduces Eq. (3) for the maximum energy. 

Known astrophysical sources with BL big enough to give B m a x ~ 1020 eV are neutron stars, 
active galactic nuclei (AGN) and colliding galaxies. 

The central engine of an AGN is believed to be a super-massive black hole powered by 
matter accretion. AGN have two jets of relativistic particles streaming in opposite directions. 
Interaction with intergalactic medium terminates this motion and at the ends of the jets the 
radio-lobes and hot-spots are formed. Acceleration may occur either near the black hole horizon 
(direct acceleration), or in hot spots of jets and radio-lobes (shock acceleration). The host of 
different AGNs is now classified in one unified scheme, for reviews see [16]. Depending upon the 
angle between the jet axis and the line of sight, we observe different types of AGN. A typical radio 
galaxy, showing two strong opposite jets, is observed at angles approximately perpendicular to 
the jet axis. AGN is classified as a quasar if the angle is smaller than 30°. If we look along the 
jet axis (angle < 10°), i.e. directly into the barrel of the gun, we observe a blazar. 

It should be noted that not all radio-galaxies are the same. There are Fanaroff-Riley (FR) 
type I and type II galaxies (radio-loud AGNs), and Seyfert galaxies (radio-quiet AGNs). It is 
believed that it is FR type II galaxies which are UHECR accelerators [17]. It is believed that 
when observed along the jet axis, F R type II galaxies make a parent population of Highly Po
larized Quasars (HPQ - subclass of blazars), while FR type I galaxies make a parent population 
of BL Lacertae objects (BL Lacs - another subclass of blazars) [16]. 
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Figure 1: Chandra telescope X-ray image of the nucleus, jet, and hot spot of Pictor A. [18] 

As an example the X-ray image [18] of the powerful FR-II radio galaxy Pictor A taken by 
Chandra observatory is shown in Fig. 1. Radio observations of jets have a long history. Recently 
Chandra started to obtain high resolution X-ray maps of AGNs which surprisingly revealed very 
long collimated X-ray jets. E.g. the distance from nucleus to the hot spot in Pictor A is at 
least 240 kpc. It is hard to explain such long jets as purely leptonic and it is possible that the 
population of relativistic electrons responsible for the X-ray emission is a result of photo-pion 
production by UHE protons [18]. 

Now, regardless of the fact if acceleration to highest energies occurs by the AGN's black hole 
or in any of the hot spots, the momentum of highest energy particles is expected to point in 
the direction of the jet [9]. In other words, if AGNs are sources of UHECR, arrival directions of 
high energy cosmic rays should point back to a (subclass) of a blazar family. Such correlations 
were indeed observed [9], see Sec. 9.2 below, but with BL Lacs though, not HPQs. 

5 Propagation of the ultra-high energy cosmic rays 

In this section we consider the influence of different cosmological backgrounds on propagation 
of highest energy cosmic rays. 

5.1 Magnetic fields 

Let us estimate a typical deflection angle, L/Rg, of a charged UHE particle after traversing 
Galactic or extra-galactic magnetic fields. 

1. In the Galactic magnetic field, for particles coming across the Galactic disc, we have 

A0 
Z 

:2.5° 
1020 eV B 

E 3iiG 1.5 kpc ' (4) 

where 3/J.G is the magnitude of the regular magnetic field and 1.5 kpc is the width of the 
disc. We see that protons with E > 1018 eV escape our Galactic disk in one pass. Protons of 
smaller energy are trapped and can escape the Galaxy only by diffusion and "leaking" from the 
boundary. 
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Cosmic rays with E > 1018 eV should be extra-galactic, if protons. Even if CRs would be all 
iron nuclei, at E > 2 • 1019 eV cosmic rays should be extra-galactic, otherwise strong anisotropy 
in the direction of the Galactic disc would have been observed. 

2. Extra-galactic magnetic fields have not been measured yet (except for central regions 
of galaxy clusters). However, there is an upper bound on their strength from the (absence of) 
Faradey rotation of polarized extra-galactic sources [20]. This translates to the upper bound on 
deflections in extra-galactic magnetic fields 

M <r 9 *> 1Q2° e V B ( ^ ) 1 / 2 <~ 
Z < E 10-9 G i o M p c ' (b) 

where A is the coherence length of an extra-galactic magnetic field and is believed to satisfy 
A < 1 Mpc. 

We see that trajectories of particles with E > 1020 eV are not strongly bent by either Galactic 
or extra-galactic magnetic fields and deflections are comparable to the angular resolution of 
modern UHECR detectors. 

Arrival directions of UHECR should point back to the source. Charged particle astronomy of 
UHECR is possible. 

5.2 Greisen-Zatsepin-Kuzmin cutoff 

A t t e n u a t i o n l e n g t h 

Ultra-high energy cosmic rays cannot propagate elastically in cosmic backgrounds. They have 
enough energy to produce heavy secondary particles even in collisions with CMBR or radio 
photons. 

Most important is the reaction of pion photo-production for protons (or neutrons) propa
gating in relict cosmic microwave background left over from the hot big bang. For the threshold 
energy of this reaction we find in the laboratory frame 

(m, + m,r)2 — m 2 

^ + ^ + * > = 2 E 7 ( l - c o s 0 ) P - ^ 

Note, that in derivation of this relation, standard Lorentz kinematic and standard dispersion 
relation between particle energy and momentum, E2 = A:2 + m 2 , are assumed. If any of these is 
violated, the threshold condition in a laboratory frame may look different. This is a trivial note, 
but it may be important in what follows. For the black body distribution of CMBR photons 
with temperature T = 2.7° K we find 

Eth*5x 1019 eV . (7) 

This reaction has large cross section, being the largest at the A resonance. At half-width of the 
resonance 

a ~ 300 lib « 3 x 10 _ 2 8cm 2 . (8) 

Density of CMB radiation is n ~ T 3 ~ 400 c m - 3 . This corresponds to the mean free path: 

La = {an)'1 « 8 x 1024 cm w 2.7 Mpc (9) 

In each collision sa 20% of energy is lost (which is the mass of the pion). Successive collisions 
rob protons of energy which decreases exponentially, by one e-fold over the distance which is 
called the attenuation length. At energies above the resonance, E as 5 • 1020 eV, the attenuation 
length is LA ~ 10 Mpc. (At threshold Eq. (7) the attenuation length is still large, LA « 103 
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Mpc, being determined by other processes, see below.) It follows that the energy of protons 
drops below 1020 eV after it travels the distance of order 100 Mpc almost independently upon 
initial energy. We conclude that 

[ Al ] Protons detected with E > 1020 eV should have origin within R < RGZK = 100 Mpc. 

We will call the corresponding volume a GZK-sphere (or GZK-distance). 
The reaction p + 7 —> p+e+e~ is sub-dominant. While it has a smaller threshold (by a factor 

of 2 m e / m , ~ 1 0 - 2 ) , it also has a smaller cross section. But it became important at sub-GZK 
energies. Attenuation length for this reaction is 103 Mpc - a noticeable and important effect. 

UHE photons lose energy in 7 + 7 —> e+e~. Threshold for the reaction with CMBR photons is 
smaller by a factor 2m 2 /m 7 r m p ~ 1 0 - 5 compared to GZK cutoff energy. Cross-section decreases 
fast with energy, a = u^mejs

1, where y/s is the CM energy and <TT ~ 10 - 2 2 cm 2 is the Thomson 
cross-section. Therefore, attenuation length has minimum at pair production threshold. For 
CMBR photons this occurs at E « 2 • 1014 eV and LA ~ 10 kpc. Attenuation length increases 
with energy reaching GZK distance roughly at E ss 1020 eV. Photons with even larger energies 
are able to penetrate even larger distances - and this is very important for many models as 
we will see later - but here the main contribution comes from poorly known radio-background 
which brings some uncertainty in attenuation length of highest energy photons. 

Heavy nuclei lose energy in photo-dissociation. Here the main contribution comes from the 
infra-red background which is also poorly known. But again, at E ~ 1020 eV the attenuation 
length is comparable to the GZK distance [19]. 

T h e cut-off 

Assume power law injection spectrum for UHECR, Jin{E) a E~a, and let n(r) be the density 
of sources. Fluxes from individual sources decrease as r - 2 , which is compensated by the volume 
integration, r2dr. Therefore, total flux registered at energy E should grow in proportion to the 
upper limit of volume integration 

J(E) oc / n(r)dr oc R{E) , (10) 
Jo 

if the distribution of sources, n(r), does not depend on r. Here R{E) corresponds to the 
attenuation length, i.e. to the distance from which cosmic rays with energy E can reach us. 
Attenuation length of protons with E < 5 x 1019 eV equals to 103 Mpc, while the attenuation 
length at E > 5 • 1020 eV is only 10 Mpc. We conclude that 

[ A2 ] The drop in flux by S orders of magnitude at GZK energy is expected if the distribution 
of sources is homogeneous . 

A word of caution is needed here. Transition in R(E) from sub-GZK to super-GZK regime 
is not instantaneous. Therefore, a particular value of the drop depends upon the shape of the 
injection spectrum [22-24], i.e. on the value of a, see Sec. 7.1 below. 

6 T h e Puzz le 

Many events with E > 1020 eV were detected. The spectrum measured by the AGASA air 
shower array is shown in Fig. 2. 

These measurements present a threefold puzzle because contrary to assertions [Al], [A2] 

[ P I ] No candidate sources are found within GZK distance in directions of all E > 1020 eV 
events; 
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Figure 2: The energy spectrum of cosmic rays with zenith angle up to 60° as measured by AGASA [21]. 

[ P2 ] UHECR spectrum does not exhibit GZK cutoff. 

And finally we have the third puzzling question: 

[ P 3 ] Which physical processes are capable of producing events with this enormous energy ? 

Many suggested solutions of the Puzzle assume new specific population of sources, or new 
mechanisms, just to explain the highest energy super-GZK events. Therefore I should add to 
the list the fourth question 

[ P4 ] Why does the flux of cosmic rays follow the same power law, and with the same normal
ization, below and above the GZK energy ? 

We will see shortly in specific examples how puzzling [P4] can be. 

7 C o n j e c t u r e s ... 

Many possible solutions to the GZK Puzzle were suggested. Most of the models have internal 
difficulties of one sort or the other, even after adopting specially designed new physics. Some 
of them are capable to give answers to all puzzling questions; some give answers only to a part 
of the Puzzle and it remains to be seen if the rest can be resolved in such models as well. To 
be specific, let us start from the class of models which solve [Al] - [PI] controversy but do not 
give answer to [A2] - [P2]. 

7.1 Invisible sources 

To resolve [Al] - [PI] let us assume that the sources of UHECR are not remarkable objects 
in the sky, but something which is (was) situated within GZK sphere but is invisible today, 
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Figure 3: Proton flux assuming different injection spectra and homogeneous distribution of sources [27]. 

except in UHECR. Suggested objects of this kind are "dead quasars" [25], gamma ray bursts 
[26], topological defects (for a review see [10]), etc. Topological defects will be discussed later on 
in more details. "Dead quasars" are huge black holes which have exhausted accretion fuel and 
therefore do not emit much in the radio frequencies or in the optic. But they may accelerate 
particles still if the black hole is rotating and is embedded in the magnetized plasma. A gamma 
ray burst could have happened thousands of years ago in a flash, but accelerated protons would 
still be reaching us since their wandering in (random) extra-galactic magnetic fields leads to a 
time delay (even if the final deflection is only a few degrees). UHECR in these cases would not 
point to the visible sources and [PI] is solved. But this does not solve the Puzzle. Indeed, "dead 
quasars", gamma ray bursts, cosmic strings are homogeneously distributed in the Universe. If 
one (or several) of such sources happen to be within GZK volume, there should be many more 
outside. This immediately leads to the GZK cut-off. How dramatic the disagreement with the 
data will be, depends actually upon index a of the injection spectrum. 

As was promised above, here we present the propagated proton spectra. They are shown in 
Fig. 3 for a set of values of a. We see that for a > 2, which is the spectrum expected for a 
shock acceleration [11], and therefore for GRB bursts, the "drop" in flux is indeed two orders of 
magnitude. With a = 1.5, which is the spectrum expected in decays of topological defects [10], 
the "drop" is a factor of 20. 

Models with a > 2 are in a bad shape. Models with a = 1.5 are doing better at highest 
energies, but still are inconsistent with the data. 

7.2 Photons as primaries 

Is it possible to solve [A2] - [P2] controversy for the class of "invisible source" models ? The 
answer is yes, there is a way to reconcile these models with the absence of GZK-cutoff, but at 
a high expense [23]. First, one assumes that the model is capable of producing very energetic 
photons, E > 1021 eV (for topological defect models this is granted, see below). The attenuation 
length for very energetic photons is not much smaller than the size of the Universe. This is a key 
point. While travelling to us, these photons will cascade to lower energies via pair production 
7 + IB —* e + e~ and subsequent inverse Compton scattering e + 7 3 —> e + 7. Photons within 
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Figure 4: Flux of photons normalized to AG ASA and EGRET data [27]. 

troubling GZK range can be constantly recreated. Observed highest energy cosmic rays in 
this case should be photons. But this, plus assumed very high initial energy, are not the only 
expenses. One needs rather low radio-background and rather low extra-galactic magnetic fields 
to keep the cascade at GZK energy at observable level while not running into contradiction with 
the diffuse 7-ray background. This difficulty appears because most of the energy in this scenario 
ends up in the form of GeV photons, which do not cascade to lower frequencies anymore, and 
one should not over-produce these photons above the background measured by the EGRET 
telescope aboard the Compton Gamma Ray Observatory [28]. 

A typical propagated spectrum of photons which fulfils the EGRET bound and crosses 
through UHECR data is presented in Fig. 4. It was obtained assuming B = 0.5 • 10~9 G for 
the extra-galactic magnetic field and Emax = 5 • 1020 eV for the maximum energy of photons, 
and a = 1.5 for the injection spectrum. This is simplified, "template" calculation. The result 
depends strongly on the distance to the nearest sources, their distribution in space or time, etc, 
and some models do not survive E G R E T bound. 

It is actually intriguing that with reasonable values of parameters the spectrum can cross 
E G R E T and UHECR data. This may be an indication of a common origin of the diffuse GeV 
7-ray background and highest energy cosmic rays. It is known that blazars do significantly con
tribute to EGRET background, at the level of at least 25% , for a review see e.g. [29]. Therefore 
one cannot allow for 7-rays to saturate all of it, if the original source of UHECR corresponds to, 
say, decay of topological defects. (One can go to lower values of extra-galactic magnetic field to 
reduce contribution to E G R E T while keeping spectrum normalization at UHECR energies.) On 
the other hand if blazars can produce highest energy photons at the level of UHECR flux, they 
should be strong E G R E T sources as well. In this case the cross-correlation between photonic 
UHECR events and E G R E T may exist. 

All models which involve UHE photons (including neutrino Z-burst models, see below) suffer 
from severe E G R E T bound and resulting requirements of low extra-galactic magnetic fields and 
low radio-background. In addition, for the astrophysical models of acceleration, the major 
problem may be the maximal energy, P[3]. Indeed, to get E > 1021 eV photons one should first 
accelerate protons to at least E > 1022 eV. However, restriction on maximal energy is not a 
problem for models which involve topological defects. Here the maximum energy is related to 

r 1 1 1 1 1 J 1 1 
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the scale of symmetry breaking at which defects are produced, and E ~ 1013 GeV is reasonable 
and comfortable particle physics scale. UHECR originate in decays of super-heavy particles 
now, therefore such models are called top-down models, in contrast to bottom-up models which 
involve acceleration. 

7.3 "Local" models 

The problem with (typical) topological defects models is that defects like cosmic strings are 
distributed homogeneously throughout the Universe and therefore it is hard to resolve the [A2] 
- [P2] controversy. There is one nice top-down model, however, which is free of this difficulty 
and which conceptually is the simplest top-down model. When string decays, it first produces 
super-heavy particles of which it is made of (e.g. quanta of the GUT Higgs field). These super
heavy particles decay subsequently into standard model quarks, leptons and photons. But let 
us assume, following Refs. [30,31] that super-heavy particles exist as a dark matter and that 
they are unstable but very long-living. Such dark matter will be a form of a Cold Dark Matter 
(CDM) and therefore it will cluster in the Galaxy halo. This is a key point. Luminosity of the 
local volume may over-shine the rest of the Universe and [A2] is not valid anymore. 

Decay ing Super-heavy Dark Mat ter 

All three issues of the GZK puzzle, [PI] - [P3], are resolved within the single assumption of 
Decaying Super-heavy Dark Matter. Indeed, in this model 

• Sources are invisible except in UHECR by construction; 

• GZK cutoff is avoided because CDM is clustered in the Galaxy halo; 

• UHECR with E > 1020 eV are produced if Mx > 1020 eV. 

Let us show that the flux of cosmic rays produced in the Galaxy is comparable to the 
luminosity of the rest of the Universe. This is an instructive exercise which supports the claim 
that Galactic clustering of cosmic rays sources can solve the GZK puzzle. Since we will compare 
the flux from the same kind of sources, which are just distributed differently, the constant of 
proportionality in Eq. (10) is the same for both distributions. For the same reason we can 
consider energy density instead of the number density. Homogeneous density distribution can 
be related to measured quantities, the Hubble constant H s /ilOO km s _ 1 M p c _ 1 , and n c t j m . 
which is the ratio of energy density in CDM to critical, via Friedmann equation 

3 2 
Puniv = „ ~7i "cdm -" • 

Note tha t observationally the product n cdm / i 2 should be within the range 0.1 - 0.3. Galactic 
dark matter distribution can be normalized by measured rotational velocity in the Galaxy halo, 
v = 220 km s" 1 

^^rGrJTT 2 "' ( U ) 

Here for simplicity the isothermal density profile is used, but the answer with any other "more 
realistic" profile will not differ much. rc is the core radius which observationally is close to the 
distance from the Sun to the Galactic center, r 0 ~ 8.5 kpc. (Numerical simulations of CDM 
predict cuspy density profiles which are hard to reconcile with observations. This should not 
worry us here. A cautious reader can consider r Q as an upper limit for rc .) 
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Using Eq. (10) we find for the ratio of fluxes from the whole Universe (taking for its size 
R ~ 5 • 103 Mpc) and from the Galaxy 

Juniv 2_ ^cdm-" R rc -. / i o \ 

J g a l IT v2 

We see that this ratio is of order 1 . Note that there may be several kinds of CDM. Only one 
kind may correspond to super-heavy particles X which produce UHECR, and Qx < ^cdm may 
hold. This does not invalidate Eq. (12) since the fraction of decaying dark matter is the same 
in the Galaxy and in homogeneous distribution. 

Now we want to match the flux of UHECR produced in SHDM decays to the observed flux. 
Here Qx and the life-time of X-particles, TX, enter the game via pxR/Tx ~ E2 J. This gives 
{Q X /^CDM) (TU /Tx) = 10~10 , where TU ~ R is the age of the Universe. We see that there is 
significant leverage: one can either take very long-living particles and Six ~ 1, or TX/ ~ Tx a n d 
a tiny abundance of X-dark matter. 

What are the possible ranges for Qx and TX in different field theoretical models ? It is 
interesting and intriguing tha t the condition of a reasonable abundance of X-particles is fulfilled 
naturally. Particles with the mass in desired range, Mx ~ 1013, are created in correct amounts 
just by the expansion of the Universe [32,33]. This is a model-independent statement. No 
specific interactions should be assumed and even "sterile" particles are created equally well. On 
the other hand many models were suggested in which seemingly contradictory requirements of 
particles to be super-heavy while super-long living are reconciled, see e.g. [31,34], and TX is 
essentially a free parameter to play with. 

There is a dark side in this freedom. We have two independent parameters, Ox and Tx, 
both can be varied in a wide range, but their product should be adjusted to reproduce observed 
flux of cosmic rays a t E ~ EQZK- Some do not see here the fine tuning problem. I would say 
that the natural solution of the GZK puzzle should also give the answer to the fourth puzzling 
question, [P4]. This is a puzzling question not only for the model of Decaying Super-heavy Dark 
Matter, but for any other model where sub- and super- GZK cosmic rays are due to a different 
and unrelated population of sources. 

The model of Decaying Super-heavy Dark Matter has a very clear and unique observational 
signature: large-scale anisotropy of CR flux is predicted [35,36]. The ratio Eq. (12) was implicitly 
calculated for the observer in the Galactic center. Now let us assume our actual position in the 
Galaxy and calculate the ratio of fluxes in directions of the Galactic center, J + , and the Galactic 
anti-ceneter, J_, respectively. At E > 5-1019 eV the extragalactic contribution can be neglected 
(UHECR arrive from within the GZK volume) and using Eqs. (10), (11) we find 

J+-J- 2 
— = — arctan x « 0.5 , 

J+ + J- 7T 

where x = rQ/rc SS 1. 
This anisotropy is predicted but was not observed. 

Other "local" m o d e l s 

1. Any other Galactic source of UHECR will work equally well in terms of the resolution of the 
GZK puzzle. Neutron stars make up such a population of sources, in principle. However, as in 
the case of Decaying Super-heavy Dark Matter, strong anisotropy is predicted [37] - now towards 
the Galactic disk - even in the case of iron primaries for which deflections in the magnetic field 
are 26 times larger compared to protons. This anisotropy is not observed. And unlike the case 
of DSHDM, it is hard to think that neutron stars will contribute only to the highest energy 
range, where statistics are poor. 
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2. "Local" overdensity, on the scale of a supercluster of galaxies, moves predictions closer 
to da ta [22,24]. However, to reconcile predictions with the data, one would need a factor of 10 
in overdensity, while in reality it is around 2. 

3. Maybe we simply happen to be so close to one extra-galactic source of UHECR (say AGN) 
that it overshines the rest of the Universe ? In this case we should observe strong anisotropy 
in the direction of the source. To get rid of it one is forced to assume very large extra-galactic 
magnetic fields which would randomise UHECR trajectories. Such a scenario was suggested in 
Ref. [38] considering Sen A as a possible source. Leaving aside the question if the needed large 
fields are admissible, one runs here into another difficulty. It is not the distance to the source, 
but the time which UHECR spend in CMBR which is important for development of the GZK 
cut-off. This time becomes too large for particles travelling to us along random trajectories and 
it was shown that it is unlikely that such a scenario may actually work [39]. 

7.4 Messenger models 

Maybe some "messenger" particles exist which are immune to CMBR and therefore can reach 
us from remote sources at super-GZK energy ? 

1. Such hypothetical hadrons (bound states of light gluino and usual quarks) were suggested 
in Ref. [40]. Being hadrons, these messenger primaries can reproduce observed development of 
air-showers [41]. The model has difficulties with accelerator data and non-observation of exotic 
isotopes (for Refs. see [41]). 

2. Hypothetical axion was also suggested as a messenger [42]. Here the idea is that photons 
may oscillate to axions in the magnetic field of the source. After traversing super-GZK distances 
unattenuated, axions may oscillate back to photons in the magnetic field of the Galaxy. 

3. Neutrinos definitely exist and may also play the role of a messenger [43]. Two possibilities 
were considered. The first avenue of speculations is based on the assumption of an exotic large 
neutrino-nucleon cross-section at high energies, where it was not measured. Such scenarios were 
not successful so far [44]. The second avenue of speculations employs the Z-burst idea [45], which 
is the following. 

UHECR neutrinos pass through CMBR background freely, but will interact with the back
ground of cosmological neutrinos. If the rest mass of the neutrino is sufficiently large, mv ~ 0.1 
eV, one can reach the threshold of ZQ production with relatively "low" energy of primary neu
trino, Ev ~ 1022 eV (note that this requires at least Ev ~ 1023 eV for primary protons which 
create v's in photo-meson reactions). Products of decay of ZQ'S, created within GZK volume, 
can reach us as observed UHECR. Note that creation of Zo's occurs homogeneously throughout 
the Universe, so the sources of observed UHECR have homogeneous distribution. The spec
trum therefore is subject to the GZK-cut-off. How can the model still work ? The answer is 
a hard injection spectrum in decays of ZQ and a dominance of photons, which at a very high 
energy have large attenuation length and can create continuous cascade towards a lower energy, 
see Section 7.2. Therefore the model is subject to tough E G R E T bounds [46,47]. While the 
remaining room is very narrow, with some "extreme" astrophysical assumptions on magnetic 
fields, radio-background and distribution of sources in space or time, there is a parameter space 
where the model can work. The model also requires pure neutrino sources of very high energy 
and luminosity which is the main difficulty. 

7.5 Violation of Lorentz invariance 

Finally, there is one class of models which can work perfectly. But at the expense of a single 
strong assumption: violation of Lorentz invariance [48]. Indeed, threshold energy Eq. (6) 
was derived assuming standard Lorentz kinematics and dispersion relations. If any of these is 
violated, photo-meson reactions can have a larger threshold. The nice benefit of such a scenario 
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is that the spectrum would continue past GZK energy naturally, and P[4] seems to be resolved. 
However, this model is also not without fine tuning. It just translates to another question: why 
the Lorentz invariance breaks down right at GZK scale ? 

8 Any clue ? 

We have seen that many quite different models were suggested for the resolution of the GZK 
puzzle. But do we have any clue as to which model may be correct ? Hints, and in principle 
critical signatures are given by: 

• Spectral shape. 
But here we do not have enough data to constrain models yet. 

• Chemical composition. 
Again not enough data. 

• Large-scale anisotropy 
Gives strong signatures. Not observed (which is a hint by itself). 

• Small-scale clustering. 
This is an observed, reliable feature (errors in angle determination are definitely small). 
It is already statistically significant. Therefore in what follows I shall concentrate on this 
signature. 

9 Small-scale clustering and probable sources of UHECR 

It was observed by different installations that arrival directions of UHECR are too close to each 
other and this happens too often [49-52]. Recent analysis of Refs. [52-54] shows that explanation 
of clusters by chance coincidence is highly improbable: the probability of the fluctuation is 
4 x 10~6. Natural strategy in searching for cosmic ray sources in this situation would be the 
following: 1) select UHECR data set where autocorrelations are largest; 2) try to identify sources 
using this particular set of cosmic rays. 

Pursuing this strategy one should be restricted to astrophysical sources with physical con
ditions potentially suitable for particle acceleration to highest energies. Active galactic nuclei 
(AGN) constitute a particularly attractive class of potential sources. As we have already dis
cussed in Sec. 4, if AGNs are sources, those which have jets directed along the line of sight, or 
blazars, should correlate with observed UHECR events (regardless of the distance to a blazar 
in a world without GZK cut-off). Blazars include BL Lacertae objects and violently variable 
quasars with flat and highly polarised spectra (these spectral features give direct indication of 
seeing a relativistically beamed jet very close to the line of sight). BL Lacs constitute a subclass 
of blazars which is characterised, in addition to the above, by the (near) absence of emission 
lines in the spectra. This indicates low density of ambient matter and radiation, low accretion 
rate and therefore especially favourable conditions for acceleration to high energies. It was found 
that correlations with BL Lacs do exist and are statistically significant [9]. Here I first discuss 
small-scale clustering in UHECR data and identify the subset with largest autocorrelations. 
After that I review results of [9] regarding correlations with BL Lacs. 

9.1 Autocorrelations in AG AS A and Yakutsk data [52] 

If clusters at highest energies are not a statistical fluctuation, one should expect that the spec
trum consists of two components, the clustered component taking over the uniform one at a 
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Figure 5: p(6) with 5 = 2.5° and 5 — 4° for AGASA and Yakutsk data sets respectively (6 corresponds to quoted 
angular resolution of each experiment times •J2) as a function of energy cut, Ref. [52]. 

certain energy. At which energy this happens is unknown apriori. To find it out and to dis
tinguish between chance clustering and clustering due to real sources, and therefore to select 
the signal, one can do the following. First, in a Monte-Carlo simulation of a real experiment 
(angular acceptance of the installation is important here) many uncorrelated data sets are gen
erated, each corresponds to the same cut in energy. From this distribution one can draw the 
probability to reproduce or exceed the observed count of events with arrival directions separated 
by the angle < <5 if cosmic rays would have been intrinsically uncorrelated. Let us denote this 
probability as p(S). It gives the probability that the clustering observed in a real experiment is 
a statistical fluctuation, if the cut has been chosen apriori. Now, this procedure can be repeated 
several times selecting subsets of events with different energy, E > Ecut. Resulting probability 
of chance clustering as a function of energy cut for the AGASA and Yakutsk data sets is shown 
in Fig. 5 (other experiments are discussed in [52]). Both curves rapidly rise to 1 in a similar 
way when the statistics become poor (e.g. there are only 4 events with E = 4 • 1019 eV in the 
published Yakutsk data set). The AGASA curve starts at E = 4 • 1019 eV because the data 
at smaller energies are not public. This gap in auto-correlation function for AGASA data was 
filled recently, see [53], showing significant clustering even at E = 1 • 1019 eV. 

Minima of p{5) for both experiments correspond to the most autocorrelated da ta sub-set with 
the largest statistics. Therefore, in what follows we choose Yakutsk da ta with E = 2A-1019 eV 
and AGASA da ta with E = 4.8 • 1019 eV. 

Note that the minimum of p(S) does not by itself give the statistical significance of correla
tions since by construction we are looking here for a cut which gives the lowest possible value 
of probability. A penalty should be assigned for the search of optimal cut. A useful definition 
is: multiplication of minimal value of p(S) by penalty factor should give true probability of 
fluctuation. If sets with different cuts would be independent, the penalty factor would be equal 
to the number of cuts which were tried. However, these sets are not independent: a subset of 
rays with a higher energy cut is contained within a set with lower energy cut. In cases like 
this, a true statistical significance can be extracted from the frequency with which any given 
minimal value of p(5) appears in extended Monte-Carlo simulations, when the whole procedure 
is repeated many times all over again with real data being substituted by uncorrelated sets of 
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Figure 6: The dependence of the probability p(<5) on the bin size 5 for the combined set of UHECR and 22 
brightest BL Lacs. Dotted line: simulated signal from 9 sources assuming angular resolution of 1.8°, Ref. [9]. 

"artificial data". In the present case of cut search in one variable, E, the penalty factor is ss 3. 
It is very unlikely that the clustering observed by AGASA and Yakutsk experiments is a 

result of a random fluctuation in an isotropic distribution. Rather, the working hypothesis should 
be the existence of some number of compact sources which produce the observed multiplets. 

9.2 Correlations with BL Lacs 

The clustering of UHECR by itself imposes certain constraints on possible source candidates. 
With the observed fraction of events in clusters, the total number of sources can be estimated 
along the lines of Ref. [55] to be of order of several hundred. At energies below the GZK cutoff 
(or if the cutoff is absent), this estimate gives the number of sources in the entire Universe. Thus, 
to produce observed clustering, the extra-galactic sources have to be extremely rare. Taking 10 
uniformly distributed sources for an estimate, the closest one is at z ~ 0.1. 

The most recent catalogue of AGNs and quasars contains 306 confirmed BL Lacs [56]. 
Since acceleration of particles to energies of order 1020 eV typically requires extreme values 
of parameters, probably not all BL Lacs emit UHECR of required energy. The set of selected 
cosmic rays contains only 65 events. Clearly, 80% of BL Lacs in the catalog cannot be sources 
of observed rays and we will see a stronger signal (if it exists), if cuts on BL Lacs are imposed. 
The natural assumption here would be that potential sources are among the brightest and 
simultaneously most powerful BL Lacs (note that all emissions of BL Lacs, from radio to TeV, 
originate in either synchrotron or inverse Compton radiation of highly relativistic particles). 

Probability p(5) as a function of the bin size is shown in Fig. 6 for the case when 7% of 
most powerful BL Lacs are selected. It has a deep minimum pm i n = 2 x 10~5 at 5 = 2.5°. This 
angular scale is consistent with the resolution of AGASA and Yakutsk experiments (~ 1.8° and 
~ 3°, respectively). Should one conclude that BL Lacs are sources of UHECR, or the above 
correlation may be an artifact of the selection procedure? Possible loopholes are considered in 
[9] and here we discuss them briefly. 

The first potential problem is incompleteness of the catalogue of BL Lacs and non-uniform 
coverage of the sky. However, it is easy to understand that, unlike for many other astrophysical 
problems, for establishing the fact of correlations with UHECR the incompleteness of a catalogue 
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of the astrophysical objects is not essential. The method which was used works for any set of 
potential sources regardless of e.g. their distribution over the sky. This is guaranteed by using 
the same set of sources with real data and with each Monte-Carlo configuration. 

The second potential problem is related to the fact that there exist strong autocorrelations in 
the UHECR set, while Monte-Carlo events are not correlated. One may wonder if the observed 
correlation with BL Lacs is (partially) due to autocorrelations in UHECR. To see that this effect 
is negligible, the Monte-Carlo simulations were made with configurations containing the same 
number of doublets and triplets as the real data, and random in other respects. No practical 
differences were found between the two methods. 

Finally, there is an issue of cuts. For the case at hand the penalty factors were calculated 
[9], and it was found that p c o r = 3 x 1 0 - 4 gives t rue probability that the correlation with BL 
Lacs is a statistical fluctuation. It includes all penalties for cuts in BL Lac catalogue and the 
penalty for adjustment of the angular bin size. 

10 Discuss ion and conclusions 

The correlations between BL Lacs and cosmic rays which were found in Ref. [9] are difficult to 
explain by charged primary particles since such correlations should be destroyed by the Galactic 
magnetic field. Within the Standard Model the only two neutral candidates are photon and 
neutrino. Both can not be firmly ruled out at present, but require "extreme" astrophysical 
conditions [23,47]. If astrophysical difficulties can be overcome, these models will be appealing 
candidates for the solution of the UHECR puzzle. Alternatively, one may resort to a new physics, 
e.g., violation of the Lorentz invariance [48]. 

Independent cross-checks may be done to verify if particular objects are sources of zero 
charge UHECR events. One of these cross-checks could be a coincidence of arrival time of 
events contributing to small angle correlations with periods of activity of candidate BL Lacs. 
Dedicated monitoring of these BL Lacs may be suggested. It is also important to analyse possible 
specific properties of air showers initiated by these events. 

On the other hand, the existence of zero charge correlations with BL Lacs means that 
the astrophysical acceleration mechanisms do work in these objects. This implies in turn that 
protons should be accelerated to energies E > 1020 eV in the first place. Correlations with 
charged particles are diluted by magnetic fields, but they may be enhanced and revealed after 
reconstruction of particle trajectories in the Galactic magnetic field. It was found that this 
procedure indeed significantly improves correlations of the whole AGASA cosmic ray catalogue 
and the whole BL Lacs catalogue [58]. Even without any cuts imposed (and therefore no 
penalty should be assumed) the probability of chance coincidence is below 1 0 - 3 in this case. 
Note that correlations found under assumption of charged particles is another, independent piece 
of evidence that BL Lacs are sources of UHECR. 30% of all cosmic rays in the AGASA catalogue 
have counterpart BL Lac object in this case. It is interesting that these correlating BL Lacs 
have common properties: the majority of them are low polarization X-ray selected BL Lacs and 
have unknown redshift. 

Knowledge t h a t objects of a particular kind do accelerate protons up to highest energies 
may also have far reaching consequences for the very active area of blazar and AGN research. 
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CHAIRMAN: I.I. TKACHEV 

Scientific Secretaries: F. Piazza and S. Sibiryakov 

DISCUSSION 

Trusov: 

At the end of your talk you showed us a transparency where the value of the 
quantity you called "penalty" was quoted. Could you explain in detail what this 
quantity means? 

Tkachev: 
We compute the probability of a chance correlation between cosmic rays and 

BLLacs as a function of the lower bound on BLLacs brightness. After that we find the 
minimum of this function which is of order 10"5. One might say that this is the 
probability of an occasional correlation, but this is not true because the cuts were 
adjusted to give the lowest probability. In fact we must repeat the same procedure 
with simulated data, making exactly the same search for the best cuts and then 
calculate the number of occurrences of the same minimal probability. This number, 
divided by the total number of Monte Carlo simulations, gives the correct value for 
the probability that correlation between UHECR and BLLacs is occasional. This value 
turns out to be 1(T4. The penalty is just the ratio of these two quantities. In this case it 
turns out to be of order 10. 

- Hill: 

If I have understood correctly, the evidence suggests that the high energy cosmic 
rays do not originate from some "invisible" source within 50 Mpc, but rather from 

. localized objects somewhere outside this distance, in which case the GZK cut-off is 
violated. What mechanism could be responsible for this? 

Tkachev: 
Yes, when we have these correlations we know exactly with which sources 

cosmic rays correlate. So we have a list of candidate sources. They are 10 times 
farther away than GZK cut-off. The mechanism responsible for this must be related 
to some new physics. This would mean either some particles immune to CMB or 
violation of the Lorentz invariance. If our results are true, the range of possible 
models becomes very narrow and all of them mean new physics. Actually, neutrinos 
and photons are not totally excluded, but this possibility requires extreme 
astrophysics. Future experiments will check this possibility. 
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Golovnev: 
Is it possible to use very high energy cosmic rays for searching for new physics? I 

mean, not in the astrophysical context but rather in the laboratory. 

Tkachev : 

We cannot use them as beams, because their flux is extremely small. 

Kobayashi: 
Does the shape of energy distribution over GZK cut-off give some significant 

information to solve the ultra-high energy cosmic rays problem? 

Tkachev: 
Yes, in the future the spectrum of the cosmic rays above the GZK cut-off will 

give information about their nature. For instance, if primaries are photons, and they 
have initial energy larger than 1022eV, their cascading spectrum at energy of about 

20 

10 eV is unique and weakly depends on other assumptions. In the case of decay of 
super-heavy particles, the specific spectra are also predicted. But now there are not 
enough data to draw any conclusion. 

Melnikov: 
Could you tell in more detail what mean "self correlated (or auto-correlated) 

cosmic rays" and how do we check the correlation with various cosmological 
objects? 

Tkachev: 
It occurs that sometimes two events come almost from the same direction within 

the angular resolution. If this happens, often this means that we have significant auto
correlation. So there is a question whether these rays are correlated. More precisely, 
auto-correlation is the probability to find objects from a set of objects of the same 
type at some distance from each other, compared to the random distribution. On the 
other hand, we may consider objects of different nature, for instance quasars and 
cosmic rays, and see how often they happen to be near to each other. The probability 
of such occurrence is the correlation between these two kinds of objects. 

- Shilling: 

Is it feasible to do particle identification of primaries using air-shower detectors? 

- Tkachev: 

Yes, it is done actually. For example photons at low energy do not produce 
muons but just electromagnetic showers, but at high energies things get more 
difficult. Nevertheless we can make use of high statistics: heavy nuclei hitting 
atmosphere tend to produce showers right away because of their large cross-sections. 
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While for protons, the position of the beginning of the shower fluctuates a lot. Thus 

we can, for example, distinguish between heavy nuclei and protons. 

- Wiseman: 

What impact do UHE cosmic rays have if the Planck scale (fundamental scale) is 
lower than 1020eV? 

Tkachev: 

It is interesting that the energy scale of the UHEs is similar to the inflaton. 
Because of this, the super heavy dark matter can be produced in the early Universe in 
the required abundance. However, if the UHEs are produced by astrophysical 
acceleration rather than decay, it seems unlikely that we would see the difference if 
the fundamental scale is low or high. For example, there are models with low 
fundamental scale and with very small Lorentz invariance violation. 

- Dent: 

You said that the model of sources in the galactic halo was ruled out because of 
anisotropy. Is it possible that we are living inside a much larger and smoother region 
of over-density which would give less anisotropy? 

Tkachev 

If the region is that large, then the density contrast cannot be significant for the 
resolution of the puzzle. But it is hard to rule out things: one may say that only 
highest energy events are from the decays so there is not enough statistics yet. But 
you have to explain also the clustering at small angular scale at smaller energies. It 
may be due to small "bumps" of cold dark matter in the halo. But then noticeable 
anisotropy to the Galactic centre is also expected and not observed. 

- Canelli: 
How do you reconstruct the energy of the cosmic rays? How much per cent of the 

cosmic ray shower do you measure? 

- Tkachev: 
A total section of a shower is about 10 Km and the detectors are only a few 

metres long. The signal is triggered as, say, 5 detectors are hit, that is a very small 
fraction of the total energy. Nevertheless, the physics involved is well-known and one 
can use the large statistics and trust Monte Carlo methods in reconstructing the 
original energy. The accuracy of energy estimation is typically 30%. 

Dymarsky: 
Is it possible to explain the existence of so-called kentaurs from the astrophysics 

point of view? 



112 

Tkachev: 
This kind of event is unrelated to my talk. These are some events that were not 

explained. If real, that could be Q-balls or some other exotic objects which maybe are 
not really particles. Anyway, I do not think kentauro events are related to 
astrophysical acceleration. 

Harder: 
Are the 10 to 20 puzzling events far enough above the cut-off that they can 

definitely not be explained by a tail due to limited energy resolution of the detectors? 

Tkachev: 

Who knows? But it is extremely unlikely, because the energy resolution is around 
30% and systematic errors are also believed to be under control. 

Meyer: 

Imagine our world is of the KK type. Then, the UHECR could travel along the 
compact dimension, while the CMB lives in four dimensions, explaining that the 
particle could come from farther than 50Mpc. What do you think? 

Tkachev: 
If energy just comes from extra dimensions, this explanation would be similar to 

the decaying dark matter. However, if a particle changes momentum going out of our 
dimensions, can it maintain at the same time the observed correlations with the 
source direction? 
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Scientific secretaries: P. Faccioli, A. Papazoglou 

DISCUSSION 

Pieri: 
I suppose that different results for the galaxy structure in the standard N-body 

simulations are due to different choices of the initial conditions. Which are the 
parameters that affect such a choice? 

- Pietronero: 
The standard approach to N-body simulations is to address directly the problem of 

structure formation in the universe by including many details. This implies, however, that 
it is difficult to derive simple concepts about the dynamics because one keeps many 
elements together. Your question touches clearly this point. In order to shed some light 
onto these questions, we decided to perform simulations from a different perspective and 
to include one element at a time, in order to learn the effect of each ingredient. The first 
project in this line was to consider a random distribution of mass points in a cubic volume 
with periodic boundary conditions, to avoid the global collapse, and to study its evolution 
under the effect of gravity. The result is that most of the structure formation is due to the 
small scale fluctuations due to the discreteness of the Poisson distribution. Then this same 
type of granularity effect is shifted from small scale to large scale. It is important to note 
that this effect is not included in the standard fluid like dynamical evolution, which is at 
the basis of most approaches of structure formation. 

In the standard simulations one adopts a different perspective and the idea is to start 
from the smooth fluctuations corresponding, for example, to a Harrison-Zeldovich 
spectrum and say CDM. However, the problem of granularity is important also here. In 
fact in the end one has to reach a discrete distribution of points to use in the N-body 
simulations. In order to do this there are various methods but, in all cases we know, 
important discreteness effects remain and affect the dynamics of the structures in an 
important way. So, in the end the problem of the initial conditions is not only the 
definition of a particular continuum spectrum but also the practical way to turn it into a 
distribution of discrete points 

- Sibiryakov: 
The results presented in the lecture for the statistical properties of the galaxy 

distributions seem to indicate a spectrum of long-range density perturbation in the present 
density which is quite unlike the Harrison-Zelolovich (HZ) spectrum. Is this fact really in 
contradiction with the CMBR spectrum? 
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- Pietronero: 
Our results for the galaxy distributions refer to the present situation and extend up to 

the available sample sizes. This is not directly related to the linear part of the H-Z 
spectrum, which refers to much larger scales. However, if one considers the global power 
spectrum of which the H-Z spectrum constitutes the large-scale part, then indeed our 
results show power law galaxy correlations which extend to scale in which, according to 
the standard picture, one should be already in the homogeneous regime. 

- Dent: 
You showed a graph of the CMB power spectrum. Is the short distance part of the 

graph based on actual measurements or was it obtained only from theoretical 
calculations, and what are the implications for the small-scale structure formation? 

Pietronero: 
The H-Z spectrum may appear quite peculiar at first sight, because it implies that 

fluctuations increase when the scale gets smaller. This, however, can be understood in 
terms of an extremely ordered structure like that of a solid or a glass. This part refers to 
the extremely large scales and it has little effect on the formation of galaxy structures. 

- Aushev: 
On the picture where you plot the Gaussian background distribution and compare it 

with fractals, it seems that for a self-similar structure we lose any information just in view 
of self-similarity. 

- Pietronero: 
In the first situation the background density and the position of the structure are two 

important parameters which characterize the structure in an appropriate way. For the 
fractal, the self-similarity does not imply the absence of any information but actually the 
self-similar properties become characterized by a scaling exponent which is the fractal 
dimension. 

Meyer: 
Could you remind me of the definition of P(k) for a distribution of point and for the 

phonon analogy? 

- Pietronero: 
P(k) is the Fourier transform of the correlation function. In the phonon example, w(k) 

is the phonon spectrum. Since the phonon excitations are well known and resemble 
somewhat the dynamics of fluctuations arising from inflation, I thought it would be 
useful to consider its properties. Notice, however, that, assuming a HZ distribution, it 
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would imply a phonon like dispersion relation of the type w(k) = k , while for an elastic 
continuum we have w(k) = k. 

- Dai: 
Can concepts like entropy and thermal capacity be defined in a N-body simulation? 

- Pietronero: 
Entropy is a typical concept for systems in thermodynamical equilibrium. For 

example, in our N-body simulations we start from a very specific initial condition in 
which the velocities are zero for all particles. The system then evolves towards cluster 
configurations which are not strictly in equilibrium but they are to some degree virialized. 
Maybe for these configurations one can define a generalized entropy. 

- Eynck: 
In your lecture you discussed only two-point correlations. Can you comment on the 

importance of higher-order correlation functions, possibly related to the observed foam
like of the universe? 

Pietronero: 
In my lecture I have talked about the scaling properties of the mass distribution, 

which is the first problem one should address in characterizing a distribution. The 
different possible morphologies you are asking about are described by multi-point 
correlation functions. The investigation of these is a future step in the hierarchy of 
questions and should be addressed only after the basic ones have been settled. 

Piazza: 

Regarding the evolution of N gravitating points: in the case of an infinite size of the 
box, do you think they could tend towards a fractal configuration with "universal" fractal 
dimension? 

- Pietronero: 
No, I do not think so. Our numerical simulations seem to suggest that the dynamics of 

the system is characterized by a self-similar dynamics but the resulting structure at a 
given time is not exactly fractal in the strict sense. Especially the asymptotic structure 
tends to coalesce towards a single big structure. 



117 

Experimental Highlights from BNL-RHIC 

W.A. Zajc 
Columbia University in the City of New York 

Only the discussions are reported here, 

since the camera-ready copy of the contribution 

did not arrive in time. 



118 
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Scientific Secretaries: F. Canelli, R. Ousmanov 

DISCUSSION 

- Perez- Veitia: 

When you calculate thermodynamic quantities, are you considering some statistical 
distribution with interaction taken into account? 

- Zajc: 
No, we use the formulas for ideal gas, it is just for motivation! 

- Dent: 
Can RHIC give us new information about the early Universe, i.e. that was not 

previously expected? 

- Zajc: 
There are a few signals of the QCD phase transition in the early Universe that might 

be detectable. It is proposed that gravitational waves were produced at the phase 
transition and that these might be detected with future generations of gravitational wave 
detectors. It was also proposed some time ago that inhomogeneities resulting from the 
phase transition could affect the synthesis of light nuclei, however this is subject to a 
large uncertainty in the theory. At LHC, the position on the T-jx phase diagram will be 
even closer to the situation in the early Universe but I cannot say if this will give you any 
new information. A discussion of the cosmology of the QCD phase transition is in the 
PhD thesis and other papers of Dominik Schwarz. 

- Dent: 
Can you explain why the number of charged particles is a measure of the overlap in a 

collision? 

- Zajc: 
You can see intuitively that if there is no overlap, there will be no charged particles 

produced. A simple geometric model for the number of nucleons in the overlap region is a 
good approximation to the shape of the observed multiplicity distribution. This can then 
be inverted to give an estimate of the impact parameter. 

- Petersen: 
What are the prospects for measuring charmonium suppression at RHIC compared to 

the NA50 measurements? 
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- Zajc: 
In the QGP, the analog to Debye screening in ordinary plasmas is colour screening. 

This screening has a length scale comparable to the Bohr radius of charmonium, and thus 
will prevent its formation. At RHIC it is expected that o|/, % and x\> are suppressed but not 
the upsilon. At RHIC only PHENIX is designed to measure charmonium states. In 10 
weeks of running at design luminosity, 30,000 i|> -» u.+ u." are expected. This is to be 
compared with 500,000 JAp at CERN (NASO). The PHENIX sample will provide initial 
measurements of charmonium suppression and its dependence on centrality and on the 
transverse momenta of the JAj>. More extensive measurements require a luminosity 
upgrade to the accelerator. There are some possibilities to upgrade the accelerator, and 
PHENIX is designed to handle 10 times higher luminosity. However, it is clear that 
several years of running are still needed to fully investigate charmonium at RHIC. 

- Sibiryakov: 
How is the centrality of collisions measured? 

- Zajc: 
Centrality can be related to the transverse energy distribution of produced particles, 

or just the multiplicity of charged particles that are produced. Another method to infer 
centrality is by measuring the number of neutrons that are freed from the nuclei and thus 
escape the beam pipe at forward angles (there are models connecting this production with 
centrality). These two methods taken together provide superb characterization of 
centrality on a collision-by-collision basis. 

- Sibiryakov: 
Could you provide more details about the spin program at RHIC? 

- Zajc: 
It is hard to do justice to this very rich program in this question and answer format. 

The short answer is that RHIC has unique capabilities to study the polarization of gluons 
and sea quarks in the proton. Note that deep inelastic scattering can only provide indirect 
information on gluon distributions, since the virtual photons do not couple to glue. On the 
other hand, at RHIC one has in effect a gluon-quark collider, so one can directly address 
the gluon contribution to the spin of the proton - note that the 'spin puzzle' requires that 
a large fraction of proton spin must be carried by non-valence constituents, i.e., gluons 
and sea quarks. Experiments at RHIC will measure both. For details, I would refer you to 
the excellent review by Bunce, Saito, Soffer and Vogelsang. 

- Sichtermann: 
Which observation, or collection of observations, establishes the QGP? 
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- Zajc: 
The combination of J/t|> and upsilon measurements would form strong evidence, in 

particular if one observed suppression of JAp 's but not of upsilons, as would be expected 
by the Debye screening of colour. PHENIX has the ability to measure these signals, but 
the upsilon in particular requires significant running at luminosities higher than the design 
value. But we have learned to be wary of reliance on one particular signal as the evidence 
for QGP formation. It is much more likely that the QGP will be established as the most 
economical explanation of many phenomena, just as QCD has emerged as the correct 
theory of the strong interactions from many observations. 

- Scapparone: 
You said that RHIC now has a luminosity L = 1026 cm"2 s'1. How is L measured at a 

heavy ion collider and what is the associated systematic error? 

- Zajc: 
The value I quoted is based on estimates from the observed interaction rates. We can 

measure the luminosity using the Zero-Degree Calorimeters to quite good accuracy. It is 
fairly straightforward to obtain 10% (the limiting factor is probably how well the relevant 
nuclear cross-section can be computed). 

- Meyer: 
What is expected to be the main signature of QGP at RHIC? 

- Zajc: 
An experiment such as PHENIX is designed to be sensitive to a whole set of 

experimental signatures, among which is charmonium suppression. As I stated 
previously, we wish to correlate as many possible signatures (transverse energy, high pT 

particle spectra, flavour abundances, direct photons, etc.) rather than rely on a single 
channel. 

- Aushev: 

Is there any possibility of B-meson study? 

- Zajc: 

At the moment, not by direct observation of displaced vertices, but by indirect 
inference based on the measured single-electron spectrum. This of course requires 
understanding the 'trivial' sources of electrons, such as jt° Dalitz and external conversions. 
PHENIX is well underway in a study of such data, first for charm and perhaps for b 
contributions. Ultimately, one would like to have a vertex detector capable of resolving 
the displaced vertices. In the heavy ion environment, this is tremendously challenging, but 
studies of such upgrades are ongoing. 
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- Canelli: 
Could you explain the detector and talk about how you define jets and electromagnetic 

particles? 

- Zajc: 
The PHENIX detector is formed by multiple sub-detectors, electromagnetic 

calorimeter, tracking chambers, muon identifiers, time of flight, Cerenkov and multiplicity 
vertex detectors. We do not attempt to define jets in the same way as other collider 
experiments do, by summing the energy in a jet cone; the contribution from the underlying 
"soft" physics makes this almost impossible. We instead rely on the information 
contained in "leading particles", that is, isolated particles with high transverse momentum 
(thought to be the most energetic, and occasionally the only, fragment of a jet.) 
Electromagnetic particles are defined in a similar way as in other experiments: by the 
amount of energy deposited in the electromagnetic calorimeter. But again, the large 
multiplicities make it hard to reconstruct say JI°'S on an event-by-event basis. Instead, we 
do this by a statistical analysis of the two-photon invariant mass spectrum. 

- Harder: 
You mentioned jet quenching as evidence for Quark Gluon Plasma. What is jet 

quenching? 

- Zajc: 
It is a colloquial term for the increased energy loss in a dense or deconfmed medium. A 

particularly interesting energy-loss mechanism is the interaction of the radiated gluon with 
the other gluons in the medium. This leads to an increased rate of energy loss and thus a 
lower average energy of leading particles in a jet. 

- Harder: 
The event picture you showed from the STAR TPC showed rather straight tracks. If 

this is not an optical illusion - how do you measure momentum? 

- Zajc: 
This is a very early picture, taken with no magnetic field. STAR has a solenoid with 

0.5 Tesla; the curvature of the charged tracks in this field provides their momentum 
determination. 

- Shilling: 
The results you showed were astonishingly well described by a model based on initial 

state gluon saturation: To what range in x and Q2 are the measurements sensitive? At 
HERA, no sign of saturations is observed for x-values down to 5 10"5. 
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- Zajc: 
In the model, PDF's from HERA are used. No extrapolation is done. The saturation 

scale corresponds to Q2 = 4 Gev2, x = 0.02. I too find the level of agreement quite 
surprising. 

- Pieri: 
Can the measurement of the anti-proton to proton ratio produced in colliders be 

related to cosmological measurements? 

- Zajc: 
No study is foreseen in this direction. After all, the ratio is of order 0.6 at RHIC, but 

differs from unity by only a part in 109 in the early universe. This of course does not 
prevent one from applying the detailed knowledge to be obtained at RHIC on hot 
interacting nuclear matter to more sophisticated calculations of the phase transition in the 
early universe. 

- Dai: 
Could microscopic black holes be generated on RHIC or at future machines? 

- Zajc: 
There was a fair amount of such speculation in the days before RHIC first operated, 

based largely on poor understanding by some non-scientists of the relationship between 
QGP and the early universe. Any estimate based on known physics shows that the 
densities achieved at RHIC, while fantastically high compared to ordinary matter, are still 
many orders of magnitude away from those required for collapse to a black hole. Note 
that I said "known physics". There are some very recent preprints that calculate the rate 
of black hole formation at the LHC assuming that there are extra dimensions with 
"macroscopic" radii. Here all I can say is that RHIC has no experimental evidence of any 
such physics. 

- Facciolli: 
Tell us about deconfinement. Is there any experiment that tells us something about the 

mechanism of confinement/deconfinement? 

- Zajc: 
As an experimentalist I would rather answer a different but related question: Given a 

model of the deconfinement process, what observable consequences does it predict? Does 
non-observation of those processes mean the model has been eliminated? The heavy ion 
community is hard at work to move from the existing fairly crude models to much more 
rigorous predictions of deconfinement phenomena. 
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- Prasad: 
How will the proton-proton spectrum be better understood? What are the limitations 

to determining if the energy loss is from jet quenching? 

- Zajc: 
We have made a quite reliable interpolation to s1/2 =130 GeV to understand Run-1 

data, but an in situ measurement is clearly better. That is precisely what is planned for the 
ongoing Run-2 at 200 GeV, where we plan to measure both Au-Au and p-p collisions at 
the same energy per nucleon. Ultimately, we hope to supplement this information with 
p-A or d-A collisions, to investigate the energy loss of fast partons in cold nuclear matter. 



124 

Experimental Highlights from CERN 

R.J. Cashmore 
CERN 

Only the discussions are reported here, 

since the camera-ready copy of the contribution 

did not arrive in time. 



125 
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Scientific Secretaries: J. Dingfelder, F.-P. Schilling 

DISCUSSION 

- Scapparone: 
In your talk, you mentioned that a light Higgs boson with a mass of 115 GeV could be 

discovered at the level of 5a at the LHC within the first year of data taking. For such a 
value of the Higgs mass, one has to rely on the channel where the Higgs decays into two 
photons, for which very high resolution electromagnetic calorimetry is mandatory. In 
particular, the constant term of the energy resolution has to be below one percent, which 
requires a lot of experimental effort (calibration, uniformity etc.). In view of this, do you 
consider the schedule to be realistic? 

- Cashmore: 
Yes, but it will be difficult. For example, the CMS collaboration does an excellent job 

in very carefully calibrating their calorimeter crystal by crystal using a test beam, which 
will be an effort of over 4 years. I agree that this is a challenge and a highly non-trivial 
task to fulfil until the start-up of LHC luminosity running in April 2006, but I consider it 
to be feasible. 

- Harder: 
What is the motivation for heavy-ion physics at the LHC (ALICE)? What physics 

program can be carried out at LHC which is not possible already now at RHIC? 

Cashmore: 
The quark gluon plasma (QGP) can be established in a larger volume and for a longer 

time and thus one is able to come closer to thermal equilibrium. 

- Bettini: 
I would like to remark that at LHC the rapidity region where you have a zero chemical 

potential is much wider than at RHIC. 

- Aushev: 
The event rate at LHCb will be roughly 100.000 events per second. How many of 

these events can be written on tape and which trigger configuration will be used? 

Cashmore: 
A sophisticated trigger system is mandatory. The first level trigger will be looking for 

electron and muon signatures originating from semi-leptonic B decays, where signals from 
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the muon chambers and the electromagnetic calorimeter will be used respectively. The 
leptons are required to have high transverse momentum as expected because of the high 
mass of the B mesons. It is also possible to use the information from the hadron 
calorimeter to trigger on hadronic B decays. 

The second level trigger will exploit the long lifetime of B mesons and will be based on 
secondary vertex identification using the vertex detectors. In addition, it is important to 
tune the luminosity in such a way that there is only one interaction per bunch crossing on 
average. This corresponds to a value of L = 1032cm"2sec-1, which is 1% of the design 
value. 

The rate of events written to tape is then reduced to a feasible level (1 petabyte/year). 
At this stage the Cherenkov counters (RICH) which are designed to identify Kaons and 
Pions from the B decays are not used. This is done offline later. 

- White: 
Since the technical requirements for LHCb are very challenging, it was hoped that the 

HERA-B experiment would serve as a test-bed. Could you comment on this? 

Cashmore: 
The HERA-B collaboration has invested a lot of work to commission their detector. 

One difference is that they use a wire target moved into the halo of the HERA proton 
beam. They could show that it is possible to use a trigger based on electromagnetic 
calorimeter information. This calorimeter has a design very similar to what is planned for 
LHCb. The RICH counter was also shown to work. 

However, they have not succeeded in carrying out the planned B physics program. 
Instead, they now concentrate on QCD studies and charm physics. Altogether, a lot of 
things have been learnt from HERA-B. 

Sichtermann: 
Could you summarize the discussion leading to the LEP shutdown last year? 

- Cashmore: 
In September 2000, a possible Higgs signal around a mass of 115 GeV was reported, 

which led to a one-month extension of LEP running. By November 3, the significance was 
approximately 2.9a, observed mainly in the 4 jet channel at ALEPH but with a possible 
vv-2 jet event in L3. Based on this information, it might have been possible, using a few 
additional cavities, to obtain a significance of 5a if the Higgs mass is 115 GeV with one 
additional year of LEP running. However a higher value of the Higgs mass, say 116 GeV, 
would most likely not have led to a discovery. 

The decision was therefore to build and install the LHC in the LEP tunnel as fast as 
possible in order to follow up these observations in the most effective way. The LHC is 
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designed to pursue this physics and a discovery of the Higgs within 1-2 years of LHC 
running would be possible. 

A more careful reanalysis of the data after November 2000, as presented in the 
summer conferences, has led to a signal of about 2a. 

- Zichichi: 
I would like to point out that in my opinion this decision was preempted already 

many years ago when the original plan to increase the LEP energy to the design value of 
240 GeV had been abandoned by not following a policy of acquiring and installing the 
necessary super-conducting cavities. 

Cashmore: 
The approval of the LHC in 1996 led to severe limitations in the CERN budget, hence 

making it impossible to install these cavities. However, it should be pointed out that LEP 
was extended for an extra year, the year 2000, and this was not in the original plans. 

- Sichtermann: 
Are there plans for polarized proton beams in LHC? 

- Cashmore: 
This is presently not being studied. 

- Sichtermann: 
What is the feasibility of combining the LEP and LHC accelerators for a next 

generation ep collider? 

Cashmore: 
Re-using the 20-year-old LEP technology is not worthwhile. One could do better with 

modern technology if compelling reasons for a future ep collider (i.e. beyond HERA-II) 
should arise. 

Canelli: 
What is the physics program for CLIC and what R&D program is pursued at CERN 

right now for CLIC? Is there an overlap with TESLA at DESY or NLC? When do you 
expect a final decision on the approval of CLIC? 

Cashmore: 
To fully determine the spectrum of supersymmetric particles, it is mandatory to 

explore the multi-TeV region, starting from centre-of-mass energies of around 1 TeV. To 
reach such high energies, a completely new accelerator structure has to be developed 
(two-beam accelerator). The current layout of the CLIC facility foresees a linear 
accelerator with a length of 39 km. 
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As far as the R&D program for CLIC is concerned, CTF2 (CLIC test facility) is 
finished. There, new accelerator structures to reach very high field gradients were tested. 
As a next step, the CTF3 facility is being worked on at the moment to make sure that 
acceleration is actually possible using a drive beam. Results from these studies are 
however not expected before 2005 to 2006. 

Possible sites for CLIC are also already being investigated. 

Perez- Veitia 
Since neutrinos interact only weakly with matter, how can a neutrino beam be focused 

while being transported over longer distances? 

Cashmore: 
Neutrino beams are produced by focusing the original charged particle beam using a 

so-called magnetic horn. The neutrinos are produced in small transverse momentum 
decays of Kaons and Pions, such that their flight direction basically corresponds to the 
direction of the focused charged hadron beam. 

Schilling: 
Are there plans existing to measure proton-proton elastic scattering or respectively 

the total cross-section at LHC energies? 

Cashmore: 
This is an important measurement. For example, one could obtain a luminosity 

measurement and moreover study very high-energy hadronic cross-sections which are also 
observed in cosmic rays. 

The TOTEM project, which is already approved, proposes to install roman pot 
detectors close to the beam in the vicinity of the CMS experiment to measure elastically 
scattered protons. It will also be feasible to provide a trigger that can be used together 
with the CMS central detector, which is important for the total cross-section 
measurements. 



129 

Highlights in Subnuclear Physics 

Giinter Wolf 
Deutsches Elektronen Synchrotron DESY 

E-mail: Guenter.Wolf@desy.de 

Abstract 

An overview on new developments in experimental particle and astroparticle 
physics is presented. This includes observation of CP violation in the B-sector, 
detection of direct CP violation in the K°-systeia, new measurements on solar 
neutrinos, cosmic microwave background radiation and properties of the uni
verse, electroweak results from the large colliders and tests of the Standard 
Model, measurement of the anomalous magnetic moment of muons, structure 
of the proton at large energy transfers and virtualities, and heavy ion collisions 
at very high energies. Finally, the physics reach of TEVATRONII , LHC and 
TESLA, a linear e+e~ collider proposed for the 0.5 - 1 TeV regime, is briefly 
reviewed. 

1 Introduction 

This year several outstanding issues have been answered by experiment. Furthermore, 
the searches for cracks in the Standard Model (SM) have now become so precise that 
electroweak interactions can be tested at the loop level. This report gives a brief tour 
of some of the key results. 

2 CP violation in the B - sector 

At the 2001 EPS conference, B A B A R presented definitive evidence for CP violation 
in the B system [1, 2]. The environment in which CP violation takes place in B° 

mailto:Guenter.Wolf@desy.de
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mesons is very similar to that for neutral kaons: W exchange mixes B° and B°, see 
Fig. 1. As a result of mixing, the CP eigenstates are 

Bl = ±(B°d±Wd). (1) 

W+ 
u, c, t 

B°d-+ u ,c , t" ,>u,c,t ->B°d B°d-> W - " W -*B 

W" u, c, t 

Figure 1: Diagrams contributing to BB mixing. 

A suitable place to search for CP violation in the B system is the Y(45), a CP 
eigenstate (CP+) which decays close to 50% into B°B°. In the BABAR experiment, 
the T(4S) is produced by e+e~ annihilation, 

e' e T(45) B°B*. (2) 

The measurement is performed by establishing that one B is either a B° or a B 
(flavour tag) and then determining the difference in decay times At between the 
flavour tagged B and the other B, detected in a final state with definite CP, Bcp, as 
illustrated in Fig. 2. A flavour tag is provided e.g. by observing the decay B —• e+i>X 
which identifies it as a S°. 

t=0: e+e" -> B° B° JA|/ 

t > 0 V+ w v - 7 ^ 
B°, 

B flavor 
0+ T A ky 

Figure 2: Sketch of e+e annihilation into B°B° providing a B flavour tag and a CP-
B° decay. 

Examples of final states with definite CP suitable for measuring At are J/tpKg (CP-) 
and J/ipKl (CP+). A difference in the At distribution for B° and W is evidence for 
CP violation: 

Acp(At) = 
NB?J^)-^(At) 
NB?agm + ^(At) 

= -77/ • sin(2/?) • sin(AmAi) (3) 
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where rjf is the CP eigenvalue of the final state / , Am is the mass difference between 

B\ and B\ and 0 — arg[-y^-] is one of the angles of the unitary triangle given by 

the CKM matrix. Candidate events for states with definite CP parity are selected by 
requiring that the difference between their energy and the beam energy, AE, is small, 
see Fig. 3. For modes involving Ks, the mass parameter mss = J{E\ 
is required to be greater than 5.2 GeV. 
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• jcKjetV) 
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; J 
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" J l | • J/yK°Lsignal MC 
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•Si 
60 80 
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Figure 3: Candidate events with definite CP with a final state Ks (a) or K\ (b). 
From BABAR. 

Figure 4 shows, for the 803 events selected by BABAR, the number of detected B° 
(B°) with a B° (B°) tag as a function of At. A clear asymmetry is observed in the 
At distribution for B°'s with a B° tag, and an opposite asymmetry for B°'s with a 
B° tag. The value for sin(2/3) is 

sin(2/3) = 0.59 ± 0.14(stat) ± 0.05(sys), 

which establishes CP violation in the B system with 4.1 s.d. 

(4) 

The KEK - B factory performs exceedingly well too, as demonstrated by Fig. 5 which 
shows the luminosity provided per day: a maximum of 220 pb _ 1 has been achieved. 
The maximum instantaneous luminosity attained has been 4.4 • 1033cm_2s_1 which is 
a factor of 1.5 above design. 

Figure 6 shows the observations by BELLE of two strongly suppressed decays: the 
first one, B° —> D°7r° iscolour suppressed andhas abranchingratioof (2.6±0.4)-10~4; 
the second one is a charmless 3-body decay, B~ —* K+K+K~, with a branching ratio 
of (3.7 ±0.4 ±0.4)-10~5 [5]. 
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Figure 4: Ai distribution for CP- candidates (a) with a B° tag, (b) with a B tag 
and (c) for the asymmetry (NBo — N-^o)/(NBo + ALo). The solid curves represent the 
result of the combined fit. The shaded regions represent background contributions. 
Figures (d)-(f) contain the corresponding information for CP+ candidates. Figure 
from BABAR. 

The BELLE collaboration had published first results on CP-violation in the B-sector 
in Ref. [6] from a sample of 194 B candidate events. Results from 1316 B candidate 
events have been presented at the Lepton - Photon conference in Rome [7]. The Ai 
distribution presented in Fig. 7 shows a clear asymmetry between the events with q£ 
= +1 and those with q£ = -1; here, q = +1 (q = -1 ) denote events with a B° (B°) 
tag, and £ = +1 (-1) gives the CP value of the remaining final state. A fit to the 
data yielded 

sin(2/3) = 0.99 ± 0.14(siai) ± 0.06(syst) (5) 

An average over all sin(2/3) values measured so far led to the average [3]: 

sm(2p)Data = 0.79 ±0.12 (6) 
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Figure 5: Daily luminosity delivered by KEKB 
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Figure 6: Observation of the colour-suppressed decay B —> Z?°7r° (left) and of the 
charmless B+ —> K+K+K~ decay (right). From Belle. 

which is in good agreement with the SM predictions obtained from a fit of the data 
for the corresponding CKM unitarity triangle [3, 4]: 

s i n ^ s * ^ 0.70 ±0.12. (7) 

3 CP violation in the K° system and the value of 
e'/e 

CP violation in particle decay was observed for the first time in 1964 by [8] in a study 
of the neutral K system. CP violation was found to occur at the level of e = 2.3 • 10~3. 
The same type of diagrams which mix B° and B° are also active in the K system. 
The question then arose whether CP violation is solely due to mixing or whether 
there is also direct CP violation which may occur, e.g., due to penguin diagrams of 
the type shown in Fig. 8. 
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Figure 7: A£ distributions for events with q£ = +1 (solid points) and q£ — -1 (open 
points). The results of the global fit (with sin2f3 = 0.99) are shown as solid and 
dashed curves, respectively. Figure from BELLE. 

The strength of direct CP violation is measured by the complex parameter e'. The 
determination of e' required a heroic effort on the experimental side. Direct CP 
violation manifests itself e.g. in different rates for the two CP violating decays K\ —» 

RHe'/e) = hi - H ^ L ~> T T V ) • r ( ^ s - . TT+TT') 
(8) 

If Re(e'/e) is of the order of 10~3, then one must detect at least 106 decays for each 
decay mode. Also, a precise detection of the all-neutral final state 7r°7r° is not the 
easiest experimental task. 

Figure 8: A penguin diagram for direct CP-violation in the K system. 
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Given these experimental challenges, it is no surprise that the measurement of e' has 
been rocky as illustrated by Table 1. The results from the first round of experiments 
performed at the end of the eighties/beginning of the nineties was inconclusive: E731 
found no evidence for direct CP violation, while NA31 observed a positive signal 
at the level of 3 s.d. This outcome stimulated both groups to a second round of 
experiments with much larger and more powerful detectors. 

1993 
1993 

1999 
2001 
1999 
2001 

2001 

E731 
Na31 

KTeV (96-97a) 
KTeV reanalysis 

NA48 (97) 
NA48 (97-99) 

T T V : KL 3M Ks 5M 
TT+TT": KL 14M K s 22M 

KTeV (97) 
KTeV (96-97) 

T T V : KL 3M K S 4M 
TT+TT-: KL 9M K s 15M 

Re(e'/e) 
0.74 ± 0.59 • 10"3 

2.30 ± 0.65 • 10-3 

2.80 ± 0.41 • 10-3 

2.32 ± 0.32 ± 0.07 • 10"3 

1.85 ± 0.73 • 10-3 

1.53 ± 0.26 • 10-3 

1.98 ± 0.17 ± 0.23 ± 0.06-10-3 

2.07 ±0.28-10-3 

Table 1: List of experiments, number of events and results on Re(e'/e) 

With a total of 30M and 40M K° decays, respectively, each of the two experiments, 
K T E V [9] and NA48 [10], have now established independently the presence of direct 
CP violation. The average of the two measurements yields 

Re(e'/e) = 1.72 ± 0.28 • 10"3 . (9) 

A nonzero value of Re(e'/e) excludes the superweak model of Wolfenstein [11]. In 
the SM the dominant contribution comes from two penguin diagrams (one of which 
is shown in Fig. 8) which are large and nearly cancel each other. In [12] a range of 
(0.2 — 3) • 10~3 has been predicted for Re(e'/c) from SM sources. For a discussion 
see [13]. 
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4 Neutrino mixing 

4.1 Solar neutrinos 

A large number of experiments measuring the flux of neutrinos from the sun have 
observed less neutrinos than predicted by the Standard Solar Model (SSM). The Sud
bury Neutrino Observatory (SNO) has recently joined this field as a new player [14]. 
The experiment is performed in a mine near Sudbury (Canada) at a depth of 6000 m 
water equivalent. The active detector consists of 1000 t of heavy water in a cylinder 
of 6.0 m radius surrounded by normal water up to a radius of about 11m. Cerenkov 
radiation generated in the heavy water is read out by 9500 photomultipliers (PMT). 
On average, about 9 PMTs respond per MeV of electron energy. Signals above an 
energy Teff > 6.75 MeV are used in the final analysis. With a minimum energy cut 
of 6.75 MeV SNO is only sensitive to SB neutrinos. 

Neutrinos from the sun are observed via three reactions, 

ued^ppe- CC 975 ±40 events (10) 

vxd-^vxpn NC 88 ±25 events (11) 

vxe" —> vxe~ ES 106 ± 15 events (12) 

The CC process is only sensitive to ve; NC is sensitive to all active flavours and the 
elastic scattering (ES) is also sensitive to all flavours, but with reduced sensitivity for 
v^ and vT due to the extra contribution for vee~ scattering from W exchange. 

The final data set contains 1169 events. Figure 9 (a) shows the distribution of the 
angle Qsun between the reconstructed direction of the event and the sun. The observed 
forward peak is due to elastic scattering (ES). The events outside of the forward peak 
stem mostly from the CC reaction. Based on the measured Teff,cosQsun and the 
radial distance of the event vertex, a fit resolves the data into the three categories 
leading to 975 ± 40 CC, 106 ± 15 ES and 88 ± 25 NC events. 

The electron energy spectrum presented in Fig. 9(b) for CC events peaks at low 
energies. The histogram shows the spectrum expected from 8B neutrinos scaled to 
the data. It is in good agreement with the measurement. The resulting SB neutrino 
fluxes above 6.75 MeV are 

&SNo(ye) = ( L 7 5 ± °-07-aii ± 0.07) • 106 c n r V 1 (13) 

*fwo("*) = (2-39 ± 0.341J1S) • 106 c n r V 1 . (14) 

The ratio of the CC data to the SSM prediction [16] is constant as a function of the 
kinetic energy, see Fig. 9(c). The average value of the ratio is 0.347 ± 0.029: only 
34.7% of the ve emitted by the sun are actually observed as ue on earth. 
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Figure 9: SNO results on solar neutrinos: (a) distribution of cos#; (b) kinetic energy 
spectrum for CC events; (c) ratio of the data to the predictions[16] for the kinetic 
energy distribution. 

The ES flux from SNO agrees with the more precise result from SUPER-KAMIOKANDE 

(SK) [15]: 

*!£(!/*) = (2.32 ± 0.03+°$) • 106 c n r V 1 . (15) 

Using the SK flux for ES, there is a 3.3 s.d excess of the ES over the CC flux, 

$ ES frCC 
SK $ ^ 0 = (0.57 ± 0.17) • 10b c n r V 1 . (16) 

This gives evidence for extra v's ^ ve from %B. Since these extra i/s do interact, they 
are not sterile! With the addition of these extra neutrinos, the total flux of active SB 
neutrinos measured is 

$(vx)meas = (5.44 ± 0.99) • 106 c n r V (17) 
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which is in excellent agreement with the SSM prediction for the total ve flux from 
*B [17], 

$(VX)SSM = (5.05±J:gl) • 106 c m - V 1 . (18) 

The combined SK + SNO data show that the total sun v flux expected from 8B 
is indeed observed on earth: about one third as ue and two thirds as active v's 
with different v flavour(s), see also Fig. 10. This is the first direct indication of a 
non-electron flavour component in the solar neutrino flux. 

The agreement of the flux predicted by the SSM with the measurements is also an 
impressive success for the SSM calculation of the SB flux which depends on the 18th 
power of the temperature of the sun, ^%^M oc T}8

n [18]. 

<J<vE) (relative to BPB01) 
0 0.2 0.4 0.6 0.8 1 1.2 

Figure 10: Flux of 8B solar neutrinos which are f i o r r flavour vs. the flux of ve as 
deduced from SNO and SK data. Also shown are predictions for the total 8B flux 
predicted (dashed lines) and derived from the SNO and SK data (solid lines). From 
[14]. 

Figure 11 (left) shows, from a recent analysis of SK for i/e — fM(^T) oscillations, the 
Am2, sin2(29) regions excluded by the zenith angle spectrum of SK, and the allowed 
regions from a global fit to the data from the CL, G A , HOMESTAKE and SK flux 
measurements [14, 19]. The small angle and vacuum (or just so) oscillation solutions 
are now disfavoured at the 95% C.L. The only allowed region left has approximately 
0.6 < sin2(28) < 0.9 and Am2 = 3 • 10~5 - 2 • 10"4 eV2. 

4.2 Atmospheric neutrinos 

The latest results from SK on i/M - vr oscillations are shown in Fig. 11 (right). 
A combined fit to the SK, GALLEX, SAGE and HOMESTAKE data yield Am2 = 
2.5±0.4-10-3 eV2 (Am2 > 1.2-103eV2 at 95 % C.L. and sm220 close to unity) [15,19]. 
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Excluded by SK zenith angle spectrum at 95%C.L. 
Allowed by global fit (CI + Ga + SK flux) at S5%C.L. 
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Figure 11: Results on neutrino oscillations in the Am2 versus sin2(20) plane. Left: 
ve — V\I{T) oscillations. Right: fM — vT oscillations. From SK. 

4.3 LSND effect 

Figure 12 shows, in the (Am2, sin226) plane, the regions for vx — VY oscillations 
indicated by the LSND experiment at Los Alamos. A new measurement performed 
at RAL, KARMEN II [20], found no evidence for the LSND effect, viz. 11 events 
observed, compared to 12.3 ± 0.6 events expected from standard sources. This ex
cludes most of the LSND signal region (Fig. 12). A definitive answer can be expected 
from the MINIBOONE experiment planned at Fermilab which should observe 1000 
events/year if the LSND signal is real. 

4.4 vP mass 

The Mainz experiment [21] presented a direct measurement of the ve mass from 
the tritium beta decay experiment yielding m„e < 2.2 eV (95% C.L.) which can be 
compared with the Troitsk result of mVe < 2.5 eV (95% C.L.) [22]. A next generation 
detector (KATRIN: length about 60 m) is on the drawing board promising sensitivity 
down to mVe = 0.3 eV [23]. 

5 Neutrino factories 

Assuming three neutrino flavours, a CKM-type matrix, with three angles, 01,82,63 
and one phase S will provide the most general description, see e.g. [24, 25] at this 
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Figure 12: LSND effect and new KARMEN results. From [20]. 
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v2 

Here cit st stand for cosOi, sindi. The angles 6t might be affected by the MSW 
effect [26] which the ve experiences on its passage through matter. The p and a are 
Majorana phases which can be rotated away [27]. 

Judging from the experience with the CKM matrix for quarks, it will take mas
sive efforts to reach in the v sector the type of sensitivity necessary for observing 
new physics. New accelerator long base line experiments are under construction 
(FERMILAB-MINOS, C E R N / G R A N SASSO-OPERA) which will be sensitive to v^ 
disappearance and vT appearance, respectively. 

In the U.S. [28], in Japan[29] and in Europe[30], studies for high intensity neutrino 
factories are underway. Plans for the Japan Hadron Facility (JHF) include a high-
intensity conventional neutrino beam. The basic idea is to produce an intense multi-
GeV beam of muons decaying into e, ve, z/M. Due to the small value of the muon mass, 
the intrinsic angular spread of the z/s is small (pr„ < ?rv/3 and hence A#M < ^ - ) 
which is essential for achieving a high interaction rate in the far detector of a long 
base line experiment. 
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The v factory studied at CERN is shown in Fig. 13. Protons are accelerated to 
2.2 GeV, accumulated for bunching and sent to a target where pions are produced 
which subsequently decay into muons. The muons are cooled in order to reduce their 
transverse momentum spread and are then accelerated to 10 - 50 GeV. In the decay 
ring, for instance for fi+ decay into e+veT^ oscillations, ve —> fM, will show up as the 
appearance of wrong sign ju's. Matter effects, which become substantial for base line 
distances larger than RS 1000 km, will allow determination of the sign of Am2 for 
ve —* vu and ve —* vT oscillations. 
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Figure 13: Layout of the CERN neutrino factory. 

The v intensities foreseen are of the order of 102tVe(j/M)/year which produce 108 

events/kg/year in a near detector! This is an enormous rate - but so are the technical 
challenges for building such a machine. As an example, the proton beam is a factor 
of 1000 more intense than achieved with the CERN PS. Also, there is no target yet 
which will survive such high proton currents. The cooling of the produced muons is 
another aspect which requires intensive research and development. 
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6 Cosmic Microwave Background 

The cosmic microwave background radiation (CMBR) allows us to look back at the 
early Universe some 14 Gyrs ago. The decisive event occurred about tcMB = 400000 
years after the big bang when most electrons bound together with protons to form 
hydrogen. At this point the Universe became transparent to photons. The photons 
presented a plasma which was inhomogeneous because photon-baryon interactions 
lead to differences in the photon energy spectra. These photons can be observed 
today on earth as microwave radiation. 

The angle 9 subtended by the microwave emitting Universe cannot be larger than 
the diameter of the horizon at tcMB seen t0 « 14 Gyr later: 

1 l'2 1 0 o c — - ~ _ , (19) 
1 + z z 

where z « 1200 is the red shift of light coming to us from these early times. 

The existence of CMBR was demonstrated in 1964 by Penzias and Wilson [36]. In 
1992, COBE [37] measured the black body temperature of CMB for which the lat
est measurements give TCMBR(t0) = 2.725 K which is the result of a black body 
temperature of T(tcMB) « 3000K. 

One can learn more from the CMBR by studying the anisotropies in the temperature, 
T, of the CMBR. By expanding these anisotropies in terms of multipoles, 

AT(a,S) = J2aimYr(a,S), (20) 
l,m 

the averages cj = < a\m > describe the power spectrum of the anisotropies [33]. Peaks 
in the angular power spectrum of the CMBR were predicted in 1970 [34, 35]. 

Figure 14 displays the CMBR power spectrum from a recent compilation of the 
data from DASI, BOOMERanG and MAXIMA[31]. They show a prominent peak 
around lx = 220. The strength of this first peak gives evidence for coherent acoustic 
oscillations with a wave length of the size of the horizon at the time t = tCMBR-

The first peak is expected to occur at l\ = 2*f/2 . fi = 1 describes a flat universe, 
fi < 1 an open and fi > 1 a closed universe. The expected differences for these 
three types of universes and the sensitivity of the power spectrum to the value of 
fi is illustrated in Fig 15. For a flat universe, the first peak in the power spectrum 
is expected near I = 220, in close agreement with the experimental observation. A 
recent analysis of the CMBR data gives [32, 31] 

n = 1.03 ±0.06. (21) 
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Figure 14: CMBR multipole spectra measured by BOOMERANG, DASI and MAX

IMA. 

It appears that we are living in a flat universe! The combined data suggest the 
presence of a second peak around I3 « 2 • l\ « 500. The presence of such a second 
peak is a hint for adiabatic acoustic oscillations. 

The density of baryons, Q,b, in the universe affects the balance between pressure and 
gravity: a larger value of fif, leads to deeper minima between the peaks as sketched 
in Fig. 16. The height of the first peak, compared to the dip between the peaks h 
and l3, indicates that Clb is small. The data yield [31]: 

Q.b = (0.021 ± 0.003)//i2 (22) 

where h is the Hubble parameter, h = 0.65±0.05. The value found for fi;, is consistent 
with the value obtained from big bang nucleosynthesis. 

7 Electroweak results from LEP, SLC and the TEVA-

T R O N 

In a splendid performance LEP2 has reached a maximum cm. energy of E^n = 208.6 
GeV for e+e" - collisions [43, 44]. Figure 17 (left) summarizes the LEP measurements 
of the total cross section for e+e~ —• hadrons as a function of Ecn together with 
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Figure 16: CMBR multipole spectra expected for different values of the baryon den
sity. Figure taken from Ref. [42] 

results from other e+e~ colliders. The LEP experiments also provided a precise 
measurement of the cross section for e+e~ —> W+W~ from threshold up to 208 GeV 
(Fig. 17 (right)). This cross section is the result of a delicate interplay between three 
different contributions: photon and Z exchange in the s-channel and v exchange in 
the f-channel (Fig. 18). The curves labelled 'no ZWW vertex' and 'only ve exchange' 
show that without the contribution from the triple gauge vertex ZWW the cross 
section would diverge. 

During 1999 - 2000 the LEP machine team and the four experiments had staged 
an all out effort in the search for the direct production of the Higgs via e+e~ —> 
ZH. With a total luminosity of about 546 pb _ 1 in the energy region Ecn — 206 — 
208.6 GeV, the combined data show a tantalizing hint for a Higgs with mass 115.6 
GeV [45], see Fig. 19. The majority of the events in the signal region stem from one 
experiment (ALEPH). The probability for the excess to be a statistical fluctuation of 
the background is 3.4%. Unfortunately, further data taking for either substantiating 
or dismissing the evidence was not possible. The combined 95% C.L. lower limit from 
the four LEP experiments is MH = 114.1 GeV. In Fig. 20, this limit is compared 
with the theoretical prediction. 



145 

,-.10 : 

' 10' 

10 * r 

10 -

11 1 1 1 1 1 1 1 

CESR 
"DORIS ! 
: CEP 
• ( I ' K I U X 

. KEKB 
SLACB 

. . . | . < . | i . i , . . . | i . i j . . i | . . . | . . 

Z i 

|1 e+e~-»hadrons 

TRISTAN C L P ^ ^ " " ^ — - „ 

LEPI LEP II 

1 

» • — . - — : 

. i . . . 

20 

5" 
s is 
e 

10 

5 

LEP 

itf 
7 / 

7V7 

.i7 Racoo 
; j noZW 

;/ onlyv 

i 

02A)3£001 

Preliminary 

iWW/YFSWWl.14 
W vertex (Gentle 2.1) 
exchange (Gentle 2.1) 

0 20 40 60 SO 100 120 140 160 180 200 220 

Centre-of-mass energy (GeV) 

160 170 180 190 200 210 

EOTtGeV] 

Figure 17: Left: The total cross section for e+e annihilation into hadrons. Right: 
The cross section for VK-pair production by e+e~ annihilation. 

V£ 

^ f r -

Figure 18: Diagrams for e+e —> W+W 

Figure 21 left lists the recent results for the W mass. The direct measurements 
from LEP 2 and the Tevatron are in close agreement yielding an average of My/ = 
80.451 ± 0.033 GeV. The indirect measurements lead to M\y values which are lower 
by about 80 - 90 MeV, on average, with a significance of 2 s.d. These indirect 
measurements are based primarily on the relation M^ = (1 — sin26w)M"^, where the 
mass of the Z and sin29w are taken from the data. Figure 21 (right) summarizes 
the results for sin26eff (which differs from sin26\y due to higher order contributions). 
The lepton final states are seen to give smaller sin20eff values than those with heavy 
quarks. The sin26eff measurements with the smallest errors stem from SLD using the 
polarisation asymmetry Ai for leptons, and from LEP, using the forward-backward 
asymmetries AFB for b and c quarks. The sin29efj value deduced from AL is by 
0.00128±0.00041 smaller than the result from the heavy quark asymmetries and leads 
to a Mw value which agrees with the direct measurement. Although the observed 
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Figure 20: The theoretical prediction for the Higgs mass in terms of Ax2 and the 
mass region excluded by ALEPH, DELPHI, L3 and OPAL (shaded band). 
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differences for sin29eff (and hence for Mw) between the lepton and the heavy quark 
asymmetries may well be due to statistical fluctuations, it might be worthwhile to 
check whether there are experimental or theoretical corrections missing for the heavy 
quark measurements. 

W-Boson Mass [GeV] 

pp-colliders 

LEP2 
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Figure 21: Left: Summary of direct (top two) and indirect measurements (bottom 
three) of the W mass. Right: Summary of sin28^fl measurements and the SM 

prediction for the Higgs mass versus sin261^. 

Figure 22 (left) shows a plot of Mw versus the top mass, Mt, together with the 68% 
C.L. contours obtained from the direct and indirect measurements of Mw The two 
contours are barely touching each other. Also shown are lines for a fixed Higgs mass, 
MH. The direct measurements favour small M# values: M# < 114 GeV with about 
68% C.L. It is interesting to note that SUSY contributions can possibly raise the 
value of Mw for fixed Mt [46, 47, 48], e.g., such that in Fig. 22 (left) the 68% C.L. 
contour from the direct measurement lies now between MH = 110 and 400 GeV, see 
Fig. 22 (right) taken from [47]. We may see here an experimental hint for physics 
beyond the SM! 

The LEP data limit severely the parameter space for SUSY. This is illustrated in 
Fig.23 which shows in terms of the neutralino mass versus tan/3 the regions excluded 
by LEP, see also [49]. In MSSM, neutralino masses below 45 GeV are excluded for 
tan/3 < 20. Limits on mSUGRA with Rp - violation from HERA, LEP and the 
TEVATRON are summarized in Fig. 24. 
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mt [GeV] 

Figure 22: W-mass versus top-mass. Left: 68% C.L. contours determined by various 
experiments from direct and indirect measurements of Mw, Mt, and the SM predic
tions with Higgs production for different MH. Right: Predictions for Mw versus Mtap 

for MH in the range 114 - 400 GeV from SM (lower band) and MSSM (upper band). 
For both bands the lower (upper) boundary is for MH = 400 GeV (M# = 114 GeV). 

8 Brookhaven #M — 2 exper iment 

A window to new physics is provided by a recent BNL measurement of the muon 
anomalous magnetic moment at the 1 ppm level [50, 51]. Positive muons are stored 
in a magnetic ring. When the / i+ decays, the direction of the emitted e+ is correlated 
with the direction of the muon spin. The number of e+ is shown in Fig. 25 as a 
function of time. The experiment is able to follow more than 100 precession cycles 
of the muon spin. 

The measured value for the anomalous magnetic moment, aM = (#M — 2)/2, is 

aM(Data) = 11 659 202(14)(6) • lO"10 (23) 

This can be compared with the SM value given in [52]: 

aM(SM) = 11 659 159.6(6.7) • 10- : (24) 
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experiments (right). 

The measured value of aM is larger than the SM predictions given in [52] by (43 ± 
16) • 10~10. The prediction for aM in the SM depends critically on non-perturbative 
hadronic contributions. In deriving a^(SM), the contribution, from light-by-light 
scattering has been taken to be: 

Aa"ad(light - by - light) = -8.5(2.5) • 10 -10 (25) 

Recent analyses, however, assert Ao£ (light - by — light) to be positive [53] and of 
the value +8.3(1.2) • 10~10 [54] which would reduce the discrepancy between data and 
SM to (25 ± 16) • 10~10 corresponding to a 1.6 s.d. effect only. For a discussion of the 
SM predictions, see also Ref. [55, 56]. 

Contributions from SUSY may lead to deviations from the SM expectations [57]. 
Taken at face value, the data prefer tan/3 = 4 — 40 which implies chargino masses of 
120 - 400 GeV. More data from JJL+ , and also from JJL~ , are eagerly awaited. 

9 HERA results 

HERA is a giant microscope which allows one to X-ray protons, quarks and leptons 
and provides a vast testing ground for QCD. Electrons (positrons) of 27.6 GeV collide 
with 920 GeV protons. The collider experiments HI and ZEUS have each logged 
data from integrated luminosities of more than 100 pb_ 1 . Inclusive deep inelastic 
scattering (DIS) can be described by the square of the four-momentum, — Q2 = 
(e — e')2 of the exchanged current (J) and the energy transfer v from the electron 
to the proton as measured in the proton rest system, Fig. 26 (left). The struck 
quark carries a momentum fraction x = ^— 0f t n e proton (with mass mp). Small-a; 
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scattering in the proton rest system is illustrated in Fig.26 (right). For Q2 = 15 GeV2, 
x = 2 • 10~4 corresponds to an energy of the virtual photon 7* of v sa 40 000 GeV. 
The photon fluctuates into a qq system which develops into an almost macroscopic 
quark-gluon cascade with lifetime At = mpx = ^ ~ 100Q fm and transverse size 
Ad = (Q/v)AL = 2/Q sa 0.1 fm. The parton with the lowest transverse momentum, 
Pt of the order of 0.3 GeV, is expected to interact with the proton. 

0.1 fm 

Figure 26: Deep inelastic scattering in lowest order (left) and QCD cascade as seen 
in the proton rest system (right). 

For Q2 < 1000 GeV2, the neutral current cross section is dominated by photon 
exchange leading to 

d2a 2-*a\{l + ( 1 _ y)2];F^ Q2) _ ( 1 _ ^ ( 2 6 ) 

dxdQ2 xQi 

where SL accounts for the contribution from longitudinal photons which, in general, 
is small. The structure function T-i can be expressed in terms of the quark densities 
q(x,Q2) of the proton in the infinite momentum frame: T?, = Y,ge

2xq(x,Q2), where 
eq is the electric charge of quark q. Figure 27 shows Ti as a function of v and x at 
Q2 = 15 GeV2. For small energy transfers, 50 < v < 300 GeV (0.15 > x > 0.025), 
T% is rather constant. Towards larger v (smaller x), the HERA data show a rapidly 
rising T2 which is equivalent to a rapid rise of the parton densities as x —> 0. 

In Fig. 28, the ^{x, Q2) measurements from HERA are summarized for fixed Q2 

values between 0.1 and 150 GeV2 [58, 59]. The transition from a hadronic behaviour, 
Ti oc const at Q2 < 0.6 GeV2, to a parton-dominated regime at Q2 > 3 GeV2 is clearly 
seen. The rise of Ti as x —> 0 is accelerated with increasing Q2. It is equivalent to 
a strong rise of the total j*P c r o s s section as a function of the hadron cm. energy 
W « y/QP/x: 0% oc W2X with A > 0.2 for x < 0.01, Q2 > 10 GeV2 which is much 
stronger than for total hadron hadron cross sections. At high Q2, the rise is well 
described by QCD evolution [60] which requires as input the parton densities as a 
function of x for one fixed value of Q2 = Ql and then predicts ^{x^Q2) for other 
values of Q2. At small Q2 the rise is reduced, presumably due to confinement forces. 
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Figure 27: The structure function F2 at Q2 = 15 GeV2 as measured by HI and ZEUS 
and in fixed target experiments. The bottom scale shows the energy transfer v from 
the electron to the proton measured in the proton rest system. 

From the change of T2 with Q2 one determines the gluon density g(x, Q2) of the 
proton: xg oc ^ ^ j for small x [61]. A precise determination is obtained from a 
QCD-DGLAP fit to the T2 data [58, 62]. Figure 29 shows the resulting xg(x, Q2) for 
Q2 = 5,20 and 200 GeV2. An x behaviour very similar to that of T2 - i.e. similar 
to that of the quark momentum densities - is observed: for fixed Q2, xg(x, Q2) rises 
rapidly as x —» 0 and T2 and xg rise by about the same factor. 

Deep inelastic scattering at very high Q2 is shown in Fig. 30 in terms of da(ep)/dQ2 

for neutral-current (NC: J = 7, Z) and charged-current exchange (CC: J = W^1) as 
measured in e~p and e+p interactions [63, 64]. The NC cross sections are steeply 
falling with Q2 as a result of the dominance of 7-exchange. At Q2 > 5000 GeV2, the 
contribution from Z-exchange becomes substantial. As a result of 7 — Z interference, 
the cross section for e~p scattering is larger than that for e+p. The curves show 
the SM predictions which have uncertainties of 4% at Q2 = 400 GeV2 and 10% at 
Q2 = 10000 GeV2. The SM predictions agree well with the data. The comparison of 
the data with the SM predictions allow placing a lower limit of 7.3 • 10~ir cm on the 
radius of quarks [64]. 

For CC scattering, a substantial difference between the e~p and e+p cross sections 
is observed which is due to the fact that different quark flavours are contributing. 
For Q2 > rri^y, the CC cross section reaches the same magnitude as the NC cross 
section: a striking example of electroweak unification! It is instructive to compare 
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Figure 28: The structure function Ti as function of x as measured by HI and ZEUS 
and fixed target experiments for selected Q2 between 0.1 and 150 GeV2. 

this result with typical electromagnetic and weak particle decays. There, the weak 
force is about ten orders of magnitude smaller than the electromagnetic one. 

In Fig. 31 (left), the reduced CC cross section, a^ = i ? F % ^ ] 2 | ^ , is shown 
as a function of x for different Q2 intervals. The curves show that, at large x > 0.1, 
the contribution from d-quarks dominates. Given more luminosity, this offers the 
possibility of extracting the d-quark density directly from the data at high Q2 where 
higher twist effects are negligible. 

Diffraction represents a large fraction of hadronic interactions. Nevertheless, a rig
orous description of diffraction within QCD is still missing. Diffraction in deep in
elastic scattering seemed to be a remote subject at the beginning of HERA op
eration. Assuming (naively) the optical theorem to hold, the forward diffractive 
cross section for j*p scattering can be deduced from the total j*p cross section: 
d&diff(t = 0)/dt oc a2

ot. For large cm. energies W « JQ2/x is given by atot = 
%^.7-2(z,Q2). Since Ti is leading twist, the forward diffractive cross section is 
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Figure 29: The gluon momentum density of the proton as a function of a; as deter
mined by HI and ZEUS for Q2 = 5, 20 and 200 GeV2. 

higher twist (oc 1/Q4) and was, therefore, expected to be negligible at large Q2. 
The observation of DIS events with a large rapidity gap that represent a substan
tial fraction of the total cross section [65, 66] demonstrated that, on the contrary, 
inelastic diffraction plays an important role in DIS. In Fig. 31 (right), the ratio of 
the diffractive cross section for 7*p —> XN (N = proton or low mass nucleon system) 
to the total j*P cross section is shown as a function of W for different Q2 and Mx, 
the mass of X [67]. The diffractive contribution is of the order of 10% or larger, 
viz. ^iU(Mx<^GeV) = 1 3 2 ± 0 6 % 9 4 ± o.6 % 7.5 ± 0 .5% at Q2 = 8, 14, 27 GeV2, 

atot 

respectively. 

At HERA, diffraction can be studied in a systematic manner as a function of the 
resolution (Q2), energy (W) and excitation (Mx)- In modern language, HERA 
enables the determination of the diffractive structure function F2 ' (/?, Q2, xjp, t) [68, 
69] which is as fundamental a quantity as the inclusive structure function F2- Here 
P = Q2/(Q2 + Mx) is the diffractive analogue of the Bjorken scaling variable x, 
xp = x/(3 and t is the four momentum transfer squared to the proton. Q2 and (3 
govern the QCD-evolution of F2 . 

The authors of Ref. [70] have presented an interesting model for the description 
of diffraction in DIS. It considers diagrams of the type depicted in Fig. 26 (right) 
where the virtual photon turns into a qq or qqg state which then scatters on the 
proton. Fixing the free parameters from a comparison with the measured T2 data, 
this so-called Saturation Model makes absolute predictions for the diffractive cross 
section as a function of Q2, W and Mx- A recent calculation, which includes DGLAP 
evolution [71], gives a good account of the data, see the curves in Fig. 31 (right). 

The process where diffraction might be studied at Q2 > 0 in its most pure form is 
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Figure 30: The neutral and charged current cross sections as measured in e p and 
e+p scattering by HI and ZEUS at high Q2. The curves show the SM predictions. 

quasielastic or deeply virtual compton scattering (DVCS), 7*p —• jp. It promises also 
access to the skewed parton distributions. DVCS is a particularly difficult diffractive 
process to measure, firstly because its rate is small, and secondly because of the 
presence of a large background from the Bethe-Heitler process, ep —• e^p. Figure 32 
shows the first results from HI and ZEUS [72, 73] for the DVCS cross section as 
a function of Q2 and W. The theoretical predictions [74, 75] (see curves) are in 
agreement with the measurements. 

The spin structure of the nucleon is investigated by HERMES which studies collisions 
of the polarized electron beam from HERA with a jet of polarized nuclei [78]. By 
comparing different hadronic final states, e.g. inclusive production of 7r+ and 7r~, 
information on the contribution to the nucleon spin from different quark flavours can 
be obtained. Figure 33 (left) shows the helicity asymmetry: 

A\ 
Zqe

2Aq(x,Q2)DZ(z) 

Eqe
2
qq(x,Q2)D%(z) 

(27) 



156 

HERA Charged Current • tf.scev* * o*-27Gev* 
^.-UGflV2 A tf-HGeV* 

-Mod with avol (BGBKW) 
Mx<3GeV 

- * * , 
— * 5 n 

* i i 
* * 1 

3<M.<7.SGtV 

$ __i * 
- ' I ' j|' = L 

— * — i * 

7.S<MI<I5G*V 

0 120 140 160 180 200 220 

W(GeV) 
Figure 31: Left: The reduced cross section for e+p charged current scattering as 
measured by HI and ZEUS. Right: The ratio of the diffractive cross section to the 
total cross section for different mx and Q2 intervals as a function of W, as measured 
by ZEUS. 
for the reaction ed —> eh^X as a function of x, summing over all hadron final states, 
and for those final states with a detected h+ (h~). The observed asymmetry is 
contributed almost solely by h+ final states. From these data one concludes that the 
contributions to the nucleon spin: Au + Au is large and positive, Ad + Ad is small 
and negative, and the quark sea contribution is small, see Fig. 33 (right). 

Sensitivity to the transverse polarization of quarks in the nucleon has been found 
in the study of single-spin asymmetries [76]. Figure 34 shows the analyzing power 
Ay2 as determined in an experiment where unpolarized positrons were scattered 
off longitudinally polarized protons and final state pions were detected as a function 
of the azimuthal angle <p around the direction of the virtual photon. The variable 
z = E^/v measures the fractional energy of the pion relative to that of the virtual 
photon. For n+, ir° the asymmetry As%n(^ is positive and growing with z while for n~ 
the asymmetry is small. This suggests that the single-spin asymmetries are associated 
with the valence quark distributions of the nucleon. 

HERA II: During the past months HERA has been upgraded to increase the lumi
nosity for the collider experiments by a factor of 3 - 5 to an instantaneous luminosity 
of (5 - 7) • 1031 cm"2s_ 1 by focussing the beams more strongly. Over the period 2002 
- 2006, an integrated luminosity of 1 fb_1 is expected per experiment. Spin rotators 
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Figure 32: The cross section for deep inelastic virtual-photon compton scattering as 
a function of Q2 and W, as measured by HI and ZEUS. 

have been added for HI and ZEUS so that interactions with left- and right-handed 
e~ and e+ can be studied separately. At the same time, HI and ZEUS have improved 
(added) microvertexing to increase vastly the efficiencies for c and b quark tagging. 

The physics aims [79] include precision measurements of the proton structure func
tions F2,FL,xF3,F£,F!l for Q2 = 10 - 40000 GeV2; testing for quark substructure 
down to a few 10~17 cm; search with CC interactions for deviations from the SM 
down to AMW = 60 MeV; search for high mass W's and Z's up to 600 - 800 GeV; 
search for flavour changing neutral currents, e.g., u —> c,t. Furthermore, electron 
(positron) beams with definite helicity open the exciting possibility to measure the 
cross sections for e^p —• vX and ejp —> VX which are zero in the SM. Nonzero 
values would be a clear sign for new physics. 

10 Heavy ion collisions at RHIC 

The RELATIVISTIC HEAVY ION COLLIDER RHIC at BNL gives access to new fron
tiers in the study of hadronic matter. RHIC extends the cm. energy reach by an 
order of magnitude above that of the CERN-SPS. At sufficiently high energy den
sities Lattice QCD predicts a phase transition from hadronic matter to deconfined 
quarks and gluons. Whether the transition to the quark-gluon plasma takes place 
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Figure 33: Left: The helicity asymmetry measured in ed —> e/i±X reactions for all 
final states, for final states with an h+ and for those with an h~. Data from HERMES, 
E143 and SMC. Right: The relative contribution to the proton spin from different 
quark flavours as inferred from the analysis of the hadronic final state. 

depends on the conditions of the matter created at the early stage of the collision. 
For instance, the ratio of baryon/antibaryon production at central rapidities is an 
important indicator for such a phase transition. For a pure quark/gluon plasma this 
ratio should be unity, or, in other words, the net baryon number should be zero. 

RHIC has had a splendid start, providing Au-Au collisions at two-nucleon cm. en
ergies of -^/sNN = 130 GeV with a luminosity of 2 • 1025 cm~2s_1 which is 10% of the 
design luminosity. Data on particle production for central rapidities (rj « 0) have 
been reported by the multi-purpose detectors PHENIX and STAR for integrated 
luminosities of several /ib_1[80]. 

Figure 34: The transversity structure function as measured by HERMES. 
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The ratio of antiproton to proton production in the central region shows a dramatic 
increase from Np/Np = 0.00025 at AGS ( - /^w = 5 GeV) and « 0.07 at SPS 
( y j ^ = 17 GeV) to RHIC where STAR has measured Np/Np sa 0.6 [81]. Figure 35 
compares the pT spectra for TT~ and p as measured by PHENIX in the central region. 
For pr ~ 2.1 GeV, an equal number of antiprotons and 7r~ are produced! 
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Figure 35: Comparison of p and 7r~ yields in the central region as measured by 
PHENIX. 

In Fig. 36 (left) the ratio of h~ production in Au-Au collisions to pp collisions is 
compared at the same cm. energy, *JSNN- For p? > 2 GeV, one observes for Au-Au 
collisions the production of h~ to be more and more suppressed relative to binary 
(= NN) collisions. The additional energy density seen at RHIC is due mainly to an 
increase in particle production rather than to an increase of the transverse energy of 
the particles [82]. 

The azimuthal anisotropy of the transverse momentum distributions for noncentral 
collisions should be sensitive to the early evolution of the system. A measure for such 
an anisotropy is the second Fourier coefficient v2, also called the elliptic flow. The 
measurement of v-i versus pt from STAR, Fig. 36 (right), shows an almost linear rise 
up to pt = 1.5 GeV, consistent with a hydrodynamic picture which predicts complete 
local thermalization. For pt > 2 GeV saturation is observed which might signal the 
onset of hard processes in dense matter [83]. 



160 

R
at

io
 

0.8 

0.6 

0.4 

0.2 

0 
C 

-
STAR 

UA1 lil(UU) I u 

frr*f%i , 
••• 

t 

. 
• 

• •• 
i 

1 

' N - , 
• « 

Wounded Nucleon Scaling 

pL{GeVfcy 

~ - 0 . 3 

*" 0.25 

0.2 

0.15 

0.1 

0.05 

0 

1 r l ' ' i ' ' ' 1 1 • • ' ' i • 

• charged particles 
- Hydro pions 

Pi 'elirmnarv 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

P, [GeV/c] 

Figure 36: Left: The ratio of the particle yield measured by STAR (Au Au collisions) 
and UA1 (pp collisions) for central particle production. Right: The elliptic flow v2(t) 
versus pt for charged particles. From STAR. 

11 Search for new physics at the TEVATRON 

The new precision measurements of Mw by CDF and DO were performed by study
ing the W —• ev,fiv decay modes, as detailed in Fig. 37 (left). The Z —> e+e~,H+/J,~ 
decays combined with the known mass of the Z provided a valuable means of cal
ibration. The average value is Mw = 80.454 ± 0.060 GeV. The width of the W 
was determined by DO from the tail of the W mass distribution, see Fig. 37 (right), 
resulting in 

w 2.231^;^(stoi) ± 0.092{sys); GeV. (28) 

The SM prediction of T^M = 2.0937 ± 0.0025 GeV agrees with the measurement to 
within 1 s.d. 

CDF searched for t decaying via t —> rb by Rp parity violation. Figure 38 shows 
the distribution of the number of charged particles for the candidate events. Most 
events are accounted for by background from known TTX final states. A lower limit 
of M-t = 119 GeV is obtained. 

A heavy W with standard decay into ev should show up in the transverse mass Mr 
of the system (ev). The distribution of MT from the data is compared in Fig. 38 
with the expected distributions for background contributions: no signal is observed. 
A similar analysis for the \xv system also led to a negative result. The combined ev 
and fiv data yielded a lower limit of Mw> < 786 GeV. 

Running has just started after the upgrade to TEVATRONII. The beam energy has 
been increased by 10% to 1 TeV. By storing more bunches the luminosity is expected 
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to increase by an order of magnitude to 1032 cm_ 2s_ 1 . For the period 2002 - 7 the 
aim is to collect a total of 15 fb_1 per experiment which is about a factor of 100 more 
than obtained in Run I. 

What are the chances for CDF and DO to see the Higgs? Figure 39 shows the 
sensitivity to the Higgs as a function of its mass. Run Ha should allow CDF and DO 
to exclude masses up to 120 GeV at 3 s.d. or lead to a tantalizing bump. With the 
data expected from Run Ila+b the Higgs can be established with 3 (5) s.d., provided 
MH < 135 GeV or 150 < MH < 175 GeV. 

£10* 

| i o 1 

'E 
3 

,10° 

combined CDF/DO thresholds 
1 1 r^—r-*—' 1 1 T— 

80 100 120 140 160 180 200 

Higgs moss (GeV/c2) 

Figure 39: Sensitivity to the Higgs of CDF and DO at TEVATRONII. 

12 LHC 

The LHC will open the door to physics at the multi-TeV scale. A few examples will 
illustrate its reach [84]. 

The Higgs can be detected over the full mass range starting from the lower limit of 
114 GeV established by LEP up to the point where its width becomes of the order 
of its mass (MH RS 1.3 TeV ). Experimentally, the region of masses below 140 GeV 
is the most challenging one. Here detection via the bb and 77 decay channels is the 
most promising avenue. With 10 fb_1 (corresponding to about one year running at 
1033cm~2s_1) there is sufficient efficiency to discover the Higgs with 5 s.d. for masses 
between 114 GeV and 130 GeV, see Fig. 40 (left). At higher masses WW*(W) and 
ZZ*(Z) become the preferred decay channels, see Fig. 40 (right). In case there is no 
SM Higgs, its nonexistence can be established at the 95% level with data from less 
than a year's running. 
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Figure 40: Discovery potential for the Higgs at the LHC. Shown is the significance of 
the signal in terms of the ratio Nsignai/ jNbackgrmmd as a function of the Higgs mass. 

The parameter space accessible in the search for SUSY particles is illustrated in 
Fig. 41 in terms of the parameters mi/2 and mo for tan/? = 10. With data from a 
month of running squarks and gluinos can be discovered if their masses are below 1 
TeV. The ultimate reach will be 2.5 - 3 TeV. 

If extra dimensions do play a role, processes of the type q + g —> q + G, G = graviton, 
are expected which produce events with jet + large missing tranverse energy. With 
100 fb_1 (corresponding to 1 year of running at 1034 cm - 2s - 1 ) sensitivity for extra 
dimensions up to 4 TeV can be reached. The production of a Graviton, e.g. in the 
process gg —> G —> e+e~, would be detected with a small background and its spin 
two could be established readily from its decay angular distribution (Fig. 41). 

13 TESLA 

The tandem TEVATRON - LEP/SLC has amply demonstrated the power of a set 
up where a large hadron collider and an e+e~~ collider are running concurrently and 
with comparable luminosity for elementary processes such as qq and e+e" scattering 
at high energies. With the LHC under construction, it is essential to build also an 
e+e~ collider with 0.5 - 1 TeV cm. energy for exploiting the new energy regime [85]. 
Given the high energy and the budgetary constraints, circular e+e~ machines are 
excluded because of their excessive beam radiation losses. The SLC at SLAC has 
demonstrated the technical feasibility of an e+e~ linear collider. Three linear collider 
projects for the 0.5 - 1 TeV regime have been studied over the past 10 -15 years: NLC 
(SLAC) and JLC (KEK) - both with normal conducting cavities - and TESLA 
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Figure 41: Discovery potential for new physics beyond the SM at the LHC. 

(DESY) with superconducting cavities. A concept suitable to enter the multi-TeV 
regime is under study at CERN (CLIC) with normal conducting cavities. At present 
the normal conducting cavity projects are faced with a technical problem at high 
accelerating gradients envisaged for the high end of the energy reach. The TESLA 
collaboration has demonstrated the feasibility of a superconducting solution and has 
prepared a technical design report for a machine with 500 - 800 GeV [86], which has 
been submitted to the German Government for evaluation. 

The layout of TESLA is shown in Fig. 42. Two linacs with a total length of 33 km are 
pointed at each other. Two interaction points are foreseen. The expected luminosity 
of (3 — 6) • 1034cm_2s_1 leads to about 300-500 fb_1/year. The energy reach is deter
mined by the maximum accelerator gradient provided by the cavities. For operation 
at 500 (800) GeV a gradient of 23 (35) MV/m is required. By close collaboration 
with industry, industrially produced cavities (see Fig. 43) by now reach more than 25 
GeV/m. With electropolishing, gradients in excess of 40 MV/m have recently been 
achieved for single cell cavities. A possible site for TESLA is shown in Fig. 43: the 
collider starts from the DESY premises towards the North. A test accelerator with 
the TESLA layout has been built at DESY by the TESLA collaboration and has 
now been operated for more than 9000 h. With this facility, the technical feasibility 
of the TESLA design has been established. The TESLA project includes an X-ray 
free electron laser for use in other scientific studies. X-ray free electron lasing in 
the 100 nm wave length regime has recently been demonstrated for the first time for 
these wave lengths [87, 88] and saturation (at a gain of 107) has been reached for Self 
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Figure 42: Layout of the TESLA collider. 

A few examples may suffice to illustrate the physics reach of TESLA. The Higgs 
can be studied in a model independent way via associated production, e+e~ —> 
H°Z^>li+lj,-, and can be directly detected - without further selection cuts - as a 
peak in the recoil spectrum of the /z+/i~ system sitting on top of a modest back
ground (Fig. 44 (left)) [89]. At a cm. energy of y/s = 350 GeV and with 500 fb"1, 
80000 Higgs are produced for m# = 120 GeV. By requiring Z to decay into n+n~, 
4000 events are retained. The Higgs mass can be determined with a precision of 40 
-100 MeV for TUH < 180 GeV. The Higgs decay modes and electroweak symmetry 
breaking effects can be studied in detail. The branching ratios can be measured with 
high precision as indicated by the size of the error bars in Fig. 44 (right). The mea
surement of the Higgs couplings to it and WW will provide a precise test of an SM 
versus MSSM Higgs. This is illustrated in Fig. 45. 

In case there is no elementary Higgs, new physics must appear at the latest at a 
mass scale of about 1.2 TeV in order to unitarize WLWL scattering [90]. Whatever 
this mechanism might be, TESLA will be sensitive to such a contribution, e.g., a 
strongly interacting vector state, up to a mass scale of 3-5 TeV [91]. 

As an example for manifestations of SUSY, Fig. 46 shows the lepton energy spectrum 
arising from pair production of smuons, e^ + e j —> iJ.RJJ.R- The smuon mass can be 
reconstructed from the correlations between the two observed muons and from the 
endpoint of the /J. energy spectrum [92]. Note that the lepton spectrum is almost 
background free. This is the message from many of such studies: in e+e~ collisions 
the background from SM processes is small. 

http://iJ.RJJ.R-
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Figure 43: Possible site for TESLA (bottom) and a superconducting cavity of TESLA 
(top). 

Figure 44: Left: Signal for the Higgs as measured by the mass of the system recoiling 
from the n+p- pair in the reaction e+e~ -> H°Z_>ll+)1-. Right: Expected Higgs 
branching ratios as a function of mH; the expected experimental accuracy is indicated 
by the size of the error bars. 
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The construction time for TESLA is estimated to be 8 years. If approved in 2003/4 
operation could start in 2011/12. Approval of the project will need strong positive 
support by the HEP community worldwide [93] and will require that a substantial 
fraction of the components of the machine are provided by nonhost countries. 

14 Concluding remarks 

The high luminosity experiments BABAR and BELLE have opened a new window 
on the b-quark system and will revolutionize our knowledge of heavy quark systems. 
Their discovery of CP violation in the B system is just the beginning. The existence 
of direct CP violation in the K system has been established. The results on solar neu
trinos and the existing evidence from amospheric neutrinos have basically established 
that neutrinos do have a mass and do mix. When summed over all active neutrino 
flavours, the solar neutrino flux observed on earth agrees with the predicted flux. It 
is time to prepare for measuring the elements of the neutrino-CKM matrix which will 
require in the long run a neutrino factory. HERA is testing the space-like region at 
very large virtualities, while the low-x region has opened the door for the study of 
large parton densities and confinement in a novel way. Many more exciting results 
have been presented from dedicated machines, from large colliders, from nonaccelera-
tor and from astrophysical experiments. Yet, the Standard Model again has defied all 
attempts to look for physics beyond, with possibly one exception, the SM predictions 
for the Mw, Mtop mass relation. A reduction of the measurement errors for the W 
and t masses by a factor of two or more would increase the sensitivity for new physics 
greatly. We are all convinced that to look beyond requires higher energies and are 
eagerly awaiting the turn-on of LHC and the approval and construction of an e+e~ 
collider in the 0.5 -1 TeV range. 
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CHAIRMAN: G. WOLF 

Scientific Secretaries: M. Biglietti, S. Cucciarelli, K. Harder 

DISCUSSION 

- Schilling: 
When you showed recent highlights of diffraction at HERA, you showed a ZEUS 

measurement of the ratio of diffractive over inclusive cross-sections. The data were 
compared with a model often called 'saturation model', and approximate agreement 
with the data was found. What is your conclusion from this? 

- Wolf: 
I find it very interesting that, by fixing the free parameters of this model with the 

data on the total cross-section, the model is able to reproduce the measured diffractive 
cross-section to within about 30%. However, whether the 'saturation' claimed by the 
model to be present in the data has anything to do with the saturation expected for F2 

2 
at fixed large Q as x —> 0 is not clear to me. On the other hand, the authors have 
made an interesting ansatz for the quark proton cross-section, which gives an 

2 
astonishingly good description of F2 at low and high x and Q . By the way, the 
calculation shown in the figure is already a step further because it includes DGLAP 
evolution. 

- Sichtermann: 

Could you comment on the view that in the case SUSY belongs to this universe, 
the LHC experiments will best map out the associated mass spectrum, and that the 
muon g-2 value will most accurately determine tan 13? 

- Wolf: 

LHC is able to search the full mass range up to 3 TeV for the presence of SUSY 
particles. The muon g-2 experiment at BNL can discover physics beyond the Standard 
Model well before LHC in a global way, provided they have much more data, and the 
uncertainties of the Standard Model predictions are small. 

Aushev: 
Is it still realistic to measure CP violation at HERA-B? 

- Wolf: 

The earlier timetable of HERA-B has been too optimistic. At present HERA-B has 
been authorized for a first step, the measurement of the b b cross-section. From all I 
know about the status of the hardware, the experiment seems to be in good shape 
now. However, it is still a factor of ten away in the efficiency for b detection when 
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studying CP violation. In one or two years the experiment should be ready for the next 

step. 

- Aushev: 

What is the situation with the xs measurement, the oscillation parameter of Bs 

mesons? 

- Wolf: 
I guess that will also be a goal for step two. 

Canelli: 
I remember that last year CDF and ALEPH were seeing some hints for a light 

sbottom, and I wonder what happened with that, whether they are still working on 
that? 

- Wolf: 
I have not heard anything about that any more, and I did not see a related 

contribution to EPS this year. 

Dingfelder: 
What interesting results in the field of exotics/searches are there or we can expect 

in the future of HERA? 

- Wolf: 
The increase in luminosity and the improved detectors will allow to search for 

new physics with much higher sensitivity. Among these are instantons, lepton flavour 
violation, quark flavour changing neutral currents (FCNC) leading to u —> c and 
s —> b transitions in deep inelastic scattering at large x (x > 0.2), and to single top 
production in u + y(z) —»t or c + y(z) —> t. As mentioned before, exciting new features 
of HERA are the left- or right-handed e" (e+) beams which open the possibility to look 
for right-handed charged currents leading to e~R p —» v X and e+

L p —> v X, which are 
forbidden in the Standard Model. 

Schilling: 
Can you comment on the excess of isolated lepton events at HI? 

- Wolf: 
HI sees excess of events with isolated leptons and large missing px- Such events 

are promising candidates for new physics such as the production of squarks via R-
parity violating interactions. ZEUS does not see such an excess. HERA II will allow 
to have a fresh look at this subject. 
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- Korthals-Altes: 
About the exotics searches at LHC: You quote extra dimensions. I saw a paper 

about two months ago about computing the cross-section of black hole production at 
LHC (Giddings and Thomas, hep-ph/0106219). I just wondered whether anybody has 
taken that up. 

Veneziano: 
There is indeed also a very recent paper by Dimopoulos and Emperan (hep-

th/010806). I think they do not claim the production of black holes, but of some 
precursors of black holes, some strings which are not compact enough to make a 
black hole. But I think their estimate of the cross-section is too optimistic. 

- 't Hooft: 

What was their definition of a black hole? It cannot be anything like what I would 
call a black hole. 

Veneziano: 
They look into higher-dimensional black holes related to a lower Planck mass, say 

around 10 TeV. They say that, even at 10 TeV, one can possibly form them in 
collisions at very small impact parameter (small means the inverse of the energy). 
Therefore the cross-section should be very small. Also one has to make sure that the 
objects which are formed are smaller than the Schwarzschild radius associated with 
that energy. The cross-section would be somewhat larger for forming objects slightly 
larger than their Schwarzschild radius. 

- Wolf: 
What is the signal for black holes? 

Veneziano: 

If you really form a light black hole, the signal would be that the more energy you 
pump into the black hole, the softer would be the energy of the secondaries, because 
there is an inverse relation between the energy or the mass of the black hole and the 
temperature of the black hole. This has been said by many people. It would be very 
different from scaling; it would be some kind of anti-scaling. 

- Wolf: 

Would you get all the energy back which you pump into the black hole or would 
there be a large missing energy? 

Veneziano: 

I think eventually the black holes would evaporate all their energy into radiation 

but something could possibly go into extra dimensions. 
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- Levy: 
About CP violation in the K sector: You presented a standard model calculation 

that agreed pretty well with the data but used a strange quark mass of 156 ± 25 MeV. 
Now we heard from Prof. Kenway that the latest number for that is around 90 MeV. Is 
the new calculation wrong, or will the agreement with the Standard Model be 
affected? 

- Wolf: 
This is a question for the theorists. There are also recent calculations which led to 

negative values for Re(eVe). Some experts believe that the lattice calculations have to 
be improved. 

Levy: 

I understood that it is not a lattice calculation, but they just used the strange quark 
mass from lattice calculation. 

- Wolf: 
The paper I quoted uses a strange quark mass from the lattice. 

- Kenway: 

The lattice result for the strange quark mass has come down a lot compared to the 
number you quoted. But the theoretical result you quoted for Re(eVe) had also a large 
theoretical error. 

- Wolf: 
The error on the strange quark mass was actually quite small, viz. 156 ± 25 MeV. 
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Experimental Highlights from Gran Sasso Laboratory 

A. Bettini 

Dipartimento di Fisica G. Galilei dell'Universita di Padova 

INFN Gran Sasso National Laboratory and Sezione di Padova 

Abstract 

The Gran Sasso National Laboratory of the INFN has given important contributions to the discovery of the 

phenomenon of neutrino oscillations with experiments both on electron neutrinos from the Sun and muon 

neutrinos indirectly produced by cosmic rays interactions in the atmosphere. Other experiments in the laboratory 

give the best limits on electron neutrino effective Majorana mass with two different isotopes. We appear to have 

entered a new physics domain in which the study of neutrinos may lead us to discover new phenomena, 

corresponding to energy scales by much higher than those of the present accelerators. Underground laboratories are 

showing their relevance complementary to the colliders for the advance of basic physics. 

The physics program at the Gran Sasso Laboratory that we are defining will be focussed on neutrino physics with a 

complementary set of experiments on the muon neutrino beam from CERN (CNGS project), on solar neutrinos, on 

atmospheric neutrinos and on neutrinos from Supernova explosion. The relevant thermonuclear cross-sections will 

be measured. The Majorana vs. Dirac nature of electron neutrinos will be explored with the search for neutrino-less 

double beta decays in different isotopes. 

1. Introduction 

Underground laboratories are complementary to those with accelerators in the basic research of the 

elementary constituents of matter, of their interactions and symmetries, providing the low 

radioactive background environment necessary to the search for these extremely rare, nuclear and 

subnuclear phenomena. Indeed we have now for the first time strong hints for physics beyond the 

standard model. The evidence is in neutrino physics and has been obtained in underground 

laboratories, mainly Kamioka in Japan, Gran Sasso in Italy and, more recently, SNO in Canada. 

On the basis of this evidence we know now that some of the assumptions of the Standard Model 

are not correct. Neutrinos have non zero masses, electron neutrinos, muon neutrinos and tau 

neutrinos - the particles produced by weak interactions and detected by our apparatuses - are not 

the mass eigenstates and their flavour quantum numbers are not conserved. These findings point 

to new physics. 

After a brief historical recollection of the birth of the Laboratory and an introduction of the basic 

concepts of neutrino physics, I'll report the principal experimental contributions of Gran Sasso to 

neutrino physics. Finally I'll describe the research program we are defining for the next several 

years. 
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2. The Gran Sasso Laboratory (LNGS) 

The INFN Gran Sasso Laboratories are located besides the freeway tunnel (10.4 km long) 

connecting L'Aquila (West) and Teramo (East), at about 6 km from the west entrance, 120 km 

from Rome. 

Fig. 1. Artist view of the underground facilities of the Gran Sasso Laboratory 

Fig. 1 shows a view of the facility. The access is through the East heading freeway gallery. Two 

internal tunnels parallel to the freeway can be seen in Fig. 1, one is narrow for cars, while the 

other, U-shaped, is for lorries, allowing the easy transportation and installation of large pieces of 

apparatus. The underground facilities consist of three experimental halls, called hall A, B and C, 

and a set of connecting tunnels and service areas, for a total surface of 18 000 m2. The three halls 

are approximately 100 m long, 18 m wide, 18 m high. The infrastructures of the laboratory are 

completed by a number of buildings on the surface, near the western entrance of the tunnel, 

hosting offices, laboratories, shops, library, canteen, etc. 

The laboratory is located at 963 m over the sea level. The rock overburden is 1400 m, with a 

rather flat shape, providing uniform coverage at all angles, with cosmic rays muon flux 

attenuation by 106. The neutron fluence from the dolomite rock is also particularly low, one 

thousand times less than on the surface. 

The mission of the laboratory is to host and run experiments in fundamental physics requesting 

very low levels of radioactive background and researches in other disciplines (notably geophysics 

and biology) that can profit of the unique environmental characteristics of the site. 

The proposal to build a large, high technology, underground laboratory was advanced in 1979 by 

A. Zichichi, then the President of the INFN (Istituto Nazionale di Fisica Nucleare, the Italian 

Agency responsible for nuclear and subnuclear physics) and approved by the Italian Parliament in 

1982. Since the original project of Zichichi the orientation of the halls was towards CERN, in 

order to host detectors to study neutrino oscillations on a beam produced at that laboratory. 

Civil engineering works, under the responsibility of ANAS, the Italian Road Department, started 

in autumn 1982 and were completed by 1987. By 1989 the first module of a large experiment, 

MACRO, was taking data. 
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In 1990 the Italian Parliament approved a further law, and corresponding bill, committing ANAS 

to complete the Gran Sasso Laboratory with two new halls and with an independent access tunnel, 

necessary to guarantee a high safety standard. While in the 80's immediate action had followed the 

decisions of the Parliament, the different political situation of the 90's slowed down the realisation 

of the civil engineering works. Finally, the new Government in 2001 has included the project in 

its public works programme as an "emergency" issue. 

Experiments at Gran Sasso, in its little more than ten-year operational life, have already provided 

major discoveries and given important contributions to science"1. 

Taking office in 1997, I charged the international Scientific Committee of the Laboratory to 

examine in depth all the running experiments in order to determine on scientific grounds the data 

taking time still necessary to each of them to be completed. The experiments had been approved, 

in fact, without a definition of their overall occupation time of the underground space. 

The review led to the conclusion that in the year 2001 almost half of the laboratory space would be 

available to new experiments. The knowledge of availability of space has stimulated the scientific 

community and a number of very interesting ideas and proposals have been submitted to the 

Laboratory. It is now clear that first class opportunities are present for the next experimental phase 

that may, with a bit of fortune, lead to major discoveries of physics beyond the present theory of 

elementary particles. 

Neutrino physics will be the principal, but not the only issue of the research program for the next 

years. As we will see, experiments both with naturally produced neutrinos (from the Sun, from 

the atmosphere and from Supernova explosion) and artificially produced ones (mainly from 

CERN, but possibly by other sources too) are being built or planned. Other experiments will try 

to understand the nature of the electron neutrino and search for the Majorana mass, still others (not 

reviewed here) will continue with increased sensitivity the search for non-baryonic dark matter. 

The already started measurements of thermonuclear cross-sections at energies relevant for the stars 

and Sun combustion processes will continue with an improved underground accelerator facility. 

For more complete reviews see ref.[21 

3. Neutrinos. An introduction 

We know three different neutrinos, each with a definite leptonic flavour, the electron neutrino (ve), 

the muon neutrino (v^) and the tau neutrino (vt). They are the flavour eigenstates, the states 

produced by the weak interactions and detected by our instruments. In both processes, production 

and detection, flavour lepton numbers are conserved. Direct measurements of the masses of each 

neutrino flavour have given only upper limits and these masses are assumed in the Standard 

Model to be zero. 

Indirect evidence for neutrino masses can be obtained observing another phenomenon, the 

quantum oscillation between different neutrino flavour states, as shown by Bruno Pontecorvo in 

1957pl. He later developed with Gribov the basic formalism in 1969I3]. Since then, neutrino 

oscillations have been systematically searched for in experiments at artificial neutrino sources, 
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accelerators and nuclear reactors, but never reliably established. The situation has drastically 

changed in the recent years due to experiments on natural neutrino sources. Experiments on 

electron neutrinos from the Sun and electron and muon neutrinos indirectly produced by cosmic 

rays in the atmosphere have shown that, very likely, neutrinos oscillate amongst states of definite 

flavour. This implies that, contrary to the assumptions of the Standard Model: 1. electron, muon, 

and tau neutrinos are not the stationary states (the mass eigenstates) v,, v2, and v3, with masses 

m,, m2 and nt, respectively; 2. at least two of the masses are not zero; 3. flavour lepton numbers 

are not conserved. 

Let us start from the simple, but not real, situation of only two neutrino flavours, say vtt and v^. 

These states are linear superpositions of the mass eigenstates, given by the mixing matrix. The 

mixing matrix being unitary, its elements can be expressed in terms of one real parameter only, the 

mixing angle 8. 

In an initially pure va beam, mono-energetic with energy E, the two eigenstates propagate with 

different velocities and the va and v„ components periodically vary (neutrino oscillation). A simple 

calculation shows that the probability to detect a v̂ , in such a beam at the flight distance L is 

(1) Pv _^v = s in 2 20s in 2 ( l . 27Am 2 ( eV 2 )4 ] E 1 Vl 

The probability to observe v^'s initially increases from zero, reaches a maximum and then 

decreases, in a periodic phenomenon, called oscillation. The period is inversely proportional to 

Am2 = m2
2 - m,2, the difference between the squares of the masses of the two eigenstates. Notice 

that the oscillation probability depends only on the absolute value of the square mass difference 

and not on its sign. The first oscillation maximum takes place at 

L(km) _ n 1 1 

E(GeV) 2x1.27 Am2 Am2(eV2) 

Eqn. (1) contains a second important parameter, sin220, which is the amplitude of the oscillation 

probability. The amplitude is maximum (100%) for 0 = jt/4. The case is called maximum mixing. 

The results of the oscillation searches are reported in the parameters plane Am2 vs. sin220. All the 

a priori possible situations are described by mixing angle values ranging in the first octant, 0 £ 8 

£ it/4. As we will see this is not correct if neutrino flavours are more than two or if, even if two, 

travel in matter. 

Expression (1) that gives the probability of appearance of the new flavour is relevant for 

appearance experiments, that try to detect v^'s. Obviously, the probability of observing the 

original flavour (disappearance experiments) is 

(3) P v ^ v =1 - sin2 20 sin2 [1.27Am2 (eV2) 
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In practice, neutrino sources, both natural and artificial, do not produce a mono-energetic neutrino 

flux, neither detectors measure neutrino energy with perfect resolution. Let us then consider the 

expression (3) of the disappearance probability if E is not well defined. Assume, to be concrete, 

maximum mixing. For each energy, initially the probability to still observe the original flavour is 

one. When LIE increases (the beam propagates) the probability decreases, again for all the 

energies. Then, one after the other, the probabilities reach their minima. At still higher LIE values, 

some of the energies will have already increasing probabilities, while others still decreasing ones. 

As a result, after the first minimum, the different contributions average out, at 1/2 for maximum 

mixing. It is indeed possible to observe a full oscillation pattern designing an experiment with 

sufficient resolution in the crucial LIE parameter and with sufficient statistics (see for example 

MONOLITH proposal in the following). 

If an electron neutrino (or antineutrino) beam propagates into matter (in the Sun, in the Earth or in 

a Supernova) another mechanism may cause flavour conversion, the so-called MSW effect141. 

Electron neutrinos (and antineutrinos) interact with electrons via charged current weak interactions 

giving, in particular, coherent forward scattering, a phenomenon exactly similar to the forward 

scattering of light in matter at the origin of the refractive index. Similarly to light, the electron 

neutrino wave acquires a refractive index different than in vacuum, or, equivalently a different 

effective mass. Notice that the effect is proportional to the forward scattering amplitude, hence to 

the Fermi constant, not to the cross section, which is proportional to its much smaller square. This 

explains the importance of the effect. The effect is limited to electron neutrinos because the other 

neutrino flavours interact via neutral current only and the effects of negative (electrons) and 

positive (nuclei) compensate. 

The effect depends on the electron density (Ne) times the neutrino energy (E). In appropriate 

conditions a level crossing, or resonance if one prefers, phenomenon takes place: at a critical NeE 

value the effective electron neutrino "mass" becomes equal to that of a different flavour. Electron 

neutrinos will convert into neutrinos of that flavour, or viceversa, while crossing a variable 

density medium when they reach this critical value. 

Clearly, the squared-mass matrix is no longer diagonal in matter and it must be diagonalised to 

find the correct matter eigenstates and eigenvalues. Considering for simplicity a medium of 

uniform density, it can be shown that the oscillation probability can be written in the form 

(4) PVa^Vfs = s i n 2 2 0 m s i n 2 ( l . 2 7 A m 2 ( e V 2 ) ^ ^ ) 

where the effective "matter" mixing angle 6m and the effective square mass difference Am,2 take 

into account the matter effect 
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(5) Am2
m = ^(Am2 cos20 - A ) + (Am2 sin2fl)2 

s i n 2 0 m = - m
r s i n 2 6 with A = 2V2GFNeE =*> A(eV2) = 7.6 x 10"8p(kg/m3)E(GeV) 
m 

where GF is the Fermi constant. The resonance exists only if Am2 is positive, when the product 

pE is such that A=Am2cos 26. In this condition sin20m=l, i.e. the mixing becomes effectively 

maximum for any (but not too close to zero) value of sin20. Amm
2, that is always smaller than 

Am2, is minimum at resonance, Am.2 = Am2sin 26. There is no resonance for Am2 <0. Notice 

that the above expressions are valid for neutrinos. We will not discuss antineutrinos where the 

effect is different. 

Notice also that in matter the full range O s f l <nl2 is relevant, not only the first octant as in a 

vacuum. Maximum mixing (8=n/4) corresponds to maximum mixing angle (6 =^/2) only in the 

case of two neutrino flavours in vacuum, not in presence of matter and, as we will see, for more 

than two neutrino flavours. 

To have an idea of the orders of magnitude consider the electron neutrinos crossing the Sun. For a 

typical density of 104 - 105 kg/m3 and neutrino energy of 1 MeV, the resonance can happen if 

Am2 = 10~5- lO^eV2. 

4. Neutrino mixing 

We have experimental evidence of neutrinos of three different flavours; we also know from the 

width and from the height of the Z0 peak that they are exactly three. We cannot exclude that 

neutrinos states not coupled to the Z0 exist, even at low masses. They are called sterile neutrinos, 

but their presence is not requested by any confirmed experiment. The flavour eigenstates are linear 

combinations of the mass eigenstates 

(v,\ (uel ue2 ue3Vviy 

•• Uhl Ufil tfju3 v 2 

Vr\ ^T2 ^T3AV3> 

(6) Vy. 

The mixing matrix being unitary, its elements can be expressed in terms of four independent real 

parameters. These are usually taken as three "mixing angles", and a phase factor. The phase factor 

gives CP violating effects in the lepton sector, extremely important, but unfortunately still very far 

to be experimentally accessible. As a consequence, we will, for simplicity, forget the phase factor 

and consider only real matrix elements. We will adopt for the mixing angles the most commonly 

used notation 6n, 013 and 6n. Two further phases, a and /3, irrelevant for oscillations, are 

present if neutrinos are Majorana particles. 

In terms of the mixing angles the mixing matrix can be written (denoting with c12 the cosine of 

8n, 512 its sine, etc.) as the product of three matrices 
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(I 0 O V c B 0 s13Vc12 -s1 2 0^ 

(7) U- 0 1 0 

-s13 0 cI3/ 

s12 c12 U 

0 0 1 

The situation is now much more complex than for only two neutrinos. Two different oscillations 

take place with different frequencies or, in other words, at different flight times. The expressions 

for the probability to observe a state of definite flavour are much more complicated than (1). Just 

to give an example, an approximate expression of the probability to observe an electron neutrino 

in an initially (monochromatic) muon neutrino beam propagating in a vacuum is 

(8) P v ^ V e = s i n 2 ( 0 2 3 ) s i n 2 ( 2 e 1 3 ) s i n 2 ( l . 2 7 A m 2 ( e V 2 ) - ^ ) 

valid for flight times relevant for the first oscillation when the second, slower one has not yet 

started. Notice that the probability amplitude depends now from two mixing angles. In particular, 

it is different if 6n is in the first or second octant. The full ranges 0 s 612, 013, 023 s nl2 must be 

considered, and not 0 - nIA as is still frequently, but wrongly, done. The variable sin2 20 is 

misleading and should not be used. Better variables are sin20or tg20 or just 0. In practice I'll be 

sometimes forced to use sin220 in the following, when quoting results presented in this form, but 

only in cases safe from errors. 

As already recalled, neutrino oscillations have been searched for since decades with artificial 

neutrino beams from accelerators (mainly muon neutrinos) and reactors (anti electron neutrinos) 

but no reliable experiment has reported a positive result confirmed by a different experiment so 

far. This can be understood if the square mass differences are so small that the oscillations times, 

or the flight paths requested to observe oscillations, are very large, much larger than the 

characteristic lengths, order of 1 km, of most neutrino beams. 

On the other hand deficits in the electron neutrinos from the Sun and muon neutrino from the 

atmosphere fluxes have been observed with increasing reliability and precision. The simplest 

interpretation of both anomalies is that they are due to two different oscillation phenomena, both at 

LIE values much larger than those available at accelerators up to recently (K2K experiment, see 

later). 

A summary of the present knowledge is the following. 

The thermonuclear processes in the core of the Sun produce electron neutrinos; when the flux of 

neutrinos of this flavour is measured on the Earth, substantially lower values than expected are 

found. This, together with other more detailed findings, as we will see, can be explained only if 

neutrinos behave in a non standard way, the simplest hypothesis being oscillations (including 

MSW effect). Solar neutrino data do not select a unique solution, but are compatible with a few: 
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three of them are mainly MSW transitions and are called "Small mixing angle" (SMA; 8m2 <= 10 5 

eV2, tan2012 - 10"3 - 10"4), "Large mixing angle" (LMA; 5m2 - 10"4 - 10"5 eV2, tan2012 - 0.5 -

1), and LOW (8m2 - 10~7 - lO^eV2, tan2012 - 0.5 - 1), the fourth is for oscillations in vacuum 

(8m2 = 10"9 - 10"12 eV2, tan2012 = 1). Solar neutrinos give information on the first line of the 

mixing matrix (6), or, in other terms, on the last of the three factors in (7). All solutions indicate a 

small value of \Ue3\
2, all but one, SMA that is disfavoured by present data, are close or equal to 

"maximum mixing" meaning here that \Uel\
2 — \UJ2 «• 1/2 (within a large uncertainty) or 6l2 close 

to JC/4. Notice (again) that maximum mixing (0=jt/4) does not correspond to maximum mixing 

angle (0=Jt/2). 

The second anomaly has been convincing observed by Super-Kamiokande and confirmed by 

MACRO (and SOUDAN2, but with low statistics) in the "atmospheric" neutrinos. Atmospheric 

neutrinos give information on the elements of the third column of the mixing matrix, or on the first 

factor in its expression (7). Neutrinos in the two electron and muon flavours are indirectly 

produced by cosmic rays in the atmosphere (in a ratio roughly 1:2). Neutrinos reach a detector 

from different directions from zenith to nadir; the corresponding flight lengths range from 10 km 

to more than 12.000 km. While the measured electron neutrino flux is as expected at all flight 

lengths, that of muon neutrinos is according to expectations at shorter lengths, but half of the 

expected at the larger lengths. The simplest interpretation is that we are observing a second 

oscillation phenomenon mainly v *•» vT. The square mass difference, as measured by Super-

Kamiokande, is 1.8 x 10"3 eV2< Am2 < 4 x 10"3 eV2. The mixing is compatible to be maximum, 

meaning now that lt/^12 — \U^\2 •" 1/2 (with a sizeable uncertainty) or 823 close to JC/4. The non-

observation of the v^ ** ve component implies again that the \UJ2 matrix element is small. 

A very important contribution has been given by the CHOOZ[5J experiment, which measured the 

flux of electron antineutrinos at a distance of 1 km from the source (two power reactors). It is a 

disappearance experiment that gives information on \Ue3\
2 or, in other terms, on the second matrix 

in (7). The LIE values of this experiment are almost on the first oscillation maximum of the 

atmospheric oscillation, maximising the sensitivity. Having found no evidence for oscillations, the 

experiment gives the stringent limit sin22013sO.l, which implies either 013s9° or 0ua81°. The 

second possibility is ruled out by solar data and we have the limit \Ue3\
z< 0.03. 

Summarising, the present evidence is that both in solar and in atmospheric anomalies the mixing is 

close to maximum, i.e. that 6I2 => Jtl4, 623 •» ltd4 and that 013 = 0. The extreme case, called "bi-

maximal mixing" is compatible with all data. The mixing matrix is 

(± 42 
1 
2 
1 

, 2 

1 

42 
1 
2 
1 
2 
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5. Neutrino masses 

From the evidence briefly reported in the previous paragraph, we can assume that the neutrino 

mass spectrum consists of two nearby levels, m, and mv and a third more separated one, m3. The 

smaller mass difference 8m2 = m2 - m2 is responsible of the solar anomaly, the larger one Am2 = 

m3
2 - m

2
 m m

2 - m2 of the atmospheric one. The neutrino mass spectrum is composed of a 

doublet of states very close together and of a third, (v3) more separate state. As we do not know 

neither the sign of the square mass differences neither the absolute value of the masses, there are 

three basic alternatives for the mass spectrum: degenerate, when the masses are much larger than 

the mass differences, "normal" (AmVO) if the state with small electron neutrino component (v3) is 

higher, or inverted if it is lower (Am2<0) than the doublet. 

Notice that mass is a property of the stationary states (the mass eigenstates) and talking of ve, v^ or 

vT mass (as we have just done) is improper and in some cases misleading. What is meant depends 

in fact on what and how one measures (or limits), as we will now discuss. 

The best experimental (measured) limits, if neutrinos are Dirac particles, are those on the "electron 

neutrino mass" <m^>. They have been obtained by measuring the electron energy spectrum in the 

Tritium beta decay. Near the end point the slope is zero, if neutrinos have no mass. If neutrinos 

are massive, the maximum electron energy decreases (because the smallest mass, say m, * 0) and 

the spectrum ends with a step of vertical slope. Two further steps are present near the end point, 

in correspondence with the non zero values of m2 and m3. The heights of the steps are closely 

related to \UJ2, \UJ2 and I (/J2. In principle, with perfect resolution and large statistics the three 

masses and three mixing parameters can be extracted from the spectrum. In practice, the mass 

differences are so small that cannot be resolved and one measures an average effect, that, if the 

resolution function is much wider than the difference amongst the steps, is 

(10) < mle >=l UeX I2 m2+ I Ue2 I2 m |+ I Ue3 I2 mf 

Presently two experiments give the upper limit <m v^> < 3 eV[61. 

We also know that both the mass differences are much smaller than an electronvolt. Then, if 

<mvlp> were at the limit, neutrino spectrum would be degenerate. Considering that all the terms in 

the second member of (10) are non-negative, we conclude that each of the three masses is limited 

to 3 eV (raj<3 eV, m2<3 eV, m3<3 eV), and as a consequence <mv/l> < 3 eV and </n„> < 3 eV. 

Let us recall now that in the Standard Model the leptons states are represented by two-component 

left spinors, i.e. by tyL = (l+y5) ip, where ip is a 4-component Dirac spinor. Under CPT it 

transforms in its charge conjugate right spinor representing the antiparticle, say yf. Particles and 

antiparticles have all their charges opposite and must be different. Neutrinos do not have any 

charge, apart from the lepton number. If this is not a good quantum number, neutrinos and 

antineutrinos may be the same particle, or vf = ve. Neutrinos are then (pure) Majorana particles 

and new mass terms appear in the Hamiltonian. The relevant one is here the ee (others are e[i, ex, 

H/n, etc.) 
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Obviously, this term violates the lepton number by two units (AL = 2). 

If neutrinos are massive Majorana particles, a very rare process, the neutrino-less double beta 

decay (0v2/3) can happen in some nuclides. These are isotopes stable against normal beta decay, i. 

e. Z - » ( Z + l) + e" + ve is forbidden, but with the two-neutrino double beta decay (2v2/3) 

channel open: Z -* (Z + 2) + 2e~ + 2ve . This last is a very rare, but standard, second order weak 

process and happens if the ground level of the Z isotope is lower than that of Z+l but higher than 

that of Z+2. 

Fig. 2 shows the relevant graph for the (0v2/3) decay, where the cross in the neutrino propagator 

represents the Majorana mass term (11). 

Fig. 2. Neutrino-less double beta decay. Arrows indicate the flux of flavour 

The most common experimental approach is to measure the total energy released in the decay by 

the two electrons. Ideally, a spectrum as shown in Fig. 3 is expected: continuous for (2v2)3) 

decay, where some energy is taken by neutrinos, a single line at the transition energy for (0v2j8), 

where all the energy goes to the electrons. In practice the signal spectrum is superimposed on the 

possibly large background spectrum. To fully exploit the advantage given by the mono-

chromaticity of the signal, detectors must attain very good energy resolution that must be coupled 

to extremely low background conditions. 

1 2v|-i|! . - . 

OvPP 

\ 

0 0.5 1.0 1.5 2.0 
£(MeV) 

Fig. 3 Double beta decay energy spectrum. E is the sum of the energies of the two electrons 

Up to now, no (Ov2/3) signal has been observed and limits on the corresponding lifetimes have 

been set. From each of them a limit on the electron neutrino "effective mass" M"„ can be 
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extracted, taking into account the relevant nuclear matrix elements. The corresponding 

uncertainties on M™ee are typically a factor two. As a consequence, it is mandatory for a complete 

research program to include different double-beta active isotopes in the search. 

In the present case the "mass" that is measured, or limited is the quantity 

(12) I Mfe 1=1 [I Uel I2 mx + I Ue2 I2 e2iam2+ I Ue3 I2 e2ifim?> I] I 

Notice the presence of phase factors that can produce cancellations between the terms. 

Presently the best limit, M"ee < 340 meV (90% c.l.), based on the half-life limit of 2.1xl025 years, 

is given by the Heidelberg-Moskow171 experiment at Gran Sasso, obtained with a 37.2 kg x yr 

exposure of an enriched 76Ge detector. 

The effective mass hfee is inversely proportional to the square root of lifetime, or of the half-life 

TV2. For a given experimental technique, the sensitivity of an experiment or, in case of negative 

result, the limit on the half-life that it can obtain is directly proportional to the square root of the 

exposure (the detector sensitive mass M times the exposure time t) and inversely to the square root 

of the energy resolution A and of the background rate b. In conclusion 

limit on —TT a 2/7} n °c 4 -7M ^ " 2 
MM v i , * ^ A x f o 

xee 

We see that to increase substantially the limit, increasing the sensitive mass is not sufficient. The 

background must be contemporarily reduced, without compromising the energy resolution. Notice 

that to gain one order of magnitude in neutrino mass sensitivity, one needs, for example, to 

increase by two orders of magnitude the sensitive mass and decrease by two orders of magnitude 

the background rate. The task is very challenging indeed. 

The Heidelberg group has proposed in 1997 the GENIUS181 experiment aiming for a forward 

jump in the sensitivity with a large increase in the enriched Ge mass (1000 kg) an a drastic 

reduction of the background. Naked enriched Ge crystals would be used in a liquid N2 bath, 10 m 

across used both for cooling the crystals and to screen the external radioactivity. Monte Carlo 

calculations show that the technique should allow to reduce the background, in the relevant 

energy, to reach b = 3x10"* events/(kg keV yr). This would allow the experiment to reach the 10 

meV neutrino mass range. To prove that such a large reduction in the background is possible in 

practice, Monte Carlo calculations are not enough and a series of tests is necessary. To this aim 

the Collaboration has recently submitted the GENIUS-TF'91 proposal. The facility is based on 40 

kg of natural Germanium, and can perform some interesting measurements in itself. In particular 

the present Heidelberg Moscow crystals in this set-up can push the limit on the electron neutrino 
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mass to 100 meV in 6 years data taking, if the background level b = 6 x 10"3 ev/(kg keV yr) is 

reached. 

The most sensitive experiment on a different isotope {noTe) is MIBETA, again at Gran Sasso, 

with 20 Te02 crystals operated as bolometers at cryogenic temperatures. The total detector mass is 

almost 7 kg of natural Te corresponding to 2.3 kg of the double-beta active 130Te isotope (34% 

natural abundance). MIBETA has reached an exposure of 3.26 kg yr with a background level b = 

0.6 ev/(kg keV yr), giving the limit Hfa < 2 eV "01. 

The next experiment with the same technique is CUORICINO'"1 with 56 Te02 crystals, 0.76 kg 

each, corresponding to a total 13(Te mass of 14.3 kg. The first crystals are in the test phase. If the 

background level will be reduced at b = 0.1 ev/(kg keV yr), as it appears to be feasible from the 

results of the tests, sensitivity approximately of 0.5 - 1 eV will be reached in Ivf a 

Further increase in the mass, by an order of magnitude, and drastic reduction of the background 

are being studied in view of the CUORE project. It will consist of 1000 natural Te crystals equal 

to those of CUORICINO with a sensitive 130Te mass of 250 kg. To exploit the larger mass a 

further reduction of the background is needed. With b = 10"3 events/(kg keV yr) the collaboration 

hopes to reach the limit of hfee < 30 meV, while if the more conservative value of b = 10"2 

events/(kg keV yr) is reached, Ivf ee < 50 meV. 

The sub electronvolt sensitivity reached by the Heidelberg Moscow experiment gives already 

some constraint. As an example, let us consider the case of the solar SMA solution; then t/c2 s Ue3 

a 0 and from (12) \fee — ml and one sees that the Heidelberg Moscow results exclude neutrinos 

as cosmologically relevant in the universe. 

As another example, take bi-maximal mixing where we have approximately 

(13) M™ = -1 mx + e2iam2 I 

Now, depending of the value of a, cancellations can happen and the previous conclusion can be 

reached only if these are not important. 

The sensitivities in the range hfn = 3 0 - 5 0 meV that the next generation of double beta decay 

experiments could reach are extremely interesting. For example in case of hierarchic, inverted 

spectrum, m, and m2 are both close to the square root of the atmospheric square mass difference, 

i. e. 40-70 meV. The sensitivity of GENIUS and CUORE might be enough to detect the signal. 

6. Neutrinos from Supernovae 

Type II Supernovae in the Galaxy or in the Magellanian Cloud produce enough neutrinos (all 

flavours) to be observable. Notice that when leaving the Supernova core, electron neutrinos and 

antineutrinos have a softer spectrum (average energy approximately 10 MeV, I'll call it "soft") 

than the other flavours (average energy approximately 20 MeV, I'll call it "hard"). Neutrinos then 

cross the mantle, a medium of very high density in which important matter induced flavour 
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conversions take places. Having left the star, the mass eigenstates propagate, independently one 

from the other, to our detector, possibly with slightly different velocities. Clearly the flux of a 

flavour we measure may be extremely different from that produced in the Supernova core. The 

measurement of the arrival times cannot, neither in principle, measure or limit, as is frequently but 

wrongly claimed, the mass of the detected neutrino flavour, for example, of the tau neutrino. 

On the other hand we can extract information on neutrino mixing. To make an example, consider 

the case in which l[/e3l
2 is not too small (> a few 10^*). It can then be seen"21 that if Am2>0 the 

electron neutrino spectrum as detected on Earth is equal to the originally produced muon and tau 

neutrino spectra (that are equal), it is then hard. On the other hand, the electron antineutrino 

spectrum is halfway between the soft and the hard ones. If Am2<0, the roles of electron neutrinos 

and antineutrinos are inverted. The measurement of the ratio of neutrino and antineutrino spectra, 

which is almost model-independent, would allow determining the sign of Am2. 

At Gran Sasso the LVD dedicated experiment with its 1080 t sensitive mass of organic liquid 

scintillator is mainly sensitive to electron antineutrinos through the process ve + p - > n + e+. A 

few hundreds of events are expected for a SN explosion in the centre of the Galaxy (8.5 kpc), 

followed by the neutron capture n + p — d + y + 2.2 MeV, used as a tag with 60% efficiency. 

Their number and their energy spectrum can help in distinguishing amongst the different cases 

discussed above. 

The detector has a modular structure consisting of 912 tanks each seen by three photomoltipliers. 

The tanks are read out independently, so allowing a very high up-time, at least of a part of the 

apparatus. The up-time has been 99.3% during the year 2000. 

LVD is sensitive to electron neutrinos through the charged current process, 

v e + 1 2 C^e"+ 1 2 N followedby 12N-^12C + e + +v e 

where the second process is used as a tag. With an energy threshold of 17.3 MeV, the yield 

would be only a few events if the electron neutrino spectrum would be the cold original one. The 

process is particularly sensitive to oscillations because the induced hardening of the spectrum 

greatly changes the fraction of neutrinos above the energy threshold. 

The situation is very similar for electron antineutrinos detected through the charged current 

process 

v~e+
nC -» e*+12B followedby l2B^nC + e~ + Ve 

with an energy threshold of 14.4 MeV. On the other hand the rate of the neutral current process 

vx+
nC^vx+

nC* followedby nC'-^nC + y 

with a similar threshold (15.1 MeV), as due to all neutrino flavours, is insensitive to oscillations. 
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In conclusion the ratio between charge currents and neutral currents yields may contribute further 

information to distinguish amongst the different alternatives we have discussed above. Very 

important will be the comparison of data obtained with different detectors, with their different 

sensitivity to energy and flavours. 

7. Neutrino oscillations. Contributions of Gran Sasso on atmospheric neutrinos 

As already recalled, Super-Kamiokande"31 observed an anomaly in the muon neutrinos from the 

atmosphere that can be interpreted as evidence of neutrino oscillations. Super-Kamiokande is a 

large water Cerenkov detector with a fiducial mass of 22.5 kt. An electron neutrino or a muon 

neutrino interacting in the liquid produces an electron or a muon respectively. The Cerenkov light 

cone produced by the charged lepton is detected as a ring by the photomultipliers that cover the 

walls of the detector. The charged lepton energy and direction are measured. Assuming that 

neutrino and charged lepton have the same direction, the neutrino flight length can be inferred (see 

Fig. 4). The measured electron neutrinos flux is in accordance with expectations at all directions, 

while muon neutrino flux is as expected at short path lengths, becoming half of the expected at 

larger lengths. The simplest interpretation is that we are observing the disappearance of muon 

neutrinos due to an oscillation phenomenon. 

\ 

\ 

p k 

Fig. 4 Correlation between incidence angle and flight path for atmospheric neutrinos 

At the LIE values involved in atmospheric oscillations, the "solar" oscillation has not yet started 

and does not affect the data. The oscillation probability can be written in a good approximation (if 

also matter effects can be ignored) 

l-Pv ^ V = sin2(2e23)sin2fl.27Am2(eV2) M 1 " " ) ' 

that is identical to the expression (3) valid in a two-neutrino scenario. This justifies the 

approximation in this case. 

The best fit of the Super-Kamiokande data to the oscillation parameters is for Am2 = 2.5 x 10"3 

eV2 and sin22f923 = 1. The confidence level interval for the square mass difference is 1.8 x 1CT3 

eV2< Am2 < 4 x 10"3 eV2 at 90% confidence level. 
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The neutrino flavour (or flavours) into which muon neutrinos oscillate is not detected. It is not 

electron neutrino, because this flavour behaves as expected, and is presumably tau neutrino, these 

data being not sensitive to tau. Also an oscillation vfl=s- ve would have been observed by CHOOZ 

as electron antineutrino disappearance. 

A more exotic hypothesis is that the oscillation be into a neutrino species that does not interact 

with normal matter (and for this reason has never been observed) called "sterile" neutrino. 

Both Super-Kamiokande and MACRO observe "upward through going" muons, high energy 

muons produced in the rocks underneath the detector by muon neutrinos. These neutrinos can 

experience matter effects in the Earth different for muon or sterile neutrinos. Both Super-

Kamiokande and MACRO strongly disfavour sterile neutrinos as I'll discuss below. 

MACRO at Gran Sasso was a large area multipurpose detector to search for rare events in the 

cosmic radiation. It was built and commissioned gradually, in its modular structure, between 1988 

and 1995 and took data till December 2000. The experiment has given many important results but 

only those relevant for neutrino oscillations will be briefly recalled here. 

The detector had the dimensions of 76.5 x 12 x 9.3 m2, providing an acceptance to an isotropic 

flux of about 10 000 m2 sr. Its mass was 5 300 t. The lower part of the detector contained ten 

horizontal planes of tracking chambers interleaved by rock absorbers; four more horizontal planes 

were located in the upper part. Vertical tracking planes were located on the side walls. Three 

horizontal planes of scintillator counters were located at the bottom and at the top of the lower part 

and, as a roof, over the upper part. Scintillator planes close the vertical sides. Notice the 

importance to have both tracking and timing information available. 

cos 9 

Fig. 5. Angular distribution of the upward-going muons, crossing MACRO. The angle is measured from the 

zenith. Dotted line is the expectation (band gives the uncertainty) in absence of oscillations. Continuous line is for 

the best fit with oscillations (Am2 = 2.5 x 10"3 eV2and 023 = w/4) 

Muons entering the detector from below are produced by interactions in the rocks of muon 

neutrinos that had been produced by cosmic rays in the atmosphere and have crossed the Earth. 

The flight length of the neutrino can be inferred by its direction, as shown in Fig. 4 and is 
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approximately given by the measured direction of the muon. Upward going muons crossing the 

detector are identified by the tracking planes and by time of flight measurement by the scintillator 

planes. They are very rare, less than 100 per year. The measurement of the time of flight gives the 

rejection factor of 107 necessary for a clean separation of the upward from the much more 

abundant down going muons. These last originate from the decay of mesons produced in the 

atmosphere by cosmic rays and constitute a huge background, even underground, where their flux 

is attenuated by a factor 106. 

In total 809 upward through going muons are observed, while 1122 are expected in absence of 

oscillations. Fig. 5 shows their angular distributions1141 (cos 8 = -1 is the nadir) compared with 

the expectations. A clear deficit is observed at directions close to the vertical, i.e. for muon 

neutrinos that have flown several thousand kilometres; their median energy is about 50 GeV. The 

phenomenon is interpreted as evidence of oscillations, with maximum mixing and Am2 = 2.5 x 

10"3eV2 at the best-fit point. The confidence level interval for the square mass difference is 1.0 x 

10"3 eV2< Am2 < 7 x 10"3 eV2 at 90% confidence level. 
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MACRO 
90% confidence level 

(Feldman Cousin) 

ang. distrib. onty. 

ang. distrib. 
and normalisation 

0.5 0.6 0.7 0.8 0.9 1 
sin22623 

Fig. 6. Best fit with oscillations (Am2 = 2.5 x 10"3 eV2and 023 = jr/4) 

If the observed phenomenon is indeed due to oscillations it should depend not only on the 

neutrino flight length Lv, but also on its energy Ev, the relevant parameter being LJEV. Recently 

MACRO"51 succeeded in measuring the muon momenta from their multiple scattering. From these 

one evaluates statistically the corresponding muon neutrino energies. The idea has been to use the 

time of flight information, included in the streamer tubes read-out designed for monopole search, 

to improve the tracking resolution of the detector with a measure of the drift time in the gas. A 

series of software simulations and tests made on purpose on a beam at CERN allowed the 

experiment to improve the spatial resolution from approximately 1 cm to approximately 3 mm. 

Four samples of events were defined with median muon energies of 12, 25, 50 and 120 GeV 

respectively. The comparison of the corresponding angular distributions with the expectations in 

absence of oscillations shows that the disagreement increases with decreasing energy, as expected 
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for oscillations. Fig. 7 shows, finally, the LJEV distribution compared with the non-oscillation 

hypothesis and with oscillations with Am2 = 2.5 x 10"3eV2. 

1.2 

1.0 

0.6 

0.4 

0.2 
| „| No oscillation 

• Am2=2.5xl0-3 eV2 ; 0 = It/4 

1.0 2.0 2.5 3.0 3.5 4.0 
logioO^CkmyEvCGeV) 

Fig. 7. LJEV distribution for the sample of upward-going muons crossing MACRO compared with the non-

oscillation hypothesis and with oscillations with Am2 = 2.5 x 10~3eV2and 6n = n/4 

The ratio of vertical and horizontal fluxes is different if the oscillation is into tau or sterile 

neutrinos, at least for a range of values of Am2. This is because matter effects do not change the 

oscillation probability for v^ => vx as both neutrinos have the same interactions (via neutral 

currents) with matter. On the other hand for vM=> vsteHU matter effects can change significantly the 

oscillation probability. The effect is a maximum for angles near to the (upward) vertical, because 

here neutrinos have interacted after crossing the dense nucleus of the Earth. For neutrino energies 

above 50 GeV or so, we see from (5) that A/Am 2 »l . Then sin 220m»l and the MSW 

conversion is strongly suppressed for sterile neutrinos. 

Fig. 8 shows'161 this ratio having defined as vertical the flux for - 1 s cos 9 s -0.7 and as 

horizontal for -0.4 <. cos 9 s 0 as a function of Am2. The tau neutrino hypothesis is strongly 

favoured. 
2.5 

10-5 10^ 10-3 10-2 10-' 
Am^eV2) 

Fig. 8. Ratio between "vertical" and "horizontal" fluxes of upward going muons. Curves show the expectations for 

muon neutrino oscillation 100% into tau neutrinos and 100% into sterile neutrinos as functions of Am2 
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8. Neutrino oscillations. Contributions of Gran Sasso on solar neutrinos 

The main process responsible for energy production in the Sun is an overall reaction leading from 

four protons to a He nucleus, two positrons and two electron neutrinos. The process is called pp 

chain. It produces an energy of 26.7 MeV. Because we know the energy flux from the Sun and 

both the energy and the number of neutrinos produced by the above-mentioned elementary 

process, we can reliably calculate the expected electron neutrino flux with an uncertainty of 2%. 

But the situation is more complicated. There are other thermonuclear reactions that contribute very 

weakly to the energy production, but give origin to neutrinos, as shown in Fig. 9. The most 

relevant are due to the 7Be and to the 8B branches. 
98.5 % 

I 2H + p — 3He + y I 

I 
84.7 % | ' 1 13.8 % 

|3He + 3He-> 2/> + o | | 3He + 4He-> 7Be + y | 

1 3 . 7 8 % | *— | 0.02% 

I 7Be + < r ^ 7Li + y + v . | I 7Be + p — 8B + y I 

I I 
| 7 L i + p - » q + q | | 8B -* 2 a + g + + v , | 

Fig. 9. Branches of the pp cycle 

Fig. 10 shows the calculated solar neutrino spectrum as predicted by the standard solar model127'. 

In the upper part, the energy thresholds (the energy above which an experiment is sensitive) of the 

different experiments are reported. Notice that pp neutrinos have very low energies. 

0.1 1 10 
Energy (MeV) 

Fig. 10. Solar neutrino spectrum 

As already recalled, the first solar neutrino detector was based on the electron neutrino capture by 

CI nuclei, ve+
37Cl-»e~+37Ar on the 37C1 nuclei contained in 600 t of perchloroethilene. With a 

neutrino energy threshold T= 814 keV the experiment is sensitive mainly to B and Be neutrinos. 
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It was built and operated by Ray Davis in the Homestake gold mine in South Dakota starting in 

1965. First results were published in 1968. Homestake not only detected the solar electron 

neutrinos but also discovered"7' that the neutrino flux was much less, only 33±6% of the 

expected"81. Unfortunately this experiment was never calibrated in its absolute efficiency, but it 

started the "solar neutrino problem". 

Kamiokande"9' (data taking between 1985 and 1996) and its successor Super-Kamiokande'201 

(started in 1996 and still running) are water Cerenkov detectors and detect in real time electrons 

recoiling from an elastic scattering of a neutrino, vx+ e~-*vx+ e~. Notice that all neutrino flavours 

(v,) contribute to the elastic scattering, electron neutrinos via charged and neutral currents, v and 

vt via neutral currents only and, as a consequence, with smaller cross sections (by approximately 

1/6). With an energy threshold T =1 MeV, only the B part of die solar spectrum is detected. 

Kamiokande was the first to show that neutrinos are really coming from the Sun. The measured 

flux was 55±12% of the expected, confirming the solar neutrino problem. Super-Kamiokande 

then confirmed the Kamiokande results with increased statistical (more than 20 000 solar neutrino 

events have been collected so far) and systematic precision, measuring an electron neutrino flux 

47+8 % of the expected. 

There are in principle two possible solutions to the solar neutrino problem: or the solar models we 

use are wrong (astrophysical solution), or the neutrinos do not behave as predicted by the 

standard model of the elementary particles (particle solution). 

Super-Kamiokande has also measured and continues to measure the neutrino energy spectrum 

both during the day and during the night, when neutrinos reach the detector crossing the Earth and 

MSW effects are possible. Both pieces of information are very important to constrain the 

oscillation parameters. An artificial electron source, an electron LINAC, is used by the experiment 

to calibrate accurately its energy scale. 

The values predicted by the solar model in the higher energy part of the electron neutrino spectrum 

strongly depend on the input parameters (even if severe constraints are put by our knowledge of 

the Sun). As already recalled on the contrary, the flux at low energy, depends only on the solar 

luminosity. A process sensitive to these low energy electron neutrinos is the absorption by 71Ga 

nuclei, ve +
 71Ga -» e~ + 71Ge, whose threshold is 233 keV. The process is extremely rare, it 

happens roughly once a day in 10 t of 71Ga (30 t of natural Ga). The produced 7lGe are in an 

unstable state, are periodically extracted (every few weeks) and are detected via their decays and 

counted. GALLEX1211 at Gran Sasso and SAGE1221 in the BAKSAN Laboratory under the 

Caucasus are based on this process and started data taking in 1991. GALLEX, that took data till 

1997, uses 301 of natural gallium in the form of a gallium-chloride solution (100 t), SAGE uses 

gallium in metal form. 

The series of operations needed to extract and count the very few nuclei is extremely delicate. A 

set of tests and checks of the efficiency was performed by GALLEX, including the exposure to an 

artificial neutrino source that allowed to determine the relevant neutrino cross sections and the 

overall performance of the procedure. The calibration source was a 62 PBq 51Cr source giving 
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electron neutrinos of energy similar to those from the Sun (200 decays into 7lGe in three months). 
A run in 1994 gave, for the ratio between measured and expected yields R - 1.0±0.1, a second in 
1995, R = 0.83±0.1. These measurements gave strong confidence on the radiochemical 
technique. 

GALLEX was completed in 1997. Its final result is 77.5±6.2(stat.)±4.5(syst.) SNU (one SNU is 
10"36 captures per target nucleus per second). GNO uses the GALLEX structures with 30 t of 
natural Ge and with several improvements in the counters and in the electronics (a substantial 
increase in Ga mass has been proposed). It will continuously take data on a long (order of 10 
years) period, gradually reducing the overall uncertainty in the flux measurement. For some 
solutions seasonal variations might be observable. The results of the first two runs have been 
published'231. The measured yield in 35 solar runs is 68.9±7.3(stat)±3.2(syst). The systematic 
uncertainty being already reduced to 4.6%. These results together with those of GALLEX 
(divided in four periods) are shown in Fig. 11. The weighted average of GALLEX and GNO is 
73.9±4.7±4.0. For comparison, the solar model predictions range between 115 and 135 SNU. A 
strong deficit is again observed. 

Fig. 11. The yield measured by GALLEX (data before 1998) and by GNO (data after 1998). It is given by the 

product of the electron neutrino flux and of the capture cross-section integrated over the relevant energy range. 

Similar results have been obtained by the SAGE experiments, that while based on the same 
physical process, uses completely different techniques with different uncertainties and systematic. 
These observations not only confirmed the solar neutrino problem, but lead to the exclusion of the 
astrophysical solution. In fact the flux measured by GALLEX is mainly the sum of the pp, 7Be 
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and 8B contributions. If one subtracts the pp flux as calculated from solar luminosity and the 8B 

contribution as measured by Super-Kamiokande from the total flux as measured by GALLEX 

(and SAGE too) one finds that no room at all is left for Be neutrinos. But Be neutrinos must exist 

because Be is a daughter of B (see Fig. 9). This is a second anomaly, known as "Be neutrino 

problem". There is no astrophysical process able to explain the absence of Be neutrinos and the 

only explanation left is that electron neutrinos disappear as such in their journey from the centre of 

the Sun to the Earth. The most probable interpretation is that neutrinos change their flavour by 

oscillations in the vacuum or by MSW effect in the Sun or both. 

Recently the SNO experiment reported its first, very important results'241. SNO is a Cerenkov 

detector located at a depth of approximately 2000 m depth in the INCO, Ltd. Creighton mine near 

Sudbury, Ontario. A 12 m diameter spherical acrylic vessel contains 1000 t of ultrapure D20. The 

most important result is the measurement of the electron neutrino yield above 7.65 MeV by means 

of the absorption process ve + d -» p + p + e~. Super-Kamiokande has measured the yield of the 

elastic scattering in the same energy range. This can have contributions both from v/s and v^'s 

and v t 's, even with a cross section about six times smaller for the last two. Subtracting the two 

measured fluxes one finds 0.57±0.17 x 106 cirfV1, or 3.3 o. This proves that electron neutrinos 

disappear and that SuperKamiokande does indeed observe more than the surviving electron 

neutrinos. This extra contribution cannot be due to sterile neutrinos. In conclusion SNO proves 

that SuperK is observing muon and/or tau neutrino appearance via their neutral currents 

interactions. 

We can now conclude that there is outstanding evidence that the solar neutrino problems are a 

manifestation of neutrino flavour conversion. As we have already noticed, two are the physical 

effects that contribute to the process. One is the oscillation in vacuum, the other is the MSW effect 

in matter. Electron neutrinos are produced in the core of the Sun, then fly for 700 000 km along 

its radius in a decreasing density medium. For some values of the oscillation parameters matter 

effects can sufficiently enhance the electron neutrino disappearance probability even for small 

mixing. 

Then neutrinos, the mass eigenstates, propagate in a vacuum for 150 000 000 km and reach our 

detector directly, during the day, after having crossed the Earth during the night. Again, for some 

values of the parameters, matter effects in the Earth can enhance flavour conversion resulting in a 

difference between diurnal and nocturnal fluxes. This day-night effect would be a direct evidence 

for oscillations, but has not been observed yet. This excludes those parameters that imply large 

day-night differences. 

G. Fogli and collaborators'251 have made a global fit of all the data, the fluxes measured by the 

different experiments, the two energy spectra, during the day and during the night, as measured 

by Super-Kamiokande and the CHOOZ limit. The propagation times to cross the Sun and to fly 

from Sun to the Earth are both much longer than the "atmospheric" oscillation period, so that the 

effects of this oscillation average out and do not affect the data. We also know that 6n is very 
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small; we will then report here only the fit for 0 B = 0, that anyway gives practically all the 

relevant information. 

The results are shown in Fig. 12: two different solutions, dominated by the M S W effect (in the 

Sun) are present at 3 a level: LMA and L O W . In the lower part of the LOW solution, the 

contributions of the oscillations in vacuum become important and the authors call "quasi vacuum" 

this regime. Notice, in particular, the (anticipated) asymmetry between 6n a JII 4 and 012 £ it 14. 

The S M A M S W solution, present before the S N O results, has, with S N O , a confidence level a bit 

worse than 3 a. Notice that a similar fit by the Valencia126' group on the same data, but with a 

somewhat different treatment of the theoretical uncertainties, still has the SMA solution a little 

better than 3 o . The reason for the low confidence level is anyhow that in the SMA region the 

regeneration of electron neutrinos crossing the nucleus of the Earth is important and that Super-

Kamiokande does not observe the effect. 
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Fig. 12. Solutions of the solar anomaly 
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There is a further possibility, a pure oscillation in the vacuum. For this to happen, the distance 

between the Sun and the Earth must be just right and, for this reason, it is sometimes called 

" JUST S O " solution. Clearly in this case seasonal effects are expected due to the small (7%) 

eccentricity of the Earth orbit. This solution is disfavoured by the present data and is not included 

in Fig. 19, but is not yet, I believe, completely excluded. Its 5/n2 is very low, between 10"10 and 

IO"12 eV 2 and mixing close to maximum. 
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9. Nuclear astrophysics 

The solar model calculations need the values of the cross sections of the nuclear reactions involved 

in the different branches of the pp cycle at energies which are of the order of several tens of keV 

(in a region called Gamow peak) much lower than the Coulomb barrier. The penetration 

probability is very low and the cross sections are extremely small. Their measurement became 

only recently possible in the low background Gran Sasso environment. 

The LUNA experiment is based on a 50 kV ion accelerator located underground at Gran Sasso 

laboratory, providing a high intensity beam (3He+, 500 mA) on a windowless target. It has already 

measured the cross section of the important 3He + 3He-»2p + "He reaction (see Fig. 9). The cross 

section drops almost exponentially with decreasing energy and can be written in the form 

a(E) = ^ e x p ( - 3 1 . 3 Z 1 Z 2 j | ) 

where \x is the reduced mass in units of amu, Z, and Z2 are the charges of the nuclei and E is the 

centre of mass energy in keV. S(E) is the astrophysical factor and is used to extrapolate at low 

energies assuming a smooth behaviour. This would not be the case in presence of a resonance. 

Fig. 13 shows the LUNA results down to 17 keV1271 (where the cross section is only 20 fb and the 

rate 2 events/month!) below the Gamow peak. No resonance is present. One can also notice the 

effect of the shielding by the atomic electrons, which reduces the Coulomb repulsion in the lower 

part. Measurement of the shielding for a number of thermonuclear reactions is very important for 

several astrophysical problems. 
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Fig. 13 S astrophysical factor for the reaction as measured by LUNA at Gran Sasso. Higher energy data from other 

experiments are also reported. 

LUNA2 is the second-generation experiment. A 400 kV accelerator has been designed and 

installed. It is now in operation, with beam energy resolution better than 70 eV and long-term 

• LUNA 

& Dwarakanah SWInkler (1971) 

n Krauss etal. (1967) 
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stability of 10 eV. A new BGO-4ir-summing detector, consisting of six optically separated 

segments, each observed by two photomultipliers at either side, completes the new facility. The 

gas target is located inside a bore-hole of the BGO detector. A good energy resolution is indeed 

essential to reduce the background. Starting in 2001 the reactions 14N (p,y) 150, 3He (3He,y) 7B 

and 7Be (p,y) 8B will be studied. 

10. The next steps 

In the previous paragraphs I have briefly described the experimental findings that have given 

origin to the new neutrino physics, with special emphasis on the contributions of the Gran Sasso 

Laboratory. Clearly, we might just be entering a new field that can reserve complete new 

discoveries for the future. The program of the next years should include experiments able to 

• Observe direct oscillation signals both for the atmospheric anomaly and the solar one. In both 

cases oscillations give the simplest explanation, but more exotic interpretations are not 

completely excluded. 

• Confirm the atmospheric neutrino oscillation observation with experiments at a neutrino beam 

produced at a far away accelerator. This step is mandatory because the flux of atmospheric 

neutrinos is not under our control and is known only through Monte Carlo calculations. On 

the contrary the composition (mainly muon neutrinos) and the energy spectrum of an 

artificially produced beam are under control. Both muon neutrino disappearance and tau 

neutrino appearance experiments are planned. 

• The K2K experiment is running since 1999: a muon neutrino beam is produced at the 

Tzukuba KEK Centre and sent to the Super-Kamiokande detector 250 km away. The low 

neutrino energies (1.3 GeV in average) give good sensitivity even with low statistics. 

First results based on two year run are very interesting p81. The experiment observes 44 

events. This appears to be incompatible with a probability < 3% with absence of 

oscillations where 66±6 events are expected. On the other hand 41.5 events are expected 

for an oscillation with maximum mixing and Am2= 3 x 10"3 eV2. K2K is expected to 

collect more data integrating approximately three times the data sample by 2004. 

• The NUMI program at Fermilab is building a muon neutrino beam to shoot on the MINOS 

detector being built in the Soudan mine 730 km away in Minnesota. The experiment is 

expected to start data taking in 2005, again in a disappearance mode1291. 

• Discover if the flavour into which the atmospheric v^ oscillate is indeed vt or else with a vr 

appearance experiment, as planned by the CNGS project in Europe (see later). This issue is 

clearly connected with the existence of low mass sterile neutrinos coupled to known particles. 

• Improve the knowledge of the mixing parameters. 

• Measure the sign of Am2. Is the spectrum "normal" or "inverted"? We have already recalled 

the chances for the 0v2/3 search and Supernova neutrinos at this purpose. Others exist for a 

sign sensitive experiment on atmospheric muon neutrinos. 

• Improve the knowledge of 8m2. Choose solar solution. 
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• If the solar oscillation solution is at relatively large values of 5m2 and with large mixing (in 

practice the LMA MSW solution) the phenomenon can be detected by searching for the 

disappearance of electron antineutrinos from reactors. We need an experiment similar to 

CHOOZ, but on a hundred times longer base-line. This is the aim of the KamLAND1301 

experiment, being completed now in the Kamioka observatory. The technique, largely 

taken from BOREXINO, employs 1 kt of liquid scintillator to detect electron antineutrinos 

from several power plants in Japan. The authors estimate that 85% of the events will be 

due to plants between 140 km and 200 km, somewhat equivalent to a single 65 GW 

reactor at 170 km from Kamioka. Power reactors are five times farther from BOREXINO, 

so the expected rates are much lower. But they are still large enough, in several years of 

data taking, to explore even smaller values of dm2 at large mixings. 

• Detect, if any, the v^ •» ve oscillation at Am2. Is Ue3 * 0? 

• Search for CP violation in the lepton sector. This is extremely difficult, for a number of 

reasons, including the fact that the effects are suppressed by the factor 6m2/Am2 « 1 and by 

the smallness of I t/e31 

• Determine the nature of neutrinos: Majorana or Dirac? 

• Measure the absolute values of the masses 

Experiments at Gran Sasso Laboratory can give important contributions, provided that we will be 

able to build a coherent program. We are trying to do this on the basis of the many interesting 

ideas and proposals that have been submitted and that are in different stages of development and 

of the resources that will become available. In the following I'll briefly describe these proposals. 

11. Neutrinos from CERN 

An important component of the program will be the CNGS (CERN Neutrinos to Gran Sasso) 

project. An artificial, well-controlled neutrino source will be built at CERN for experiments at 

LNGS. Both the beam, designed by CERN-INFN group'311, and the experiments are optimised 

for vr appearance. The pions and kaons produced by the 400 GeV SPS proton beam will be 

focussed by a two horns system followed by a 1 km long decay tunnel, a hadron stop and muon 

detectors for beam characteristics determination. The resulting beam is almost pure in muon 

neutrinos, with a small contamination of the other flavours, the most important being electron 

neutrinos, that is >= 0.8%. 

The optimum L/E value for observing v oscillations is given by (2) and for Am2 = 2.5 x 10"3 eV2 

is (L/£)max - 400 km/GeV. At a distance of 730 km (that from CERN to Gran Sasso and from 

Fermilab to Soudan), the energy for maximum oscillation is Etmx = 2 GeV. This is indeed the 

optimum energy for disappearance experiments, but not for vT appearance ones, because in this 

last case tau leptons must be produced through the reaction 

vT + N -» T" + N' 
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This requires neutrino energy to be well above threshold (<= 3.5 GeV) for tau production, in 

practice larger than = 10 GeV. Fig. 14 shows the neutrino fluence at Gran Sasso for the CERN 

beam compared with the product of the oscillation probability (decreasing with increasing energy) 

and the x production cross section (increasing with energy). One sees that the beam spectrum is 

optimised for appearance at the Gran Sasso site. 

The vz appearance probability in an initially pure v^beam of energy E is 

P v ^ V T = s i n 2 ( 2 0 2 3 ) c o s 4 ( 0 1 3 ) S i n 2 ( l . 2 7 A ^ ( e V 2 ) - ^ m I ) 

As 013 - 0, we have approximately 

In this case the commonly used two-neutrino approximation is justified, only as long as we forget 

the minority muon neutrino to electron neutrino oscillation. 

A close detector station is not needed for appearance experiments. Running in the "shared" mode, 

the beam will give 3200 CC v^ interactions per year in a kiloton fiducial mass detector at LNGS 

corresponding to 25 vt interactions for Am2 = 3.5 x 10"3 eV2 and maximum mixing (1.7 times 

more in dedicated mode operation). Work is still in progress to increase the neutrino yield of the 

source. 

Fig. 14. Neutrino fluence at Gran Sasso for the CERN beam compared with the product of the oscillation 

probability and the T production cross section for Am2 = 10"3 eV3. 

The charged daughters of T'S will be detected, in one or more decay channels: x'-*fT vh vT (18%); 

e~ ve vT (18%); h~vt ruf (50%); In jf vz nn° (14%). Two main background rejection tools are 
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available: 1. the direct observation of r decays requiring micrometer scale granularity and sub-

micron resolution, which are possible only by the emulsion technique (OPERA); 2. the use of 

cinematic selection, which requires good particle identification and good resolution in momentum 

unbalance (ICARUS). 

ICARUS1321 is a liquid argon time projection chamber providing bubble chamber quality 3D 

images of the events, continuous sensitivity, self-triggering capability, high granularity 

calorimetry and dE/dx measurement. The R&D program performed between 1991 and '95 on a 3 t 

detector solved the major technical problems with the detector continuously running for several 

years, showing the reliability of the technique. The technique was then developed for the 

industrial production of a kiloton size detector. Its structure will be modular. A module has a mass 

of 6001 (T600) and is composed of two 3001 units, transportable on highways. The units will be 

completely assembled and tested before being separately transported to Gran Sasso. A 300 t unit 

has been completed and successfully operated in summer 2001. Fig. 15 shows the superior 

quality and the richness of information provided by the technique. The safety issues connected 

with the installation of a large cryogenic volume underground are also being studied. The project 

foresees the construction of a series of T600's to cover a broad physics program, including vT 

appearance in the CNGS program. 

Fig. 15 A cosmic ray event in the first 300t ICARUS module 

The electron channel will be the main one (but not the only) for the ICARUS search for 

T appearance, mainly searching for an excess at low electron energies. There are two principal 

sources of background in this channel. The first is due to the rf's produced by muon neutrinos of 

the beam via neutral currents, producing a shower similar to those of the electrons from tau decay. 

The superior e/jr° separation capability of the detector will be exploited to cut out the largest 

fraction of these events. The second background is due to electrons produced via charged currents 

by the small (<1%), but important, ve component of the beam. These electrons have a harder 

energy spectrum and different kinematics in the plane transverse to the beam compared to those of 

the electrons from tau decays. This allows to apply kinematical cuts, which will select 18 T events 



205 

for Am2 = 2.5 x 10~3 eV2 (the present best fit of Super-Kamiokande) and maximum mixing (023 = 

nl4) with a residual background of 5 events. 

The design of OPERA1331 combines in its basic cell, shown in Fig. 16, the high precision tracking 

capability of nuclear emulsion and the large target mass given by lead plates (1mm thick). The 

basic building block of the target structure is a "brick", a sandwich of contiguous cells enclosed in 

a light-tight evacuated envelope. A wall is followed by electronic trackers with moderate 

resolution with the scope to identify the brick where a neutrino interaction took place and to guide 

the off-line scanning. Fired bricks will be removed and processed (alignment, development and 

scanning of the emulsion sheets) on a day-by-day basis. 
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Fig. 16. The OPERA basic cell structure. Two types of events are shown and the principles for x detection 

In a five year run, 11 identified Tdecays with 0.6 background events are expected for Am2 = 2.5 

x 10"3 eV2 (the best fit of Super-Kamiokande), 44 for 5 x 10"3 eV2 and 4 for 1.5 x 10"3 eV2. 

Notice that there is still space to optimise the beam performance opening the possibility to increase 

these yields. 

12. Atmospheric neutrinos 

Atmospheric neutrino experiments are complementary to CNGS. The two principal aims of the 

MONOLITH proposal1341 are the observation of the oscillation pattern and the accurate 

measurement of Am2. Notice that both aims are easier if Am2 is lower. 

The oscillation probability is a periodic function of the LIE variable, the ratio between the muon 

neutrino energy E and its flight length L. L is obtained from the neutrino direction, inferred from 

that of the fi. To have a good correlation, one must use only pi's above a GeV or so, where 

unfortunately the cosmic rays flux is low. As a consequence several kiloton mass detectors are 

needed but with coarse resolution. MONOLITH is a 35 kt spectrometer made of 8 cm thick 

horizontal Fe magnetised plates. The interleaved tracking planes have 1 cm spatial resolution and 

good (1 ns) timing, for up/down discrimination. 

For a given direction, down going v^'s do not oscillate, while upward going do. The ratio 

between the two fluxes is known with small systematic uncertainty. The distribution of this ratio 

as a function of the zenith angle (i.e. LIE) will show the oscillation pattern and precisely determine 

Am2. Notice that very large exposures, 100 - 200 kt yr, are needed. 
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13. Solar neutrinos 

Solar neutrino physics will be another important component of the program: GNO is taking data, 

BOREXINO is completing its construction and will be ready to take data in 2002, and LENS is in 

its R&D phase. 

As already recalled, GNO is planning to run for several years, gradually reducing statistical and 

systematic uncertainties. Seasonal variations might be observed in case of vacuum solution and of 

the LOW one. 

As we have already recalled, Be neutrinos flux appears to be particularly sensitive to neutrino 

oscillations parameters. The measurement of this mono-energetic, 0.86 MeV, flux in real time is 

the principal aim of the BOREXINO1351 experiment. Electrons resulting from a neutrino (any 

flavour but v^ and vr with smaller cross-sections than ve) scattering in the liquid scintillator 

detector medium will produce a light flash that will be detected by photomultipliers. 300 t of ultra-

pure pseudocumene will be contained in a nylon sphere, the 100 t innermost mass being the 

sensitive volume. A larger volume of pseudocumene inside a 13.7 m diameter stainless steel 

sphere hosting the optical modules surrounds the nylon sphere. This sphere is immersed in a 2500 

t purified water tank. (See Fig. 17) 

Fig. 17. Sketch of the BOREXINO detector 

Taking into account that the energy spectrum of the recoiling electrons is continuum up to 0.66 

MeV, the experiment is designed with a threshold of 0.25 MeV. The main problem at such low 

energies is the control of the background due to the always present radioactive isotopes. An 

intense R&D program has been carried out in the last ten years to select materials and to purify 

them at unprecedented limits of radio-purity. In parallel, techniques have been developed to 

measure ultra-low levels of radioactivity. Calculations show that the levels of purity expressed in 

gram of contaminant per gram of material necessary to detect the signal with a good S/N ratio are 

extremely low, for example 10"16 g/g for 23SU and 2xl0"15 g/g for " ^ h . These record levels have 

been achieved and even surpassed with < 10"17 g/g a 8U and < 2 x 10~16 g/g for ^ ^ h . 

The neutrino yield from Be is extremely sensitive to the oscillation parameters. The yield is 40 

events/day for the standard solar model. Fig. 18 shows the yearly averaged rates as fractions of 
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solar standard model as calculated by Fogli et al. for 0,3 =0. The large differences will allow 

discriminating amongst them. In particular, for the SMA solution, the expected electron neutrino 

flux is close to zero, but BOREXINO will still count the interactions induced by the flavour in 

which electron neutrinos have oscillated. 
Yearly averaged rates as fraetious of SSM 
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Fig. 18. Yearly averaged rates as fractions of the solar standard model 

If Aw2 is sufficiently low, say < 10"8eV2as in the "vacuum" solution, strong seasonal variations 

are expected as shown in Fig. 19. 
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Fig. 19. Expected seasonal variations of the counting rate in BOREXINO for two different values of dm2 and 

maximum mixing (dv_ = n/4) compared with the purely geometrical effect due to the eccentricity of the Earth orbit. 
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I believe that for a complete program on solar neutrino physics we need even more, namely we 

need to measure in real time the neutrino spectrum in order to separate the contributions of the 

different branches, pp, 7Be and 8B. The experiment should provide flavour sensitivity too, at least 

in combination with others. The only proposal advanced so far approaching these aims is 

LENS1361. The proposed reaction is the ve capture (inverse beta decay) by 176Yb nuclides that go 

into an excited 176Lu state. The electron resulting from the capture and the delayed y, used as a tag, 

from the excited Lu decay, as shown in Fig. 20 are detected. Notice that the 176Lu ground state is 

higher than that of 176Yb, making this last nuclide stable against beta decay. The stability of the 

target nucleus is very important. If it were not stable (as for example 115In), its fi decay electrons 

would give unacceptable background levels. (Recently it has been observed by R. Raghavan that 

the progress made by LENS in the development of Yb doped liquid scintillators with high light 

yield can lead to reconsider the In option, given the superior resolution on electron energy 

measurement that became possible). 

jS K(tag) 

V / l76LU 

* l76Yb 

Fig. 20. Schematics of the energy levels involved in the electron neutrino capture by l76Yb 

These characteristics and the low (301 keV) threshold for neutrino capture make 176Yb practically 

unique. 

Captured electrons and tag photons are detected via the scintillation light of a liquid scintillator in 

which the Yb is doped. A 201 natural Yb detector will provide a yield of 200 events/year in the pp 

branch, 280 in the Be branch and 16 in pep if the solar standard model would be correct in 

absence of oscillations. The presence of the y tag allows radiopurity levels not so extremely 

stringent as in BOREXINO. Nonetheless still a number of problems must be solved. The 

techniques needed to prepare large quantities of scintillator doped with a large fraction of Yb (at 

least 8%), with a reasonable light yield, with a good attenuation length (several metres) and 

chemically stable must be developed. Progress on this aspect has been achieved in the last period. 

The detector liquid must also be such to be safely operated underground and not be dangerous to 

safety of the population in case of accident. The requested radiopurity levels of the scintillator and 

of its environment must be obtained. Neutrino sources necessary for calibration must be procured. 

If the ongoing R&D program will be successful and LENS is built, its results will be extremely 

relevant. The expected yield has strong dependence on the mixing parameters allowing to 

determine them accurately. Fig. 21 shows the energy spectra as expected in the solar standard 

model and as modified in the cases of the four main solutions. In the SMA solution the count will 

be zero on the Be line and almost 100% of the solar model in the pp. In the LMA solution, both in 

the Be and in the pp regions the count will be close to 50%. In the LOW both pp and Be will be 



209 

suppressed with strong differences between day and night. Finally in the Just So solution strong 

seasonal variations will be observed. Notice also that, with reference to Be, LENS is sensitive to 

electron neutrino only, BOREXINO to all the flavours, providing, when taken together good 

flavour sensitivity. 

It is clear, on the other hand, that the progress in solar neutrino oscillation physics that will be 

achieved by other experiments (mainly KamLAND and BOREXINO) will have to be taken into 

account. 

LENS with 20t Yb 
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Fig. 21. Energy distributions as expected for LENS in different solutions of the solar oscillation. Lighter histogram 

in each panel are the predictions of the solar standard model d is 8n 

14. Conclusions 

Neutrino physics has entered in the last years a new age. The discovery of neutrino oscillations has 

shown that neutrinos have non-zero masses and that the leptonic flavour numbers are not 

conserved. The search for neutrino-less double beta decays has already reached sensitivity in 

Majorana mass capable to limit or to contradict some high energy extensions of the standard 

theory. Dark matter searches (not reviewed here) are reaching the regions where signals might 

appear. 

These results that point to physics beyond the standard theory have been obtained in underground 

low background laboratories. Gran Sasso has contributed, as I have discussed. 

An extremely interesting future appears to be in front of us where revolutionary discoveries might 

become possible. In particular the space that will be soon available at Gran Sasso and the quality of 

its infrastructures have stimulated many interesting ideas and proposals. These are in different 
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stages of research and development, of test and of preparation. Presumably not all of them will 

become a running experiment, but we have good chances that at least a few will, with a bit of 

fortune, produce in the next years outstanding results. 
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CHAIRMAN: A. BETTINI 

Scientific Secretaries: K. Kobayashi, E. Scapparone 

DISCUSSION 

Nguyen: 
What do we learn by studying neutrinos from Supernovae? 

Bettini: 
In the Supernova core, where neutrinos are produced, the density is extremely high and 

matter effects on neutrino flavours are important. Notice that the mass matrix is not 
diagonal in matter. Let us consider the case of neutrinos (as opposed to antineutrinos) and 
assume a "normal" neutrino mass spectrum (v3 is the highest mass eigenstate). In the 
Supernova, one of the three mixing angles, 013, gets modified by matter effects, the 
"matter" mixing angle 013

m —> n/2. Calculations show that, as a consequence, electron 
neutrinos leave the Supernova as pure v3 mass eingenstates, so that the probability to be 
detected as electron neutrinos is Pee = |Ue3| (this is true if |Ue3| is not really very small). 
On the other hand, it is easy to show that the measurable neutrino fluxes on the Earth 
depend only on Pee and on the different flavour fluxes as produced in the core. We can 
conclude that flavour sensitive and energy sensitive detection of SN neutrinos can in 
principle give information on |Ue3| . In practice it may result in being difficult. The v3's 
produced by the Supernova propagate into vacuum to the Earth and any delay in their (any 
flavour) arrival would give a measurement or a limit on m3, not on mve, as often but 
wrongly claimed. 

Nguyen: 
Are there other astrophysical environments in which neutrinos play an important role? 

Bettini: 
Apart from the high energy neutrinos, there is the equivalent of the microwave 

background. You have a background of neutrinos of the three species at 1.7 K. But how 
can you detect these neutrinos? It would be better to rethink these problems in the light of 
the fact that we know that neutrinos are massive. 

Papazoglou: 
Could you say something about monopole search in Gran Sasso? 

Bettini: 
MACRO was dedicated to monopole search with several techniques, depending on the 

velocity of the monopole. One way is from time of flight, one way is from ionization in 
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streamer tubes and scintillators, and another one is a plastic material called CR39. You 
attack chemically this material and a very ionizing particle shows a small hole, the shape of 
which gives you information on the ionization. The combination of them gives you an 
upper limit, that is presently well below the so-called Parker bound, but they have still not 
finished analyzing all the data. 

Ashev: 
How do you perform detector calibration to measure energy of neutrinos? 

Bettini: 
Muons from neutrinos can be detected in MACRO and you can measure the energy of 

muons, while the energy of the hadrons is lost. You can reconstruct muon energy by 
multiple scattering. The method is calibrated with a dedicated test beam performed at 
CERN. 

Sichtermann: 
You mentioned the use of emulsions in OPERA detector for tracking. Could you 

expand on that? 

Bettini: 
You have a sequence of lead and emulsions sheets. A given number of these sheets 

form a so-called "brick". When a T neutrino interacts, it produces a x: the x decays in about 
1 mm, while the other tracks go straight. You do not see the vertices, but you measure line 
elements so that you can reconstruct track angles. The resolution is better than 1 um. You 
have electronic tracking planes: you identify the brick and remove it. After developing the 
emulsions, you make the scanning and you can reconstruct the vertex. It is exactly the 
technique used by the Nagoya group at Fermilab in DONUT, to identify x neutrinos. 

Sibiryakov: 
Is it possible experimentally to detect atmospheric x neutrinos? 

- Bettini: 
In principle yes, they are many. I think Superkamiokande is trying to detect those 

events, at least statistically. 

Sibiryakov: 
What are the characteristics of x events? 

Bettini: 
It depends on the energy of the x neutrinos. You can detect those that have enough 

energy, because they have to produce a x to be detected. 

- Wolf: 
Could you make a comment on the status of dark matter search at Gran Sasso? 
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Bettini: 
Evidence for dark matter comes mainly from the measured velocity of the outer part of 

the spiral galaxies and from Cosmic Microwave Background. The dark matter in the 
Universe is about Q.M = 0.3. At Gran Sasso, a number of experiments are searching for 
dark matter. Recently the DAMA experiment, using Nal detectors, reported a signal which 
is indicative for dark matter. More data, and data taken with different techniques, are 
required before one can say that dark matter has been observed. At Gran Sasso, we have 
set up a research program of experiments based on different and complementary 
techniques: DAMA has already collected data for two more years and is increasing the 
sensitive mass to 250 kg. CRESST is based on cryogenic detectors measuring both the heat 
deposit and the light yield. Finally, Ge detectors can be used not only for Double Beta 
decay search but also for dark matter search: this is the line of the GENIUS proposal. 

- Dent: 
When the DAMA result was first published, it seemed to be rather controversial. There 

was a claim about crystal impurities on the surface. 

Bettini: 
I do not understand the claim. In principle, you can have impurities everywhere. But to 

make a specific claim you must present some evidence or hints to justify it. In other words, 
you must approach the problem scientifically. 
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The Anomalous Magnetic Moment of the Muon 

Vernon W. Hughes (lecturer) and 

Ernst P. Sichtermann (scientific secretary) 

Department of Physics 
Yale University 

New Haven, CT 06520-8120 

A precise measurement of the anomalous g value, a = (g — 2)/2, for the positive 
muon has been made at the Brookhaven Alternating Gradient Synchrotron. The 
result ô + = 11 659 202(14)(6) x 1CT10 (1.3 ppm) is in good agreement with previous 
measurements and has an error one third that of the combined previous data. The 
measurement tests standard theory and has the potential to discover new physics. 
The analysis of data collected in 2000 and 2001 is well underway and, when combined 
with data from a requested and final run in the fall of 2002 and winter of 2003, are 
expected to reduce the experimental uncertainty on aM to 0.4 ppm. 

I. INTRODUCTION 

The magnetic moment /7 of a particle can be written as 

»=2^c9S' ( 1 ) 

in which e and m are the particle's charge and mass, s*is the intrinsic spin angular momentum 

(s = 1/2 for a lepton and for a nucleon) and g is the gyromagnetic ratio. For a Dirac particle 

g = 2. If g does not equal 2, an anomalous g value a is defined: 

3 = 2(1 + a ) or a = ^ - (2) 

The magnetic moments and g-values of particles have played a central role in the development 

of modern physics, including quantum electrodynamics, nuclear physics and particle physics. 

The electron's spin and magnetic moment were evidenced from the deflection of atoms 

in an inhomogeneous magnetic field and the observation of fine structure by optical spec

troscopy [1, 2]. Within the experimental accuracy the magnetic moment was equal to 

eh/(2mc) (1 Bohr magneton) and g equaled 2. The proton's spin and magnetic moment 

were determined from an atomic beam magnetic deflection experiment [3, 4]. The proton 

spin is 1/2 and its magnetic moment is 2.8eh/(2Mc) in which M is the proton mass. Thus 

the proton is not a Dirac particle and its anomalous g-value, a = 1.8, indicates that the 

proton is not a point particle but has internal structure. 
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The discovery from atomic beam magnetic resonance spectroscopy that the electron has 

a small anomalous p-value ae = 0.00119(5) [5] — together with earlier measurements of 

the anomalous value of the hyperfine structure of hydrogen [6] and the Lamb shift [7] 

— were the stimuli for the development of modern quantum electrodynamics. The pro

cess came to be understood as a virtual radiative correction for which in lowest order 

ae = a/(2n) = 0.00116 [8]. 

The muon also has an anomalous magnetic moment which was first measured in an exper

iment based on parity nonconservation in the decays 7r+ —> fi+ + v^ and fi+ —» e+ + v^ + ve, 

and it was found that aM = 0.00119(10) [9]. This verified that the muon is a heavy elec

tron with, to within the experimental errors, the same anomalous g-value due to the virtual 

radiative correction. 

Experimental measurements and theoretical calculations of the electron anomalous g-

value ae have achieved very high precision with the uncertainty Sae ~ 4 ppb [10]. The exper

iment is a radiofrequency spectroscopic measurement of the energy levels of a single electron 

in a magnetic and electric storage bottle (Penning trap), associated with its spin and orbital 

motions [11]. The theory is based on a perturbation theory of quantum electrodynamics 

with expansion parameter a and includes higher order virtual radiative corrections [12]. The 

agreement of the experimental and theoretical values for ae provides one of the most sensitive 

tests of quantum electrodynamics. 

Experimental measurements and theoretical calculations of the muon anomalous g-value 

a^ have also achieved high precision with the uncertainty Sa^ ~ 1 ppm. Several well-known 

experiments on the muon were done at CERN. The first CERN experiment [9], mentioned 

above, studied the orbital and spin motion of low momentum (~ 30 MeV/c) fi+ in a homo

geneous magnetic field, which involved about 2 orbital turns between the entrance and exit 

of the muons from the field. After this first experiment, which found aM = 0.00119(10) and 

established the leading order radiative contribution, a^ = a/(2ir), a second experiment was 

done at CERN [13] which utilized a muon storage ring of 1.0 T for muons with 7 = 10 and 

determined aM to 160 ppm. When the theoretical calculation included properly the higher 

order radiative correction term of order a2, including the Feynman diagram for light by light 

scattering, the experimental and theoretical values agreed. The third and final CERN ex

periment [14] had a muon magnetic storage ring of 1.47 T, injected pions to produce muons 

(fi+ and JJT) with 7 = 30, and determined a^ to 7.6 ppm. For the theory it was necessary 

to calculate the contribution from the modification of the photon propagator due to virtual 

hadrons. Then the experimental and theoretical values, both with an accuracy of 8 ppm, 

agreed [10]. Extensive reviews of the CERN experiments are found in Refs. [15, 16] 

The goal of the on-going experiment at Brookhaven National Laboratory is to improve the 
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accuracy of the CERN measurement by a factor of 20, to 0.4 ppm. The experiment utilizes 

a magnetic storage ring of 1.45 T for muons with 7 = 30 with muon injection. A detailed 

description of this experiment will be given in Section V. 

A precise measurement of a^ of the muon is of great value for comparison with standard 

theory, because the theory involves all the fundamental interactions — quantum electrody

namics, electroweak interaction, and quantum chromodynamics — in a significant way [10]. 

Despite the precision of the electron g-value, the muon g-value is more sensitive to standard 

model extensions, typically by a factor of (mM/me)2. The predicted electroweak contribu

tion, not yet observed, should be measured. Many speculative theories beyond the standard 

model predict deviations of a^(expt) from its theoretical value aM(SM) based on the standard 

model. A deviation of aM(expt) from aM(SM) indicates new physics, such as lepton struc

ture, W anomalous magnetic moment, supersymmetry, leptoquarks, new particles, or extra 

dimensions. However, aM by itself can not determine the specific cause of such a deviation. 

Agreement of aM(expt) and a^(SM) places constraints on speculative new theories [10]. 

Following this section I, the article includes the following sections: Section II, The Electron 

Anomalous Magnetic Moment; Section III, Principle of the current muon g — 2 experiment; 

Section IV, Particle Dynamics; Section V, Experimental Set-up at BNL; Section VI, Data 

Analysis; Section VII, Results; Section VIII, Theoretical Value for aM; Section IX, Com

parison of Experiment and Theory; Section X, Contributions Beyond the Standard Model; 

Section XI, Future; Section XII, Early History of the Experiment at BNL, Our Collaboration; 

Section XIII, Acknowledgements. 

II. THE ELECTRON ANOMALOUS MAGNETIC MOMENT 

The current experimental value for ae comes from an experiment in which a single electron 

is confined in an electromagnetic trap with a strong magnetic field [11]. The energy levels 

are determined primarily by the orbital and spin motions of the electron in the strong axial 

magnetic field B = 5 T, 

W = noTruB + nsmsB, 

in which /no and (is are the orbital and spin magnetic moments, and mi and ms are the 

components of orbital and spin angular momentum (Fig. 1). Microwave magnetic resonance 

transitions in which Ami and/or Am, = ±1 allow the determination of ae. 

A schematic diagram of the apparatus is shown in Fig. 2. Electrons are injected into the 

trap from a field emission electrode. By repeatedly dumping the trap, a single electron can 

be isolated with kinetic energy < 1 meV. The resonances are observed through the axial 
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FIG. 1: Lowest Rabi-Landau levels for a geonium atom. The axial frequency (shown in the right-
hand scale) corresponds to the coupling via the axial magnetic bottle field. The hu'c energy difference 
and the relativistic shift (R = 0.5 ppb) have been exaggerated for clarity; vanishing axial and 
magnetron energies are also assumed. The lowest state (n = 0) is occupied by the electron or 
positron 80%-90% of the time. This figure is reproduced from Ref. [11]. 

frequency shift. A resonance curve is shown in Fig. 3. The result is 

oe(expt) = 1159652188(4) • 10"12 (4 ppb), (3) 

where the largest uncertainty arises from the potential cavity-mode shift [11]. Further im

provement in experimental accuracy will require further understanding and control over the 

interaction of a single electron with the electromagnetic modes of a surrounding microwave 

cavity [17]. 

The theoretical value for ae is expressed as a power series in a [10, 12, 18]. Feynman 

diagrams are shown in Fig. 4. Up through 6th order (a3 term) analytic values are now 

available for the coefficients [19, 20]. The coefficient of the a4 term involves the numerical 

evaluation of 820 Feynman diagrams each with 8 vertices. The result follows: 

ae(QED : e,7) = 0.5 ( - ) - 0.3284789656 • • • ( - ) + 

1.1812415 • • • ( - ) -1.5098(384) ( - ) (4) 
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FIG. 2: Schematic of the geonium apparatus. The appropriately biased hyperbolic endcaps and 
ring electrodes trap the charge axially while coupling the driven harmonic motion to an external 
LC circuit tuned to the driven axial frequency. Radial trapping of the charge is produced by the 
strong magnetic field obtained from a superconducting solenoid. This figure is reproduced from 
Ref. [11]. 

The contribution to ae of all particles heavier than the electron, 

ae(QED : fi, r) + ae(had) + ae(weak) = 4.393(27) • 10"12, (5) 

is only at the level of the experimental accuracy 4 x 10~12. Thus the electron anomalous 

magnetic moment is a very pure QED problem involving only e~, e+ and 7. 

To compare ae(expt) and ae(theory), a value for a must be determined with high accuracy 

(~4 ppb) by some other experiment. At present methods determine a only to 25 ppb or 

worse. The values of ae(theory) using these a values agree with ae(expt) [18, 21]. Recently, 

a measurement of the helium fine structure interval 23Pi-to-23P0 has been reported with a 

precision of 30 ppb [22], but the theoretical calculation must be improved considerably to 

determine a to 15 ppb. Perhaps the most promising approach involves a precision measure

ment of h/Mcs via photon recoil effects in Cesium, which is based on simpler theoretical 

considerations, [23]. We choose to take QED as valid for ae, i.e. ae(expt) = ae(theory). 

Hence, the most accurate value for a is obtained: 

a'1 (ae) = 137.035 999 58(52) (4 ppb) . (6) 
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v - 59 382 500 Hz 

FIG. 3: Axial resonance signals at « 60 MHz. The signal-to-noise ratio of this RJ 8 Hz wide line 
corresponds to a frequency resolution of 10 ppb. Both absorption and dispersion modes are shown 
with the latter mode appropriate for the frequency shift detection scheme employed in these geonium 
experiments. This figure is reproduced from Ref. [11]. 

III. PRINCIPLE OF EXPERIMENT 

The principle of the experiment at BNL is the same as that of the last CERN experi

ment [14] and involves the study of the orbital and spin motions of high energy polarized 

muons in a magnetic storage ring. Key improvements include the very high intensity of the 

primary proton beam, the injection of muons instead of pions into the storage ring, and a 

superferric storage ring magnet. 

Longitudinally polarized muons from pion decay are injected into the storage ring which 

has a homogeneous magnetic field B (Fig. 5). In the horizontal plane of the orbit the muon 

will execute relativistic cyclotron motion with angular frequency uc and the muon spin will 

precess with angular frequency w3, which is slightly greater than wc by the difference angular 

frequency uja = UJS — u>c, 

eB 
(7) 
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FIG. 4a. (left) Lowest-order Feynman diagram describing scattering of an electron by an exter
nal magnetic field, (middle) diagram representing an infinite set of Feynman diagrams contributing 
to ae, and (right) second-order vertex diagram. 

Y fY iY IY IY 

FIG. 4b. Examples of fourth-order vertex diagrams contributing to C2-

Y IY IY |Y |Y 

FIG. 4e. Examples of sixth-order vertex diagrams contributing to C3. 

IY | v IY 

FIG. 4d. Examples of eight-order vertex diagrams contributing to CA. 

FIG. 4: Feynman diagrams for ae. 
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FIG. 5: Muon momentum and spin motion in an electromagnetic field. The muon spin direction is 
determined by detection of the decay positron. 

eB e n 
0JS = 1 a„iJ , 

g 

wa = a^B, 
mac 

(8) 

(9) 

in which a^ = (g^ — 2)/2. The quantity u>a is designated the muon g — 2 frequency. In the 

experiment u>a and B are measured; the muon mass mM is obtained from an independent 

experiment on muonium. 

In reality vertical focusing must be provided to retain the muons in the storage ring. This 

is done with an electric quadrupole field E in the plane normal to the particle orbit, which 

modifies uja according to 

w*n = — aaB -
1 

(5xE (10) 

If 7 is chosen so that a^ — l / (7 2 — 1) = 0 — the so-called magic 7 — then E does not affect 

the frequency uTa. 

The spin direction of the muon is determined from the direction of emission of decay 

positrons from muon decay, /u+ —» e+ + i/e + v^. Parity conservation is violated in this decay 

so that there is a correlation between the muon spin direction and the direction of emission 

of the positrons. In the muon rest frame the differential transition probability for muon 

decay is given by 

dr = N(Ee) (1+ 1^^cose) cm, (11) 
3 - 2 £ e 
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in which Ee is the positron energy in units of m^/2, N(Ee) is a normalization factor, 9 is the 

angle between the positron motion in the muon rest frame and the muon spin direction. The 

factor (1 — 2 Ee)/{2> — 2 Ee) is designated the asymmetry factor A. The n+ decay distribution 

is peaked strongly for small 8. 

Decay positrons are observed by electromagnetic calorimeters. The number of decay 

positrons with energies greater than E emitted at time t after muons are injected into the 

storage ring, 

N(t) = N0(E) exp (~^j [1 + A(E) sin (uat + </>(E))], (12) 

in which N0(E) is a normalization factor, T is the muon lifetime in the muon rest frame 

(r ~ 2 /JS), and A is the asymmetry factor for positrons with energies greater than E. The 

exponential factor arises from muon decay and the factor in brackets accounts for the muon 

g — 2 angular frequency u>a [24]. 

The angular frequency ua is determined from the time distribution of decay positrons 

observed with electromagnetic calorimeters. 

The magnetic field B is measured by nuclear magnetic resonance (NMR) using a standard 

spherical probe of H2O. This standard can be related to the magnetic moment of a free 

proton. Hence, 

2 nP 

Using the above relation for B, the frequency wa from Eq. 9, and n^ = (1 + al^)eh/(2mflc), 

one obtains 
R (13) 

" X-R' 
where R = u>a/up and A = Up/ftp-

The quantity A appears because the value of mM is needed, and also because the B field 

measurement involves Mp. Measurements of the microwave spectrum of ground state muo

nium have provided a precise value for A [25]. The hyperfme and Zeeman levels of 2Si ground 

state muonium are shown in Fig. 6. Microwave transitions vyi and 1̂34 are measured in a 

strong magnetic field B of 1.6 T. The experiment utilizes the parity nonconserving correlation 

of the direction of the muon spin and the positron emission in the decay fi+ —> e+ + ve 4- v^. 

Both the hfs interval Ai/ and the muon magnetic moment pM are determined from i/12 

and 1/34, 

Av = 1/12 + ^34, 

fipB = 3̂4 - vn + Av (Vl + x2 - x) , 
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FIG. 6: Breit-Rabi energy level diagram of ground state muonium. At high fields the transitions 
vyi and f34 are essentially muon spin flip transitions. 

where x = (gj^% + g'^p^BjihAv) is proportional to the magnetic field strength. The 

measured value Av in combination with Ai/(theory) [26] determine 

^ = A = 3.183345 39(10) (30 ppb) [25]. 
ftp 

(14) 

IV. PARTICLE DYNAMICS 

Both the orbital and spin dynamics are important for the muon g — 2 experiment. The 

orbital motion can be considered separately from the spin motion because forces on the 

muon associated with the spin are negligible compared to the forces on the charge due to 

the magnetic and electric fields in the storage ring. 

The force F on a particle with charge e moving with a velocity v in fields E and B is 

F = e(E + vxB\ = 
dp 

d t ' 

In a uniform field B the particle motion is circular and the equilibrium radius is 

E0 
r0 ecBo' 

(15) 

(16) 

for a relativistic particle of energy E0 moving in a field B0. 

The relativistic equations of motion in cylindrical coordinates of a muon with charge e in a 

static magnetic field B(r, z) and a static electric field E(r, z) where the fields have azimuthal 
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symmetry, i.e. are independent of 8, are [27, 28]: 

-rimr) = mrO2 - er6Bz + eEr, (17) 

~(mr2e) = 0, (18) 

-7-Xmz) = er6Br + eEz, (19) 

in which r, 9, z are the radial, azimuthal, and vertical coordinates of the particle. 

The betatron oscillations are important in our experiment because they modify the 

positron time spectrum. 

For our storage ring, the magnetic field needs to be very homogeneous and weak focusing 

of the muons is provided by an electric quadrupole field. Since weak focusing by an inhomo

geneous magnetic field is the usual and well-understood approach, we first review focusing 

by an inhomogeneous magnetic field and then provide its equivalence to weak focusing by 

an electric quadrupole field. 

For focusing by an inhomogeneous magnetic field we take: 

B, -* (?)" 

(20) 

Hence, dBz/dr = —Bzn/r. From the Maxwell equation V x B = 0, 

3BZ dBT n n n 
-5— = -5— = Dz ~ JDO, tSr — tS0Z, 
or oz r ro TQ 

in which the field index n is „ „ 
- r dBz 

U=Tz^r-
The equations given above with Er = Ez = 0 and with Bz = B0(r0/r)n can be rewritten 

in the coordinates x = r — ro, 4> = 6 — UJQ, and z = z: 

-^ + (1 - n)ul x = 0, 

d 2 * 2 
-^ + nw0 z = 0. 

The solutions of these equations are: 

x = A cos (Vl — nu0t) , (21) 

z = B cos (\/n Mot) , (22) 
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in which the amplitudes A and B depend on the initial conditions for the particle motion. 

To establish the equivalence of focusing by an electric quadrupole field and of weak fo

cusing by an inhomogeneous magnetic field we equate the focusing force due to the electric 

quadrupole field and that due to the inhomogeneous magnetic field, 

eE, = e (v x B) = evBr, ( * * * ) . = ' 
for motion in the z-direction with small displacement. 

For a quadrupole electric field 

E = EAxx + zz), with Ex = — - , 
oz 

where 
E = ^ k = ^ 

dz z\ 

in which V0 is the electric potential on the electrode at z = z\. Hence, 

r, 2V° r° m\ 
n = T^' (3) 

in which £0 is the particle energy. Motion in the r direction has the same n value [14]. A 

simple, alternative approach is to use Eq. 15. This indicates that the force due to an electric 

field linear in the distance from the axis (quadrupole field) will be the same as that due to 

a magnetic field with a spatial gradient also linear in the distance from the axis, provided 

that Eq. 23 holds. 

The amplitude and phase of the betatron oscillations for a particle depends on its initial 

point in phase space at injection. The injected pulse with a width of about 50 ns and the 

subsequent kicker pulse of 400 ns determine the phase space of the beam at the initial time 

from which particle orbits are considered. The electric quadrupoles are pulsed on prior to 

muon injection at a lower voltage than their final voltage for a period of 20 /is in order to 

eliminate muons which would otherwise not be stored (scraping) [14]. 

The equation of motion for the spin in its rest frame is [29-32]: 

dr mc 

where the primes denote quantities defined in the rest frame and s is the spin in that frame. 

This is a classical equation but is the same as the quantum mechanical equation for the 

polarization vector [33]. Thus the relativistic equation of motion for the spin is: 

ds e _ 
— = — s x 
di mc 

1 
a+-

7 
B-a-Ll\{3.B\(3- 9 7 

2 7 + I 
(5xE). (24) 



227 

The muon spin precession frequency is 

e 
mc 

( • ^ ) P x S + a ^ B - ^ E ) (25) 

in which the fields B and E are the electromagnetic fields in the laboratory frame, which 

has a velocity f5 with respect to the muon rest frame, and o7s is measured in the laboratory 

frame. The orbital angular frequency is 

wc = 
mc 

7 f3xE 
7 + 1 

Hence, the difference frequency is given by: 

e 
UJa = W s • w , = 

mc 
aMB + 

Y 1 
/ 3 x f i 

(26) 

(27) 

The case where 7 = 7magic is of primary interest to us. The case in which 7 ^ 7magic and 

P has a small component perpendicular to the plane of the orbit is associated with betatron 

oscillations, and is treated below. 

Two small, but important, effects of the electric field E on the spin precession frequency 

ua are first the change in u>a when the momentum p, or 7, does not have the magic value. 

This effect can be represented as a change in the effective magnetic field [14], 

B,(eff) = Bz + ^ 

1 + t 
7 2 

(28) 

The second effect is a pitch correction arising from the vertical betatron oscillations [34]. 

This correction arises if the muon has a small component of velocity vz perpendicular to 

the equilibrium plane. The particle will follow a spiral path with pitch angle ip and uia is 

altered. The focusing force due to E changes vz at the betatron oscillation frequency CJZ so 

that ip = V'osinw^t. With electric field focusing and with the magic 7, the corrected value 

u>a i s 

Ja = W o(l - O , (29) 

in which the correction factor C ~ 1CT6 is given by 

1 
C=l% 1 -

72(w£-w2)_ 
(30) 

A mechanism for muon losses in the storage ring is that of non-linear resonances [35, 36]. 

Field imperfections, primarily associated with higher order moments in the electric field, or 
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alignment errors, drive resonances in the betatron motion in single or coupled transverse 

degrees of freedom. This causes the amplitude of these oscillations to breathe or to grow 

continuously. This change in amplitude of the oscillation depends on the proximity to the 

resonance conditions and generally leads to muon loss from the storage ring. Such loss is 

minimized by a suitable choice of the field index n, in our case n ~ 0.137, well away from the 

resonance conditions. Similarly, muon depolarization can occur due to field imperfections 

which affect the spin and betatron motions, and can drive resonances at the spin precession 

frequency. 

V. EXPERIMENTAL SETUP 

The experiment is done at the Brookhaven National Laboratory (BNL). It uses a sec

ondary muon beam obtained from the primary proton beam of the Alternating Gradient 

Synchrotron (AGS) and a superferric storage ring. 

Highly polarized fi+ of 3.09 GeV/c are injected through a superconducting inflector into 

a storage ring 14.2 m in diameter with an effective circular aperture 9 cm in diameter. The 

superferric storage ring has a homogeneous magnetic field of 1.45 T, which is measured by an 

NMR system relative to the free proton NMR frequency. Electrostatic quadrupoles provide 

vertical focusing. A pulsed magnetic kicker gives a 10 mrad deflection which places the 

muons onto stored orbits. The muons start in 50 ns bunches and debunch with a decay time 

of about 20 /is owing to their 0.6% momentum spread. Decay positrons are detected using 

24 lead/scintillating fiber electromagnetic calorimeters read out by waveform digitizers. The 

waveform digitizer and NMR clocks were phase-locked to the Loran C frequency signal. 

The AGS accelerator complex at BNL is shown in Fig. 7. The intense proton beam of 

200 MeV from the linac is injected into a booster ring for acceleration to 1 GeV. The output 

beam from the booster is injected into the AGS where it is accelerated to 24 GeV. An output 

beam of up to 60 x 1012 protons per AGS cycle is ejected in pulses of about 50 ns with either 

6 or 12 pulse bunches per AGS cycle of 2.5 s. 

An aerial photograph of the BNL accelerator complex (Fig. 8) shows the AGS, the rel-

ativistic heavy ion accelerator (RHIC) and the relatively small muon storage ring. A pho

tograph of the muon storage ring indicating also some associated equipment, is shown in 

Fig. 9. 

The beamline to the muon storage ring is shown in Fig. 10. The proton beam from the 

AGS with 60 x 1012 protons per AGS cycle impinges on a nickel target of one interaction 
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FIG. 7: Schematic overview of the AGS complex at BNL. 

length. Either 6 or 12 pulses per AGS cycle are used with the interval between pulses being 

33 ms. 

The 3.1 GeV/c positive muon beam was formed from decays of a secondary pion beam 

which was 1.7% higher in momentum, thus providing a muon polarization of about 95%. 

The beamline consists of dipole, quadrupole and sextapole magnets. The pion decay channel 

is a 72 m long straight section of the secondary beamline. The muons were selected at a 

momentum slit, where the (higher energy) pions were directed into a beam dump. The beam 

composition at the entrance to the storage ring was measured with a threshold Cerenkov 

counter filled with isobutane. By stepping the pressure from zero to 1.2 atm, the thresholds 

for Cerenkov light from e+ , then /u+, and finally ir+ were crossed. The beam was found to 
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FIG. 8: Aerial photograph of the BNL accelerator complex. 

consist of equal parts of positrons, muons and pions, consistent with Monte Carlo predictions. 

While this measurement was not sensitive to the proton content of the beam, calculations 

predict it to be approximately one third of the pion flux. The flux incident on the storage 

ring was typically 2 x 106 for each proton pulse. 

The transverse beam emittance is matched with four quadrupoles just upstream in the 

beamline of the g — 2 storage ring to allow passage into the storage ring through the back 

leg of the ring magnet and the inflector described below. 

A superconducting inflector magnet [37] 1.7 m in length placed between the hole in the 

back of the yoke and the edge of the muon storage region substantially cancels the 1.45 T 

storage-ring field and delivers the beam approximately parallel to the central orbit but 77 mm 

farther out in radius (Fig. 11). The inflector aperture of 18(w) x 57(h) mm2 is necessarily 

smaller than the storage aperture of 90 mm diameter, so that the Twiss parameters of the 

incoming beam do not match those of the ring. 

The 10 mrad kick (Fig. 12) needed to put the muon beam onto a stable orbit was achieved 

with a peak current of 4100 A and a half period of 400 ns. Three pulse-forming networks 

powered three identical 1.7 m long one-loop kicker sections consisting of 95 mm high parallel 

plates on either side of the beam. The current pulse was formed by an under-damped LCR 
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FIG. 9: The E821 muon storage ring. 

circuit. The kicker plate geometry and composition were chosen to minimize eddy currents. 

The maximum additional field seen by the muons in a kicker region was 0.017 T. Some 20 /JS 

after the kicker pulse, the local residual field due to eddy currents is seen to be smaller than 

~ 1 x 10"6 T, which corresponds to less than 0.1 ppm on the global field. The time-varying 

magnetic field from the eddy currents was calculated with the program OPERA and was 

measured in a full-size straight prototype vacuum chamber with the use of the Faraday effect. 

Since the muons circulate in 149 ns, they were kicked several times before the kicker pulse 

died out. 

The magnetic field in the storage ring must be determined at the sub ppm level 

(~ 0.1 ppm), so the storage ring field must have high homogeneity and stability. The super-

ferric magnet [38] is constructed of iron with superconducting coils. Construction tolerances 

of 1 mm are achieved for our 14 m diameter storage ring (Fig. 13). 

High quality steel is used and, in particular for the pole pieces, ultra-low-carbon steel is 

employed. The opening between the pole faces is 18 cm and the active storage region is 9 cm 
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FIG. 10: Schematic overview of the beamline to the muon storage ring. 

in diameter. Wedge-shaped openings between the pole faces and the return yoke allow the 

insertion of wedge-shaped iron shims in the gaps. The openings between the pole pieces and 

the return yoke help to decouple the field in the gap from the imperfections in the yoke iron 

such as pot holes and inhomogeneities of the iron. 

The magnet is excited by three NbTi/Cu superconducting coils which are 14.2 m in diam

eter and carry 5200 A. A low-voltage high-current power supply with a current stability of 

0.3 ppm is used. Feedback to the power supply from the NMR field measurements maintains 

the field to 0.1 ppm. 

Extensive provisions for shimming include large iron pieces around the yoke, iron shim

ming wedges, edge shims, several types of correcting coils on the surface of the pole pieces, 

and iron shims on the pole pieces near regions where the poles meet. The shimming wedges 

affect principally the dipole and quadrupole components of the field, whereas the edge shims 

affect the sextupole components. 

Features of the magnetic field measurement are shown in Fig. 14. A pulsed NMR system 
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FIG. 11: Cross sectional view of the inflector magnet at the injection into the ring. Shown are (1) 
the storage vacuum chamber wall, (2) the muon storage region, (3) the inflector channel, (4) the 
superconducting coils, and (5) the inflector casing. 

is used and a free induction decay is shown [39]. The Fourier spectrum is centered at 62 MHz 

(B — 1.45 T) with a width of 40 Hz, so the NMR frequency is measured to 0.1 ppm. 

The magnetic field along the muon trajectory in the active volume of the storage ring 

is measured by 17 NMR paraffin probes mounted on a trolley which is pulled through the 

vacuum chamber of the storage ring by a cable car mechanism [40]. The electronics for the 

NMR system is contained within the trolley. The trolley traverses the ring in about 2 hrs 

and obtains some 50,000 NMR readings. A trolley run is taken every 2 or 3 days. Some 375 

NMR probes are embedded in the top and bottom walls of the aluminum vacuum chamber 

and the field is measured continuously by these fixed probes. The average of some 100 of 

these probes is used as a feedback signal to the power supply for the superconducting coils. 

The trolley probes are calibrated against a standard probe before and after data-taking with 

the muon beam. The data are written to disk for off-line analysis. 

Results of magnetic field measurements are shown in Fig. 15. The field measured with the 

center probe on the trolley is plotted versus the azimuthal angle and is seen to be uniform to 

about ± 50 ppm. The exception is a region of about 1° near the superconducting inflector 

where its fringe field changes the field by about 600 ppm. A new inflector was installed after 
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FIG. 12: The schematics of muon injection and storage in the g - 2 ring (left) and the measured 
changes in the field B when the kicker is fired (right). 

1999 which did not have this fringe field. The average radial field component was measured 
using Hall probes and found to be less than 50ppm of the vertical field value [41]. 

The 17 trolley probe measurements obtained in a complete trolley revolution are used to 

evaluate the average azimuthal field which is expressed in terms of its multipoles with B0 

being the dipole field determined to about 0.1 ppm. Contours of equal B are shown with 

1 ppm levels with respect to B0 indicating that the azimuthal average field varies by only 

a few ppm over the cross section of the storage ring. The field average of the fixed probes 

with respect to a reference field obtained from trolley runs is shown versus time. Fig. 15d 

shows the perturbation of the NMR reading of a single fixed probe caused by the trolley as 

it passes by. 

Calibration of the trolley probes with respect to our standard probe is necessary to obtain 

finally the field in units of the free proton NMR frequency. Our standard probe (Fig. 16) 

is a spherical water sample carefully constructed to contain a 1 cm3 spherical water sample 

and to be well insulated from environmental perturbations [42]. The diamagnetic shielding 

factor a given by 

£>p — (1 *?j DsphrwateT 

has been measured in a separate experiment [43] which measured gp(H20)/pj(H) and a 
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PIG. 13: Cross sectional view of the C magnet. Shown are (1) the yoke plates, (2) the pole 

tips, (3) the cryostat, (4) the mandrels, (5) the muon storage region, (6) the edge shims, (7) the 

superconducting coils, (8) the wedge shims, and (9) the air gap. The magnet opening faces towards 

the ring center. 

second which used a hydrogen maser to measure gj(H.)/gp(~H) [44]. In addition, a theoretical 

calculation of gp{R)/gp is required [45, 46]. These give 

gj(H) 
9 P ( H 2 0 ) 

0/(H) 

= -658.2160091(69), 

= -658.210 706(6), and 
ffP(H) 

^ ^ - = 1 - 17.733 • 10-
9P 

Hence, 
CT(H20) = 25.790(14) x 10"6 at 34.7°C [43], 

which includes the calculable shielding for a proton in atomic hydrogen, a = 17.733 ppm [45, 

46]. The temperature dependence of CTH2O is measured to be 10.36(30) ppb/ °C [47]. 
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FIG. 14: The field trolley inside the storage region (top) and the free induction decay signal 
(bottom). 

The ideal electric quadrupole field required for vertical focusing of the muon beam is 

shown in Fig. 17a. Fig. 17b shows a cross sectional view of the actual electrode configuration 

consisting of rectangular plates. There are four electric quadrupole sections around the ring, 

each covering about 40° in azimuth. The electrodes are powered on for about 1 ms s tar t ing 

shortly before each beam pulse and then turned off to avoid electrical breakdown. The 
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FIG. 15: a) The magnetic field measured with the trolley center probe versus azimuth from mea
surements taken on February 5, 1999. The dip at 350° results from the inflector fringe field. The 
field values are expressed in ppm with respect to a central azimuthal average field Bo = 1.451 266 T. 
b) Field tracking with the fixed probes, as described in the text, c) Multipole expansion of the field 
averaged over azimuth. The contour lines are 1 ppm contour lines, d) The perturbation of a fixed 
probe reading as the trolley passes by. 
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FIG. 16: The reference probe used in the g — 2 field measurements. 

nominal electrode voltages are ±24 kV. However, for about 15 [is following muon injection, 

two of the electrodes are kept at lower voltages of ±17 kV to steer the outer region of the 

beam onto collimators inside the storage ring. This procedure, called scraping, removes 

muons from the ring which could otherwise be lost in an uncontrolled manner during our 

measurement time. 

The stored muon beam, its position, width, and oscillatory motion in its dependence on 

the kicker and quadrupole settings, is measured several times during the running period 

with scintillating fibers that can be plunged into the storage region at two locations. Indi

rect measurements of the beam position and width are provided by horizontal scintillation 

fingers mounted on the front-face of five positron calorimeters, described below. The front 

scintillation counters are used in addition in determining muon beam losses. 

Positrons from the in-flight decay (i+ —> e+fei'li are detected with lead/scintillating fiber 
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FIG. 17: Illustration of electrostatic focusing in the g — 2 experiment. 

calorimeters [48] placed symmetrically at 24 positions around the inside of the storage ring 

(Fig. 18). The electromagnetic calorimeters are connected by light guides to four fast and 

stable photomultipliers, and the signals are added. The calorimeter has a good energy res

olution [ajE — 10% at 1 GeV) and the scalloped vacuum chamber minimizes preshowering 

before the positrons reach the calorimeters. Fig. 18 shows a typical pulse with a width of 

about 20 ns and also shows a succession of pulses during a 55 /zs time interval. For each 

signal its time and energy is determined in the off-line analysis. To a good approximation 

the decay positron time spectrum is described by 

N{t) = N0(E) exp f ^ \ [1 + A{E) sin (u>at + 4>{E))], (31) 

in which the normalization N0(E) and the parity violating asymmetry parameter A(E) 

depend strongly on the energy threshold E. The dependence of the phase <f>(E) results from 

the E dependence of the measured positron detection times relative to the muon decay times, 

and is much weaker. The hardware energy threshold is set to about 1 GeV. 

The photomultiplier tubes of the calorimeter were gated off before injection, and when 

gated on, they recovered to 90% pulse height in < 400 ns and reached full operating gain in 

several /us. The early data until about 10 ^s were used in the off-line analysis to determine 

the muon rotation frequencies. The detector gains were constant 25-40 /is after injection. 

Data were accumulated for about 10 muon lifetimes following injection. 

The calorimeter pulses were continuously sampled by custom 400 MHz waveform digitizers 

(WFDs) — similar to the subsequent design of Ref. [49] — which record at least 16 8-bit 
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FIG. 18: One of the 24 positron calorimeters in the g - 2 experiment (left), together with event 
displays of the signal shapes recorded with the waveform digitizers for two time scales (right). 

samples (2.5 ns each) on both the fast rising and slower tail of the positron pulse, and thus 

provide both timing and energy information. The NMR and WFD clocks were phase-locked 

to the same LORAN-C [50] frequency signal. The waveforms were zero-suppressed and 

stored in buffer memories until the end of the AGS cycle. Between AGS acceleration cycles 

the data were written to tape for off-line analysis, as were the calorimeter calibration data. 

A laser/LED (light-emitting diode) calibration system was used to monitor calorimeter 

time and gain shifts during the data-collection period. Early-to-late timing shifts over the 

first 200 /̂ s were, on average, less than 20 ps. Phototube gain shifts were determined from 

the off-line e+ energy spectrum to be less than 0.3% from 32 jis on. 

Positron energy spectra are shown in Fig. 19. For a single detector and single positron 

the maximum energy is 3.1 GeV. Higher energy signals are due to detection resolution and 

overlapping pulses. The difference in the energy spectra when the spin direction is pointed 
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FIG. 19: Observed decay positron energy spectra a) when the muon spins predominantly oppose 
the muon momenta and b) when the spins are along the momenta. The corresponding g — 2 phases 
axe illustrated in the insets. 

towards and away from the detector is owing to the muon decay characteristics. 

A positron time spectrum is shown in Fig. 20 from a starting time of 32 /is to 700 /is. The 

exponential decay with the muon dilated lifetime of about 64 /ts as well as the modulation 

with the g — 2 frequency of about 230 kHz are evident. The data were acquired in sequences 

of about 30 minutes, so called runs, during about 500 hours of the two month running period 

in the winter of 1999. The total number of positron counts obtained in the CERN experiment 

and in the three BNL data-taking periods are shown in Fig. 20. 

VI. DATA ANALYSIS 

The analysis of aM follows, naturally, the separation of the measurement in the frequency 

uip related to the magnetic field and the frequency uja related to the muon spin precession, 

R 

\-R' 
(32) 

where R = u)a/u}p and A = 3.18334539(10) (30 ppb) [25] is taken from external measure

ments and theory. The analyses of u>p and uja have both been performed by several largely 

independent groups within the muon (g — 2) collaboration. Only after each of the analyses 
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the fitted function discussed in the text (top) and a comparison of the number of analyzed positrons 
for the results published to date (bottom). 

had been finalized were the results for wp and uja from the various analyses combined, and 

was the value of aM evaluated. At no earlier stage was the value of a^ or R known to any of 

the collaborators. 

In the following, we choose to describe one analysis of wv and one analysis of ua in some 
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detail, followed by a short overview of the differences with other analyses and a discussion 

of their results. It should be noted that, at the pursued precision, both the analysis of OJP 

and the analysis of uja are intricate enough to have taken well over a year to complete. Only 

aspects are reviewed here. 

A. The analysis of uip 

The analysis of the 1999 magnetic field data starts with the calibration of the NMR 

probes in the field trolley from measurements taken at the beginning and end of the 1999 

running period. In these measurements, the field in the storage ring is tuned to very good 

homogeneity at specific calibration locations. Its value is then measured with the 17 NMR 

probes mounted in the trolley shell, after which the trolley is moved out of the way. A single 

probe is then plunged into the storage vacuum and positioned to measure the 17 field values 

corresponding to the same spatial configuration as the trolley probes (cf. Fig 14). The 

difference of the trolley probe readings and the plunging probe readings forms a calibration 

of the trolley probes with respect to the plunging probe, and hence with respect to each 

other. Drifts of the field during the calibration are determined by remeasuring the field with 

the trolley following the measurements with the plunging probe, and also using the readings 

from nearby NMR probes in the outer top and bottom walls of the vacuum chamber. The 

plunging probe, as well as a select subset of trolley probes, are thereafter calibrated in 

air against our standard probe [42] using a similar sequence of measurements. The series 

of calibration measurements were made by several collaborators independently. The leading 

calibration uncertainties result from the residual inhomogeneity of the field at the calibration 

locations, and from position uncertainties in the active volumes of the NMR probes. The 

uncertainties in the azimuthal direction were estimated from measurements in which the 

trolley shell was purposely displaced. The uncertainties in the radial and vertical directions 

were estimated by comparison of trolley and plunging probe measurements during which a 

known and relatively large sextupole field of about 7 ppm at r0 = 4.5 cm was applied using 

the surface correction coils. Their total is estimated to be 0.2 ppm, as indicated in Table I. 

The dependencies of the trolley NMR readings on the supply voltage and on other settings, 

as well as the dependence on the temperature inside the trolley shell, were measured to be 

small in the range of operation. The combined upper limits are included as a systematic 

uncertainty ("other"), which also includes the effects from the measured transient kicker 

field caused by eddy currents (Fig. 12). The uncertainty in the absolute calibration of the 

standard probe amounts to 0.05 ppm. 

The magnetic field inside the storage region was measured 17 times with the field trolley 
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during the data collection from January to March 1999. Fig. 15a shows the field value mea

sured with the center trolley probe in the storage ring versus the azimuthal angle. Fig. 15c 

shows a multipole expansion of the azimuthal averages of readings from all probes, 

oo oo 

By = ^C n r n cos (n0) -^£>„r"s in (n0) , (33) 
n=0 n=0 

oo oo 

Bx = ^ C n r n s i n ( n ( £ ) + ^i? nr ncos(n(/>) , (34) 
n=0 n = 0 

where the coefficients Cn and Dn are the normal and skew multipoles, respectively. The 

dipole term Co dominates the other multipoles, because of the field uniformity. In the analy

sis, terms up to and including n = 4 — the decupoles — are kept. Dedicated measurements 

with probes extending to the full beam aperture of 4.5 cm radius — 1.0 cm beyond the outer 

trolley probes — show that the neglect of higher multipoles is at most 0.03 ppm in terms of 

the average field encountered by the stored beam muons, thus confirming design calculations. 

The field in azimuth is seen to be uniform to within about 50 ppm, except for a region of 

about 1° near 350°, where the inflector magnet is located. An imperfection in its supercon

ducting shield resulted in a residual fringe field, which reduces the storage ring central field 

by about 600 ppm up to 3000 ppm at the edge of the aperture. Consequently, in this region 

not all 17 NMR probes in the trolley could be operated with their nominal settings, and the 

field had to be measured in separate scans with the field trolley. The uncertainty associated 

with matching the measurements in the narrow inflector region with the measurements in 

the storage ring is estimated to be 0.2 ppm. Uncertainties, or more precisely non-linearities, 

in the determination of the trolley position during the measurements — from the measured 

cable lengths and from perturbations on the readings from fixed probes as the trolley passes 

— affect the azimuthal average of the field at the level of 0.1 ppm. 

The measurements with the field trolley serve, in addition, as a calibration of the 375 NMR 

probes in the outer top and bottom walls of the storage vacuum chamber, the so called fixed 

probes, which are used to track the field when the field trolley is 'parked' in the storage 

vacuum just outside the beam region, and muons circulate in the storage ring (cf. Fig 14). 

A representative probe reading when the field trolley passes by is shown Fig. 15d. The 

calibration for each fixed probe consists in determining the difference between the trolley 

measurement of the field at the azimuthal location of the fixed probe and the fixed probe 

readings, interpolated so as to cancel the perturbing effects of the trolley shell and electronics. 

The calibration may change in time, for example when the magnet is ramped or when the 

settings of surface correction coils are modified. Hence, field measurements with the trolley 

are made whenever ramping of the magnet or a change in settings requires such, and repeated 
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typically two to three times per week. A weighted average of the readings of the fixed probes 

is formed in a way so as to optimize the correlation with the determination of the azimuthal 

average of the dipole field BQ measured with the field trolley. Fig. 15b shows the scatter of 

the difference of the determinations of B0 from measurements with the fixed probes and with 

the trolley probes. The scatter of about 0.2 ppm of the differences in periods of constant 

settings and magnet powering is a measure of the uncertainty in the field tracking with the 

fixed probes. 

The field frequency wp in Eq. 32 is the free proton NMR frequency averaged over the 

muon distribution and over the analyzed data sample. The field integral encountered by 

the muon beam has been studied by tracking 4000 muons for 100 turns through a measured 

field map. The simulation shows that the value of the field integral over the beam trajectory 

is identical to within 0.05 ppm to the azimuthally averaged field value, taken at the beam 

center. The beam center along the radial axis is determined by analyzing the debunching of 

the beam pulses [24], and found to be 3.7(1.0) mm outside of the central orbit. The vertical 

beam center is determined to be 2(2) mm above the center plane from measurements with 

the front scintillation counters and scintillating fibers mentioned before in Section V. 

The resulting value for the field frequency UJP is, 

UJP = 61719 256(25) Hz (0.4 ppm), (35) 

where the uncertainty has leading contributions from the calibration of the trolley probes 

and the inflector fringe field (cf. Table I), and is thus predominantly systematic. A second, 

largely independent, analysis of the field has been conducted, using a different selection of 

fixed NMR probes among other differences. The results agree for each trolley measurement 

to within 0.05 ppm and to within 0.03 ppm for the frequency UJV in Eq. 35. 

B. The analysis of uja 

The determination of the frequency LJG from the recorded calorimeter WFD traces pro

ceeds in stages. 

In the initial stage, the WFD traces are scanned to identify positron pulses and to measure 

their properties. Conceptually, a sample of about 104 pulses in the energy range of 1-3 GeV 

is selected for each calorimeter individually to form an average pulseshape, which is then 

used in fits to all WFD traces. The selection is made from recordings well after the muons 

were injected into the ring, so as to ensure that transient effects have faded away and the 

traces consist of responses to single positrons. Fig. 21 shows the average pulseshape for 

one of the positron calorimeters (left) together with its application to a typical WFD trace 
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TABLE I: Systematic errors for the uip analysis 

Source of errors 
1. Standard probe absolute calibration 
2. Calibration of BQ against standard probe 
3. Baver from trolley probes due 

to position uncertainty 
4. Inflector fringe field 
5. Tracking by fixed probes 
6. Average over muon distribution 
7. Others t 
Total systematic error on UJP 

Size [ppm] 
0.05 
0.20 

0.10 
0.20 
0.15 
0.12 
0.15 
0.4 

f higher multipoles, trolley temperature and its power 
supply voltage response, and eddy currents from the 
kicker. 

WFDctameU 

WFDcl«mel2 

tkne(m) 

FIG. 21: The average response to a single positron pulse in the energy range of 1-3GeV for both 
WFD readout phases (a) and (b) its application to a typical pulse. 

(right). The algorithm is seen to assign an appropriate pedestal for the trace, to identify 

the single positron pulse, and to fit its peak value (energy) and location (time). A fraction 

of several percent of the recordings is found to contain multiple positron pulses per WFD 

trace. Extensive studies of the pulse finding and fitting algorithm show that in such cases 

each of the pulses is identified and measured correctly, provided that the pulse separation 

exceeds 3 ns and the pulse energy is larger than 0.4 GeV. For intervals smaller than 3 ns, 

the pulses are reconstructed as a single pulse, whereas pulses with energies below 0.4 GeV 

escape reconstruction. The studies of the algorithm show, furthermore, that time shifts of 
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the positron reconstruction chain are smaller than 20 ps over 200 /us, so that time shifts 

contribute less than 0.1 ppm systematic uncertainty in the frequency ua. 

In the subsequent analysis stage, the data collected to study systematic effects are sep

arated from the data with regular running conditions. Data for which the settings of the 

apparatus are known to be different from their nominal values are rejected, as are data for 

which the correspondence could be established. Data recorded during occasional mishappen-

ings are of course discarded as well. The consistency of the remaining data is verified with 

a variant [51] of the Kolmogorov-Smirnov test, in which the (integral) positron time-energy 

spectra for each data run are compared with a reference spectrum created by randomly 

sampled events from all runs. Per construction, this test is insensitive to oscillations in the 

spectra and therefore does not bias the sample available for further analysis of u)a. 

The time spectrum of the remaining positrons is shown in Fig. 20 in the time range 

32-700jUS and for positron energies larger than 2GeV. Corrections were applied to mask 

the bunched time structure of the beam injection and to eliminate a small distortion from 

overlapping pulses, so called pileup. The key characteristics of the spectrum arise from muon 

decay and spin precession, and are described by: 

N{t) = N0{E) exp (^\ [1 + A{E) sin (wat + <ftE))], (36) 

in which No(E) is the normalization, A{E) the asymmetry, and <j>(E) the phase, as before 

(cf. Eq. 12). The statistical uncertainty on the frequency uja from a fit with a function 

f(i) = N(t) to the time spectrum is inversely proportional to A^NE with NE the total 

number of positrons in the spectrum with energies larger than E, and has its optimal value 

for E ~ 2 GeV. The optimal value amounts to 5 ppm for the 84 • 106 analyzed positrons from 

the 1998 data [52], which are described adequately with this function. 

The tenfold larger positron sample collected in 1999 requires consideration of additional 

effects, as evidenced from the Fourier transform of residuals in Fig. 22 from a fit /(£) = N(t) 

to the 1999 data. We discuss several of these effects — coherent betatron oscillations, muon 

losses, detector gain changes, and AGS background — after describing the corrections to the 

data for pileup and for beam debunching mentioned before. 

• The number of overlapping pulses in the reconstructed data is proportional to the in

stantaneous counting rate squared (dN/dt)2 and to the minimum pulse separation time 

of the pulse reconstruction algorithm. This fraction is about 1% of the event sample 

at 32 fjs when the fits of ua to the data are started, and vanishes exponentially with 

a time constant equal to half the dilated muon lifetime. Pileup distorts the positron 
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FIG. 22: Fourier transform of residuals of fit to the 1999 data-taking into account muon decay and 
spin precession. 

time spectrum because of miscounting of the number of pulses and misidentification 

of the energies and times. Since the phase (f> in Eq. 12 depends on the positron energy 

and correlates strongly with the frequency uia in fits, pileup potentially causes a sizable 

error in the fitted value of u>a. It is thus advantageous to apply a correction to the 

data prior to the fitting, which consists in a subtraction of a pileup spectrum that is 

constructed using indiscriminately recorded pulses as follows. Positron pulses found 

within a window at a fixed, short time after the positron pulse that triggered the WFD 

module are treated as if they overlap with the trigger pulse, that is, the times of both 

pulses are averaged and the energies added to form a single pulse. The width of the 

window is taken equal to the minimum pulse separation time of 3 ns. For data with 

energies above 2 GeV — twice the hardware threshold of about 1 GeV — the differ

ence of the thus found spectrum and the uncorrected spectrum determines the pileup 

spectrum. The difference spectrum has both negative and positive entries, since pulses 

may be lost by combination as well as gained when pulses each with energies below the 

software threshold (2 GeV) are combined to form a single pulse with sufficient energy 

to pass the threshold. 

Signals with energies below about 0.4 GeV are too small to be reconstructed with the 

pulse finding algorithm and are thus not accounted for in the subtraction procedure 
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FIG. 23: Energy spectrum of all reconstructed positrons (thick line), together with the energy 
spectrum well after beam injection when the instantaneous rates are low and pileup is negligible 
(thin line) and the energy spectrum after the correction for pileup (dashed line). The inset shows 
the energy averaged over the g - 2 period versus time before (filled circles) and after (open circles) 
the correction for pileup has been applied. 

described above. These small signals distort the pulse reconstruction but do not, on 

average, affect the energy. They do cause small time dependent shifts in the asymme

try A(E), and to a smaller extent in the phase 4>(E). The observed stability of the 

asymmetry A{E) with time is used to set a limit on the shift of the fitted value of uja 

that would result through its correlation with 4>{E). 

Fig. 19 shows the spectrum prior to the correction for pileup and the agreement between 

the positron energy spectrum after the pileup correction has been applied and the 

spectrum well after beam injection when the instantaneous rates are low and pileup 

is negligible. The inset illustrates that the average energy after pileup subtraction is 

constant with time, as expected. Expressed in terms of a shift in uja, the size of the 

correction for pileup amounts to 0.3 ppm. Its uncertainty is estimated to be about 

twice smaller. 

The injection of the beam in narrow bunches into the storage ring results in a strong 

modulation of the initial part of the decay positron time spectrum with the cyclotron 

period of 149.185 ns. This effect is, in fact, used to determine the equilibrium beam 

radius. The modulation fades with a characteristic time of about 24 fis owing to the 

0.6% momentum spread in the beam. Since the fits of u)a are started as early as 32 ps 

after beam injection, a correction to the data is necessary. An effective correction is 

found to consist in randomization of the arrival times of all decay positrons from a 
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single beam pulse over the cyclotron period, which in addition is chosen to be the 

bin-width of the fitted spectra. 

• Coherent betatron oscillations: The storage ring is a weak focusing spectrometer with 

field index n = 0.137, with an aperture that is large compared to the infiector aperture 

of 18(w) x 57(h) mm2. Therefore, the phase space for the betatron oscillations defined 

by the acceptance of the storage ring is not filled when muons are injected into the 

storage ring [53]. In combination with imperfect injection angles and an imperfect 

horizontal kick to store the muons onto stable orbits, this results in betatron oscillations 

of the beam as a whole - coherent betatron oscillations (CBO). 

The existence of these oscillations is readily appreciated from the Fourier transform 

in Fig. 22. The oscillations of the beam center and of the beam width have also been 

observed directly in dependence of the settings for the focusing quadrupoles and the 

kick after injection, using scintillating fiber monitors plunged into the storage region 

at two locations in the ring. The CBO modulate the positron time spectra, since the 

calorimeter acceptances depend on the muon decay positions. The dominant effect 

is caused by the horizontal oscillations, which decay with a characteristic time of 

~ 120 (is. An adequate parametrization of the effect is found to be 

b(t) = 1 + Ab exp ( - ^ - ) cos{ujbt + </>b), (37) 

and is included multiplicatively in the function fit to the data, /(£) = N(t) • b(t). The 

frequency ujb — wc(l — VI — n) — 470.0 kHz, with n ~ 0.137 the field focusing index 

and uic the cyclotron frequency, is determined from the Fourier spectrum in Fig. 22 

and measured directly several times during the running period using scintillating fibers 

that can be plunged into the storage region. The amplitude Ab is determined from the 

fit and found to be about Ab ~ 1 x 10~2, as is the characteristic time rb ~ 120 yus with 

which CBO vanish, owing partly to the momentum spread in the beam. The phase <j>b 

varies by detector, from 0 to 27r. 

• Muon Losses: A small fraction of the stored beam is lost during the muon stor

age time, despite controlled scraping of the injected muon beam with the electro

static quadrupoles for about 15 fjs immediately following injection. An adequate 

parametrization of the residual losses is found to be 

l(t) = 1 + ra, exp ( ) , (38) 
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and is included multiplicatively in the function fit to the data, f(t) = N(t) • b(t) • l(t). 

The decay time T; is found to be T; — 20 fis, and ni is typically less than 1%. An 

independent study of the losses of stored beam was made using coincident signals from 

three adjacent layers of scintillation fingers mounted on the front faces of five of the 

positron calorimeters, in the absence of energy deposits in the calorimeters. 

• Detector gain changes are determined using the positron energy spectra, and moni

tored with a pulsed laser system. The gains of all but two detectors are constant to 

within 0.1% over the muon storage time of about 600 /is, which causes an estimated 

uncertainty of 0.02 ppm in the measurement of w„. 

• AGS background: Imperfect proton extraction from the AGS sometimes causes par

ticles to enter the storage ring during the ~ 600/US data collection period. These 

particles, mostly positrons, may cause background pulses in the calorimeters, which 

then contaminate the regular data sample. The time structure of such a background is 

defined by the AGS cyclotron period of 2.694 fj&, and its number distribution among 

the calorimeters is characteristic of the energy [54]. Both properties have been used to 

estimate the relative contamination to be ~ 10~4 for the 1999 data sample. Simulations 

show that this corresponds to a systematic uncertainty of 0.1 ppm in u>a. 

The function fitted to the 1999 data sample is thus given by 

f(t) = N(t) • b(t) • l(t), (39) 

in which N(t) describes muon decay and spin precession (cf. Eq. 12), and the perturbations 

b(t) and l(t) are given in Eqs. 37 and 38. The function f(t) has ten parameters that are fit 

to the data, in the sense of minimizing x2- (The frequency o>(, is determined from a Fourier 

analysis, as mentioned before.) Fig. 20 demonstrates the good agreement of data and fit, 

as evidenced also from the value x2 = 3819 for the 3799 degrees of freedom (dof). The 

frequency wn is determined with a statistical precision of 1.3 ppm from the 1999 data. The 

fitted value of u>a correlates weakly with all free parameters, except for the phase <pa, and 

is thus insensitive in particular to the functional forms and values of the perturbations b{t) 

and l{t). 

The internal consistency of the fit results was verified in several ways. Fig. 24 shows two 

examples; (top) the variation of the fitted frequency uja versus the time at which the fit 

is started, and (bottom) the fitted frequency from data of each detector individually. The 

values are consistent with each other (x2/dof = 30/21) and their average equals the fit result 

from the data combined to within 0.07 ppm. The fitted lifetime, after correcting for muon 



252 

X 

80 90 100 
Time [[is] 

229.0760 

229.0740 

229.0720 

229.0700 

229.0680 

b) 

1 

1 1 

1 

> 
I 

l 

1 1 li 1 ' * 1 

' 1 

1 I 

11 

<> 

,111, 

8 10 12 14 16 18 20 22 24 
Detector Number 

FIG. 24: a) The fitted frequency wa/(2n) versus the time after beam injection when the fit is 
started. The size of the statistical uncertainty is indicated for several of the points. The band 
indicates the size of expected statistical fluctuations. Both indicate 68% confidence intervals, b) 
Fits to the spectra from individual detectors. Detector 2 was excluded from analysis because of a 
readout problem. Detector 20 is located downstream of an array of tracking chambers; it has been 
excluded from analysis because of its different energy response. 

losses, is in agreement with the value expected from special relativity to within 0.1% of the 

value. 

Three analyses of u)a, alternative to the one just described, were made, as mentioned be

fore. Two of these analyses made use of data processed with an independent implementation 

of the pulse finding and fitting algorithm. Other principal differences concern a somewhat 

different choice of data selection and fitting parameters, a refined treatment of detector gain 

changes, and alternative ways to handle pileup. In one analysis, a pileup correction to the 

data is made by varying the minimum pulse separation time in the reconstruction algo

rithm and by extrapolating to the case of no minimum separation time (hence, vanishing 

pileup), whereas in another analysis pileup is incorporated in the fitted function, using the 

constructed pileup spectrum only to determine the associated phase. In the last analysis, 
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TABLE II: Systematic errors 

Source of errors 
Pileup 
AGS background 
Lost muons 
Timing shifts 

for the w„ 

E field and vertical betatron oscillation 
Binning and fitting procedure 
Coherent betatron oscillation 
Beam debunching/randomization 
Gain changes 
Total systematic error on u>a 

analysis. 

Size [ppm] 
0.13 
0.10 
0.10 
0.10 
0.08 
0.07 
0.05 
0.04 
0.02 
0.3 

the data are randomly split in four samples ni-ru which are rejoined in u(t) = ri\{t) + n2(£), 

v(t) = n3(t — r a /2) + n4(t + Ta/2), and the ratio [55] 

r(t)-
u{t) - v(t) 

u(t) + v(t) 
= A(E) sm(coat + <j>a{E)) + < (40) 

where ra is an estimate of the g — 2 period and the constant f < l . The ratio r(t) is largely 

independent of effects with time scales exceeding TOJ particularly the muon lifetime, and 

can thus be fit with fewer free parameters. Its results have somewhat different systematic 

uncertainties. Extensive further detail on two of the alternative analyses can be found in 

Refs. [56] and [57]. 

The results from the four analyses of ua are found to agree to within the statistical 

variation of 0.4 ppm expected from the use of slightly different data reconstructions and 

selections in the respective analyses. The combined result is 

w0/27r = 229072.8(0.3) Hz (1.3 ppm), (41) 

which includes a correction of +0.81(8) ppm for the small disproportionality of the observed 

frequency and the measured field caused by vertical betatron oscillations and electric fields 

in the storage ring (cf. Eqs. 24). The stated error of 1.3 ppm reflects the total uncertainty, 

accounts for the strong correlations between the individual fit results, and is dominated by 

the statistical contribution. The systematic uncertainties are listed in Table II. Uncertainties 

due to spin resonances, the fit start time, and clock synchronization were neglected after each 

was estimated to be less than 0.01 ppm. 
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FIG. 25: Measurements of a^ and their total uncertainties. 

VII. RESULTS 

Only after the analyses of the magnetic field data and of the spin precession data had been 

finalized, separately and independently, was the anomalous magnetic moment a+ evaluated, 

R 

where R = uja/wp and A = //M//ip = 3.18334539(10) [25]. The result [58], 

o+(expt) = 11659202(14)(6) x 10~10 (1.3 ppm), (42) 

is in good agreement with previous measurements of a+ and a~ [14, 24, 52] and improves 

the combined uncertainty by a factor of about three (Fig. 25). 

VIII. THEORETICAL VALUE FOR a„ 

The theoretical value for a^ in the Standard Model can be written [59] 

aM(SM) = aM(QED) + aM(had) + a^(weak). (43) 
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A. QED contribution 

The contribution of the electromagnetic interaction, aM(QED), includes those of the pho
ton, electron, muon and tauon fields as in Fig. 26. The result is most conveniently expressed 
as [60] 

\meJ \mTJ \me mT) 

The fourth order term 

* (£) ( f ) '+* fe) ( ? ) ' - > » ™ 8 ( » > (f)'+o.«>o™69(25> ® ' . 

\meJ\7t/ \mT /V7r/ V^e mTJ\irJ 

22.868 37936(23) ( - } + 0.00036054(21) (-) + 0.00052763(17) f - ) 3 . 

<5) ©4+4 (£)©'•«&*)©*-
ra.50(«)(2)' + 0 ( 2 ) * + 0.O79(3)(H)'. 

*(£)(;)'-»><»<)'• 
Hence, 

a„(QED) = 0.5 ( - )+0.765 857376(27) ( ~ ) 2 + 

24.05050898(44) (-) + 126.07(41) ( - ) * + 930(170) (-Y, (44) 

where the uncertainties originate from the uncertainties in the mass ratios, and for terms of 
order higher than (OJ/TT)3 from numerical evaluation. Substituting the a~l(ae) value from 
Eq. 6 one obtains [20, 59): 

aM(QED) = 11658470.57(29) x HP10 (25 ppb). (45) 

A substantially improved evaluation of the higher order term <4§(m^/me) to reduce round-off 
or digit deficiency is in progress [61]. It is interesting to note that the contribution of the 
tau lepton through modifying the photon propagator amounts to 4 x 10~~!0 or 0.36 ppm. 
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FIG. 26: Feynman diagrams of QED processes contributing to the difference of a^ and ae. 

B. Hadronic Contribution 

The hadronic contribution to a^ is about 60 ppm, and contributes the principal uncer

tainty to <zM(SM). It arises in lowest order as a vacuum polarization correction involving 

virtual hadrons as shown in Figure 28a. 

This diagram can not now be calculated from QCD. However, by dispersion theory this 

contribution can be related to R(s) = 0totai(e+e~" —> hadrons)/<rtotai(e+e" —• fi+fi"), in which 

s is the square of the total energy in the center of mass for the colliding particles e+ ,e~. 

The dispersion relation, 

**-«-(==)• j[ 
4m£ S 

^K(s)R(s) (46) 

involves the integral from the threshold energy for pion pair production to oo and contains 

the 1/s2 factor as well as the kinematic factor K(s), which increases monotonically to 1 as 

s —> oo, 

K(s) x2 lnx + (l + a;)2 
l + ^ ) ( l n U + z) 

x2 

where 

-1- o 

1 + V l 
4 ^ 

The value for a^had 1) is evaluated from the dispersion integral with measured values of 

R. Data from hadronic T~ decay can also be used, assuming the validity of isospin symmetry 

and conservation of the vector current (CVC). 

The principal contribution to aM(had 1) comes from the region below i/s = 1 GeV. Ex

tensive and accurate measurements of R have been made and are continuing at the Budker 

Institute of Nuclear Physics in Novosibirsk in the energy range for yfs = 0.3 - 1.4 GeV, using 
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VEPP-2M and their CMD-2 detector. Their older measurements have provided the principal 

data for evaluation of a^had 1) [62] and their much more recent and extensive data around 

the p-meson have been published [63]. The full data set is also being analyzed for the energy 

regions y/s = 370-540 MeV and V« = 104O-1380 MeV. The upgraded VEPP-2M collider 

in Novosibirsk (VEPP-2000) will extend the energy range up to 2 GeV. New measurements 

of R are also being obtained with the e+e~ collider in Beijing in the approximate energy 

range y/s = 2-5 GeV [64], and are also expected from the new Prascati 4> factory. Extensive 

data on hadronic T~ decay come from LEP [65, 66] and Cornell [67], and can be expected 

from the B factories. 

The measured spectral function of the r~ —»-K~-K0VT decay can be used in addition to 

evaluate a^had 1), assuming CVC and isospin symmetry [68]. Detailed measurements of r " 

decay are provided by ALEPH [65], OPAL [66], and CLEO-II [67]. The comparison of the 

pion form factor measured at e+e~ colliders with the spectral function of the T~ —> -IT~TT0VT 

decay provides a test of CVC. More theoretical input is necessary to calculate radiative 

corrections to experimental data and the effects of isospin breaking. 

Fig. 27 presents some of the history of the evaluation of the leading contribution aM(had 1) 

and the uncertainties involved [69-72]. 

The ongoing experimental measurements of R mentioned above should reduce the error in 

aM(had 1). For our evaluation of aM(had 1) we take the latest published value [69] which in

cludes both e + e _ —> had data and r~ decay data and some theoretical assumptions including 

the validity of perturbative QCD and QCD sum rules. 

Feynman diagrams for higher order hadronic contributions, aM(had 2), of relative order 

a, are shown in Figure 28. Diagrams (b), (c) and (d) can be expressed in terms of the 

dispersion integral, but the evaluation of diagram (e), which is designated hadronic light-by-

light scattering (lbl), has not been successfully expressed in terms of experimentally accessible 

variables and must be evaluated from QCD. Approximate calculations within the framework 

of chiral perturbation theory initially [73, 74] gave, 

aM(had lbl) = -8.5(2.5) x 10"10 . 

Subsequent evaluation of the pion-pole contribution using a description of the ix° — 7* — 7* 

transition form factor based on large-Nc and short-distance properties of QCD gave a value 

of the same magnitude but opposite sign to the previous calculations [75]. This calculation 

involved an effective field approach [76], and its result was confirmed [77] in a vector domi

nance model calculation. Then the authors of the earlier calculations discovered an error in 

sign [78, 79] so that we take 
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FIG. 27: Evaluations of the leading order hadronic contribution aM(had 1) ordered by time. The 
filled circle represents the most recent published value at the time our result from data-taking in 
1999 was published. Since then, a new analysis by Narison [71] and an update by Yndurain [72] et 
al. of earlier works have appeared. 

FIG. 28: Feynman diagrams picturing QCD processes contributing to aM. 

aM(had Ibl) = +8.5(2.5) x 10"10 . 

The full hadronic contribution is 

a^(had) = aM(had 1) + a^had 2bcd) + aM(had lbl) 

= 692.4(6.2) x 1(T10 - -10.0(0.6) x 10"10 + 8.5(2.5) x 10~10 

= 690.9(6.7) x 10"10. 

(47) 

(48) 
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C. Weak Correction 

The weak interaction contribution based on the standard electroweak theory is a weak 

radiative correction to an electromagnetic interaction and arises in lowest order from the 

single loop diagrams in Figure 29a which involve v^, Z and H particle exchange and where 

two vertices are weak interaction vertices. The diagrams with the W and Z particles con

tribute appreciably as given in Eqs. 49 and 50, but since searches establish that the mass 

of the Higgs particle MJJ exceeds 100 GeV, the contribution from the diagram with H is 

negligible. 

= +38.9 x 10"10, (49) 

Aa,(Z) = ^ | x i [ ( 3 - 4 c o s 2 M 2 - 5 ] 

= -19.4 x 10~10, (50) 

where GM = 1.16639(1) x 10~5 GeV"2 [80] and sin26w = 0.223. 

The next order electroweak contribution involving two loop diagrams (Fig. 29b) has been 

fully calculated. The total weak contribution is 

a„(weak) = afw(l loop) + o f (2 loop) 

= 19.5 x 10"10 - 4.4 x lO - 1 0 

= 15.1(0.4) x 10"10 . (51) 

Comparison of theory and experiment on <zM(weak) will constitute a new and sensitive test 

of the unified electroweak theory with its prescription for renormalizability. Just as virtual 

electromagnetic radiative corrections were critical to the development of modern renormal

ized quantum electrodynamics, so virtual radiative corrections involving both the weak and 

electromagnetic interactions are most important to the renormalized unified electroweak 

theory. 

Adding the QED, hadronic, and weak contributions we obtain 

<V(SM) = 11659176.6(6.7) x HT10 (0.6 ppm) . (52) 
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a) 

FIG. 29: Feynman diagrams of weak processes contributing to a^. 

IX. COMPARISON OF EXPERIMENT AND THEORY 

When the new combined experimental result, 

oM(expt) = 11659 203(15) x 10"10 (1.3 ppm), (53) 

was published in the spring of 2001, the most recent, published, and commonly accepted 

compilation [59] of evaluations from Standard Model theory was 

aM(SM) = 11659159.6(6.7) x 10"10 (0.6 ppm). (54) 

Subtracting these values gives 

aM(expt) - a„(SM) = 43(16) x lO^10, 

a difference of about 2.6 times the stated uncertainty. 

Since the time of publication, the theoretical value in Eq. 54 has been reex

amined and, in particular, the result for the lowest order hadronic contribution 

aM(had 1) = 673.9(6.7) x 10"10 [69] has been confirmed [71, 72]. A mistake of sign in the 

higher order hadronic light-by-light contribution aM(had lbl) = -8.5(2.5) x 10~10 [73, 74] has 

recently been revealed [75-77] and recognized [78, 79]. 

Hence, by simply reversing the erroneous sign, one finds an updated theoretical value, 

a^(SM) = 11659176.6(6.7) x 10"10 (0.6 ppm), 

and for the difference, 

as visualized in Fig. 30. 

aM(expt) - a+(SM) = 26(16) x 10"10, 

(55) 

(56) 
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FIG. 30: The value of a^ from Standard Model theory compared with measurements of aM, shown 
with their total uncertainties. 

X. CONTRIBUTIONS BEYOND THE STANDARD MODEL 

Proposed extensions of the standard model will in general contribute to aM and hence a 

comparison of aM(expt) with ^ (SM) can in principle detect physics beyond the standard 

model [81]. Two classes of extensions can be considered. One postulates compositeness or 

internal structure for leptons, quarks or gauge bosons and the other involves the introduction 

of extra groups or particles such as extra gauge bosons, leptoquarks, or supersymmetric 

particles. 

In the standard model leptons, quarks and gauge bosons are assumed to be point-like 

elementary particles with no internal structure. The magnetic moment of a particle provides 

a sensitive test for its compositeness, as we have learned for example in the case of the 

proton. If the muon is composite, the current theoretical viewpoint would imply that 

Aau A 2 ' 
(57) 

in which A is the composite mass scale. Models in which the muon mass is generated by 

quantum loops also give contributions to a^ given by Eq. 57 in which A then is the scale 

of new physics responsible for mM. Extended technicolor is an example [82, 83]. From the 

present accuracy in aM and the agreement of a^(expt) and aM(SM) we obtain A > 1 TeV. A 

determination of aM to 0.4 ppm, which is the goal of the BNL experiment, would be sensitive 
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P\ /ft 

FIG. 31: Feynman diagrams of SUSY processes possibly contributing to a^. 

to A > 4 to 5 GeV. If the muon were composite, excited muon states would be expected, and 

from an experimental accuracy for <zM at 0.4 ppm a sensitivity to m* up to 400 GeV would 

be obtained, which is comparable to that from LEP II with Ecm = 200 GeV. Compositeness 

of the W gauge boson or new strong dynamics would lead to an anomalous gw value AK. 

Determination of aM to 0.4 ppm would provide a sensitivity to An = 0.04, which corresponds 

to Aw ~ 2 TeV, and exceeds considerably the sensitivity possible with LEP II or LHC. 

Supersymmetry connects fermions and bosons and introduces supersymmetric partners 

of known particles (sparticles). The muon <7~value is particularly sensitive to supersym

metry [84-86]. Supersymmetry contributes to aM through loop diagrams (Fig. 31), which 

involve smuon-neutralino and sneutrino-chargino loops. In the limit of large tan/3, which 

is the ratio of the vacuum expectation values of two Higgs doublets, and for a degenerate 

spectrum of superparticles with mass m, 

aM(SUSY) « 140 x 10"11 p 0 0 ^ ^ t a n / 3 . (58) 

If a difference aM(exp) — a^(SM) of 3 ppm is found, then for tan/? in the range 4 - 40, 

in « 120 - 400 GeV. Leptoquarks [87] or theories with extra dimensions [88] could also lead 

to a difference of aAl(exp) — aM(SM). 

A determination of aM to 0.4 ppm would provide a sensitivity to msusy for a large value 

of the ratio of Higgs masses, which is comparable to that from the highest energy collider. 

XI. FUTURE 

Since its data collection period in 1999, the g — 2 collaboration has taken data on n+ 

in 2000 and — its first — data on fjr in 2001. The analyses of these data are underway, 

and we presently foresee their completion with sample sizes of 4 • 109 positrons (2000) and 

3 • 109 electrons (2001), corresponding to statistical uncertainties of 0.62 ppm and 0.74 ppm, 
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Year: 

beam: 

detected events: 

analyzable events: 

statistical uncertainty: 

systematic uncertainty: 

1999 2000 

M+ M+ 

2.9 x 109 7 x 109 

1.0 x 109 4 x 109 

0.55 ppm 

0.5 ppm 0.4 ppm 

2001 

M" 
4 x 109 

3 x 109 

0.74 ppm 

0.3 ppm 

2002 

M" 
8 x 109 

6 x 109 

0.5 ppm 

0.3 ppm 

TABLE III: Sample sizes and statistical uncertainties from the 1999-2001 data-taking periods, and 
the projected increase from our proposed 2002 run. 

respectively (cf. Table III). If the results for <z+ and a~ are found to be in agreement, as 

is expected from CPT invariance, the values will be combined. The combined statistical 

uncertainty from data collection in 1999-2001 is then projected to reach 0.44 ppm. 

To reduce the systematic uncertainties from the 0.5 ppm level achieved in the 1999 running 

period, 

• we replaced the inflector magnet before starting the data collection in 2000, thus further 

improving the field homogeneity and measurement, 

• we improved on the trolley field measurements by additional calibrations against a 

plunging probe during the running periods, and by improved position measurement, 

• we added a sweeper magnet to the beamline to reduce AGS background in the course 

of the 2000 running period, 

• we reduced the uncertainty due to pileup, 

• we reduced muon losses during the g — 2 measurement time, and 

• we improved our understanding of the effects of coherent beam motion, and adjusted 

the operational settings of our ring accordingly. 

As the result of these efforts combined, we tentatively foresee a reduction of the systematic 

uncertainties by as much as 40% to about 0.3 ppm on our future results. 

A proposal for extended running for four months in the fall of 2002 and winter of 2003 to 

complete the muon g — 2 experiment by: 

• balancing the statistical uncertainties for the samples on fj,+ and JJ, , and 
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• balancing the statistical uncertainty of the combined result with the systematic uncer

tainties at the design level of about 0.3 ppm, 

has been successfully defended to the Brookhaven Program Advisory Committee and is 

presently pending its funding. 

The evaluation of a^ from Standard Model theory has achieved an accuracy of about 

0.6 ppm, which results predominantly from uncertainties in the lowest order hadronic con

tribution. This contribution is evaluated from a dispersion relation and from cross section 

measurements, and is bound to improve with the inclusion of more and more precise data, 

particularly on the ratio R(s) = Ctotai(e+e~ —• hadrons)/<7totai(e+e~ —> /i+/x~) from Novosi

birsk and Beijing. The treatment of r-decay data to evaluate o/J(had 1) will benefit from 

further study of CVC. 

The experimental value and theoretical prediction for aM continue to have their role at 

the frontiers in particle physics, provided both are pursued to best achievable accuracy and 

regardless the difference of their values. 

XII. EARLY HISTORY OF THE EXPERIMENT AT BNL; OUR 
COLLABORATION 

After the second CERN experiment was done, I (VWH) had considered the possibility 

of measuring muon g — 2 using a superconducting storage ring, but then the third famous 

CERN experiment with the magic 7 got under way. 

It was during a workshop at Los Alamos in 1982 on LAMPF II, which was to be a proton 

accelerator of 40 GeV with very high intensity, that I again considered measuring (g^ — 2). 

The third CERN experiment had been done, achieving an accuracy of 10 ppm for /j,+ and n~ 

individually, and hence, a combined precision of 7 ppm for the muon. This 7 ppm uncertainty 

was attributed predominantly to the statistical error. The quoted theoretical error at the 

time was 8 ppm; it arose principally from uncertainty in the hadronic contribution to g^ — 2. 

In the context of the LAMPF II workshop, where a proton beam intensity 100 times that used 

in the CERN experiment was a design parameter, it seemed reasonable that the statistical 

error could be greatly reduced. 

Walter Lysenko of Los Alamos National Laboratory and I wrote a contribution to the 

LAMPF II Workshop on the possibility of a new muon g — 2 experiment. However, a high-

intensity proton beam was then available from the AGS at BNL, and BNL had plans to 

increase the intensity still further. The AGS seemed a more real possibility. 

After the completion of the CERN experiment, an interesting article had been published 

by R.W. Williams, one of the participants in the experiment. It was entitled "Muon g — 2 -
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the Last Word." Williams made two very reasonable points to support his conclusion. First, 

an improved experiment would be very difficult and expensive; second, the uncertainty in 

the theoretical value was at the same level as the experimental uncertainty and would be 

hard to improve. 

Because of the importance of having a precise value for (g^ — 2), despite William's obser

vations, I considered two approaches for an improved experiment: 

• The use of an intense polarized fi+ beam of 30 MeV/c available at LAMPF in a bottle-

type experiment similar to the free-electron ge — 2 experiment by Rich at Michigan, 

• An experiment similar to the CERN III experiment, using either an iron or a super

conducting magnet. 

During 1983, Gordon Danby of BNL and I considered the design of a CERN Ill-type 

experiment based on a superconducting magnet, and I gave a seminar at Columbia while I 

was on leave from Yale. In summer 1984, a workshop was organized at BNL where we had 

a large and interesting group (Fig. 32), including the principal members of the CERN III 

experiment. 

A letter of intent was submitted to BNL in 1984, and by 1985 our proposal, based now 

on a superferric magnet, had received first-stage approval. A substantial collaboration was 

developing, which included KEK in Japan and the Budker Institute for Nuclear Physics in 

Novosibirsk. But funds for the necessary research and development were minimal. Indeed, 

the first money to support BNL engineers for design of the superferric storage ring came 

from KEK in the context of the US-Japan Collaboration in High Energy Physics. Hiromi 

Hirabayashi of KEK was the leader of the Japanese group. Akira Yamamoto provided in

valuable help in the design of the large superconducting coils. Eventually the Japanese group 

supplied all the superconducting cable and the high-quality iron pole pieces. Yamamoto also 

provided the superconducting infiector. 

We shared with Novosibirsk an interest in the hadronic contribution to the muon g — 2 

value. Close relations were established with Lev Barkov, a leader in the Budker Institute 

for Nuclear Physics (BINP), and with his VEPP 2M detector group. Their measurements 

of the hadron production cross section a(e+e~ —> hadrons) with the VEPP 2M collider have 

played the lead role in providing improved knowledge of the hadronic contribution to the 

anomalous moment. It is now known to about 0.7 ppm, a factor of 10 better than in 1984. 

Some physicists from BINP became collaborators on our muon gM — 2 experiment at BNL. 

BNL did an outstanding job in the design and construction of the muon storage ring under 

the leadership of Jim Cullen. Still, in the beginning, BNL Physics Department members 
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FIG. 32: At Brookhaven National Laboratory, summer 1984. Standing, from left: Gordon Danby, 
John Field, Francis Farley, Emilio Picasso, and Frank Krienen; kneeling from left: John Bailey, 
Vernon Hughes, and Fred Combley. 

were not in our collaboration and my colleague and good friend Bob Adair, who was then 

Associate Director for High Energy Physics at BNL, would tell me that (g^ — 2) was not a 

BNL experiment. The full development of the muon g — 2 experiment at BNL came rather 

slowly, both because of the difficulty of this precision experiment and because of lack of 

funds. Eventually a strong group — presently about 70 physicists from institutes in Germany 

(Heidelberg University), Japan (KEK, Tokyo Institute of Technology), Russia (BINP), and 

the United States (Boston University, Brookhaven National Laboratory, Cornell University, 

Fairfield University, University of Illinois, University of Minnesota, and Yale University) 

— developed, with Lee Roberts as co-spokesman, Bill Morse as resident spokesman, and 

Gerry Bunce as project manager. 
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CHAIRMAN: V. HUGHES 

Scientific Secretaries: B.A. Petersen, E.P. Sichtermann 

DISCUSSION 

Harder 
You map the magnetic field with a trolley with probes. Does the presence of the 

trolley disturb the field significantly? If so, how do you correct for this effect? 

Hughes: 
The trolley probes are calibrated in their trolley against a separate standard, a 

spherical water probe. Hence, any disturbance of the field due to the trolley itself is 
calibrated out. 

- Hill: 
Is the interpretation of the error on the theoretical prediction on equal footing with the 

interpretation of the error on the experimental result, as a Gaussian standard deviation? 

Hughes: 
In the theoretical prediction of the g-2 value of the muon, the dominant error arises 

from the lowest order hadronic contribution to a. This can be related to experimental 
results for e+e" goes to hadrons, and so the theoretical error is related to an experimental 
error (with its common interpretation). 

Another error in the theory comes from the hadronic light-by-light scattering. In this 
case it is difficult to assign a reliable error, but it is expected to be well below the current 
total theoretical uncertainty. 

- Hill: 
Is the apparent discrepancy between theory and experiment in positronium 

spectroscopy (ground-state HFS) any more or less significant than that in the muon g-2? 

- Hughes: 
In terms of the number of standard deviations they are of course comparable. 

However, exotic contributions from unknown, higher mass particles, for example from 
SUSY, would be smaller for positronium than for the (g-2) of the muon by a factor 
(m(1/me)

2 = 4.104. 
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- Wiseman: 
In the cancellation of the electrical fields in the expression for the anomalous g-value 

with a specific choice of gamma, how do you know which y to use, if you do not know 

V 
Hughes: 
The anomalous g-value is known from previous experiments to a precision of about 

10 ppm, which is enough to calculate gamma at the required precision. In fact, this 
precision is far better than the momentum spread in the muon beam. 

Sichtermann: 
Could you expand on the future precision of the measurement? 

Hughes: 
In 2000 we collected 4 billion positrons after data selection, which is four times more 

than the 1999 result reported here. In 2001 we collected 3 billion electrons. If CPT is 
conserved, these can be combined with the result for the positive muon to give a total 
projected statistical error of 0.44ppm. 

An extension of data taking into 2002, which we hope to get, will further reduce the 
statistical error to 0.33ppm, which is about the same as our total projected systematic 
error of 0.3ppm. 

Ewald: 
What are coherent betatron oscillations? 

- Hughes: 
In general, particles in a storage ring oscillate about the central orbit. These 

oscillations are called betatron oscillations. In the case that the particles in the beam 
oscillate collectively, one speaks of coherent betatron oscillations. 

Tantalo: 
The calculation of the light-by-light contribution has been carried out in the 

framework of chiral perturbation theory. In a simple quark model one obtains a value 
with opposite sign. A QCD lattice calculation therefore seems highly desirable. 

- Hughes: 
Yes, a lattice calculation could be the final answer to the calculation of the 

contribution to a^(had) from light-by-light scattering, but it involves evaluating a four-
point Green function on the lattice, which is a hard task. 
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Abstract 

Recent results from Super-Kamiokande are presented. Solar and atmospheric neutri
nos have been studied in detail since 1996. The data of atmospheric neutrinos show 
strong up-down asymmetry and provide evidence for oscillation along their way 
through Earth. The selected data support oscillations of v^ —¥ vT and rule out the 
two-flavor v^ —¥ vs oscillation. The underlying parameters for the v^ —> vT oscilla
tions are determined to be Am2 = 2.5±J;f x 10"3 eV2 and sin2 20 > 0.89ato90 %C.L. 
Proton decays into various final states have been searched for but no evidence was 
found. Lower limits on the partial lifetimes are presented for major decay modes, 
especially those for p -» e+ir° and p ->• i>K+ are 5.0 x 1033 yr and 1.9 x 1033 yr, 
respectively. 

1 Introduction 

The Super-Kamiokande (Super-K) detector is a 50000 ton imaging water 
Cherenkov detector located 1000 m underground in the Kamioka zinc mine. A 
schematic drawing is shown in Fig. 1. Super-Kamiokande (Super-K) is capable 
of observing neutrinos of a wide energy range from 5 MeV to a few tens of GeV 
and at the same time the environmental background is kept to a manageable 
level even at 5 MeV. Proton decays can be searched for in the Super-K detector, 
especially the decay modes of e7r° and vK+ which are well within the Super-K 
energy range. Super-K was ready in April, 1996 and has been observing solar 
and atmospheric neutrinos since then. Accelerator neutrinos have also been 
observed since April, 1999. Proton decay candidates were searched for in the 
same data sample that was used for the study of atmospheric neutrinos. 

Based on a 33 kton yr exposure, the data of atmospheric neutrinos exhibited 
a zenith angle deficit of muon neutrinos which was inconsistent with expec-
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Fig. 1. Super-Kamiokande detector 

tations from calculations of the atmospheric neutrino flux (1). The data were 
consistent with two-flavor v^ —> vr oscillations. 

A measurement has been carried out on the flux of solar neutrinos and the 
energy spectrum of recoil electrons from solar neutrino scattering off electrons. 
The flux was found to be 2A2±0.06(sta)±%$(syst) x 106 ernes'1 from about 
500day data and with electron energies above 6.5 MeV (2), which was much 
smaller than the standard-solar-model (SSM) calculation. The energy spec
trum initially exhibited a small excess in the high-energy region but as more 
events accumulated, the spectrum became flatter (3). 

In order to confirm the atmospheric neutrino anomaly a muon neutrino beam-
line was built at the 12 GeV proton synchrotron of KEK. Super-K is located 
250 km away from the beam production point. One expects about a 30 % deficit 
of neutrino events at Super-K. This long baseline neutrino oscillation experi
ment, called K2K experiment, is still accumulating data and is beginning to 
confirm the deficit. 

Since the experiment was commissioned, Super-K has been running efficiently. 
In this lecture I will present the recent results, after introducing the Super-K 
detector, on atmospheric neutrinos and on searches for proton decay. I will 
not describe the results on solar neutrinos and from the K2K experiment. 
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2 Super-Kamiokande Detector 

The Super-K detector has a cylindrical geometry, 39.3 m in diameter and 
41.4 m in height. The central 32000 tons - 36.2 m in height and 33.8 m in 
height - is called the inner detector (ID) and is viewed by 11146 50 cm <f> pho-
tomultiplier tubes (PMTs) which covers 40 % of the ID surface. Surrounding 
the ID is the outer detector (OD), which comprises a 2.6 to 2.75m thick layer 
of water. The outermost 2.15 m of this water is an active detector, viewed by 
1885 20 cm <f> PMTs to tag incoming or outgoing particles. This also serves to 
passively reduce 7 and neutron backgrounds from the rocks surrounding the 
detector. A fiducial volume of 22500 tons of water is used for physics analyses; 
the outer edge of the fiducial volume is located 2 m from the surface of the ID. 

Charged particles created by neutrino interactions or proton decays (if any) 
emit Cherenkov photons. The Cherenkov angle is given; 

cos0c = — , G0 = «/c) (1) 

where n is the index of refraction of water. The number of the Cherenkov 
photons N is 

— = 2 W 0 C - , (2) 

where a is the fine structure constant, A is the wavelength of the Cherenkov 
light, and x is the path length of the particle. The refractive index n is 1.34 in 
water and 8C — 42° for a relativistic particle. About 170 photons are emitted 
in the wavelength of 350 nm to 500 nm per 1cm trajectory of the particle. 
Taking into account that the PMT coverage of the ID is 40 % and the typical 
quantum efficiency of the PMTs is 20%, a relativistic particle produces about 
14 photoelectrons (p.e.) per cm, corresponding to ~ Ip.e./MeV. 

Both ID and OD PMT signals are processed by asynchronous, self-triggering 
circuits that record the time and charge of each PMT hit over a threshold. The 
ID signals are digitized with custom Analog Timing Modules (ATMs) which 
provide 1.2 /is range at 0.3 ns resolution in time and 550 pC range at 0.2 pC 
resolution (0.1 p.e.) in charge for each PMT. The ATM switches dual chan
nels to provide deadtime-free data acquisition. The OD signals are processed 
with custom charge-to-time conversion modules, which output timing pulses 
of width linearly proportional to the integrated charge of the PMT pulse. 

The ATMs create a 200 ns wide pulse, and the hardware trigger is made via 
a simple sum of the hit PMT pulses. Essentially two trigger signals are issued 
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depending on the number of hits within an approximately 200 ns coincidence 
window in excess of the continuous noise hits due to PMT dark noise. The 
LE trigger asks for 29 hits corresponding to 5.7 MeV at 50% efficiency. At
mospheric neutrinos and high-energy solar neutrinos are picked up with this 
trigger. The SLE to 4.7 MeV initially and recently to 3.7 MeV, which are used 
for low-energy solar neutrino observations. 

For high-energy events, the calibration of digitized PMT data to the number 
of p.e.s and arrival time is performed by offline processes directly linked to the 
detector data stream via local network. Then the number of p.e.s is converted 
to visible energy (Evis), which is defined as the energy of an electromagnetic 
shower which produces an equivalent amount of Cherenkov light. Approxi
mately 9 p.e.s are measured for one MeV of visible energy. The accuracy of 
the absolute energy scale is estimated to be ±2 .4% based on several cali
bration sources: cosmic ray through-going muons, muon-decay electrons, the 
invariant mass of 7r°s produced by neutrino interactions, radioactive source 
calibration, and 5-16 MeV electron LINAC. The estimated momentum resolu
tion for electrons and muons is 2.5 + 0.5 % and 3 %, respectively. 

Precision energy calibration of the detector is essential for solar neutrinos, 
especially the energy spectrum measurement of recoil electrons (4). The elec
tron LINAC is used for the calibration procedure. The uncertainty in the 
beam energy deposition in the Super-K detector is 0.55 % at 6 MeV and 0.3 % 
at 10 MeV, resulting from the uncertainty in the beam energy (< 20 keV) and 
the reflectivity of the beam pipe end-cap materials. Energy calibration uti
lizes LINAC data taken at eight representative positions within the Super-K 
fiducial volume with seven different momenta ranging from 4.89 to 16.09 MeV. 

3 Neutrino Oscillation 

A brief description of neutrino oscillation is made in this section. 

Wave functions of neutrinos moving in free space may be different from those 
of weakly interacting neutrinos. Consider two kinds of neutrinos for simplic
ity; interacting neutrinos, v^, vT, and free-moving neutrinos, f2, v3. The 
Schrodinger equation for u2, v3 is, 

i—v2 = E2-u2 = (p2 + m2,)2 • v2 (3) 

*—i/j = £3.t,3 = [f + miy • v3 (4) 
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where the neutrino energy 2?2,3 is for m <^p, 

E2 = (p2 + ml)kcp+^. (5) 
2 

mi 
2p 

A unitary transformation connects u^, vT and u2, v3, 

cos 9 sin 9 \ ( v\ \ I v\ 
\ \ \ = U • ( 6 ) 

i/T / \ — sin 9 cos 9 J \v2 J \ v2 , 

The equation for v^ and i/r is now, 

A ( u\ ( ~ c o s 2 9 sin 20 

where L„ = ^f-, and Am2 = ml — ml. 

The probability that ^ becomes vT can be calculated; 

'Am2L 
i3 K -> *-v) = sin2 20 sin2 (fr-p) = sin2 29 sin2 [ -

4£„ (8) 

The probability has an oscillatory behavior depending on the flight distance 
L and the neutrino energy Ev. 

Now let us consider the matter effect in neutrino oscillation. The index of 
refraction can be expressed in terms of a real part of the forward elastic scat
tering of neutrinos in matter; 

2ir 
" = 1 + - F 5 > » / ° ( 0 ) > (9) 

where a is the scatterer of type a, Na the number density of scatterer a, /a(0) 
the real part of the forward scattering amplitude for v a -» v a. By calculating 
/a(0) for v{—sign for D), 

n(Ve) = l±?£.M.(3Z-A) (10) 

n(v„,vT) = l±^.^(Z-A) (11) 

«(!/,) = 1, (12) 
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where A is the mass number, Z is the atomic number, and N = pN^/A is the 
number density of the atom (5). us is a singlet neutrino which does not couple 
to the weak bosons, hence called sterile neutrino. 

Let us further interpret the index of refraction as an additional potential that 
neutrinos feel, 

1 Jp2 + ml + V m 2 y 

v p 2pl p 

As an example consider ve «-> v^ oscillation. Note that the difference in poten
tial AV = VVe - Vv^ only matters here, AV = y/2GFNZ = y/2GFNe, where 
Ne is the electron number density. 

The Schrodinger equation is, 

(^-.^pUk + ̂  + v-
2p„ 

J cos 29 sin 29 
Lc Lv 2L„ =2" I - J? '-: II"' I (") 

2L„ 

where 

T _ ^ H T - ^ V27T 
v~Am2' e ~ AV~GFNe(t)'

 [lb) 

Am2 = m\- m\. (16) 

If the density N(t) varies, the diagonal term could vanish where the resonant 
oscillation takes place. 

For constant density, namely Ne(t) being independent of t, one can solve 
Eq. 14. The probability of fM appearance has the same functional form with 
new parameters 6m and Lm: 

P(ve -» vM) = sin2 20m sin2 L—), (17) 

where 9m and Lm are given; 

sin2 26 
sin2 26m = m ( C - cos 26)2 + sin2 26' 
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Lm= , Lv
 o • (18) 

J(C~ cos 20)2 + sin2 20 

The parameter £ is given; 

Lv = 2EVAV 2V27rEl/GFNe 

^ Le Am2 Am2 " [ } 

Similarly one can work out for the case of v^ ->• va. AV = =F^f^" i where iV„ 
is the neutron number density and the minus (plus) sign is for vs (i7s). ( in 
Eq. 18 is, 

C = ^y/2GFNn/Am2. (20) 

4 Atmospheric Neutrinos 

Atmospheric neutrinos are the decay products of hadronic showers produced 
by cosmic ray interactions in the atmosphere. The flavor ratio of the atmo
spheric neutrino flux (z/M + v^)j{ye + ve) has been calculated to an accuracy 
of better than 5 % in the range from 0.1 GeV to higher than lOGeV. The 
calculated flux ratio has a value of about two for energies < 1 GeV and in
creases with increasing neutrino energy. For neutrino energy higher than a few 
GeV, the fluxes of upward and downward going neutrinos are expected to be 
nearly equal: geomagnetic field effects on atmospheric neutrinos in this energy 
regime is expected to be small because the primary cosmic rays that pro
duce these neutrinos have rigidities exceeding the geomagnetic cutoff rigidity 
{~10GeV/Ze). 

There are several calculations of the expected atmospheric neutrino flux at 
the Super-K site. The calculated flux of ref. (6) is used for the Monte Carlo 
(MC) simulation of atmospheric neutrino interactions. The neutrino interac
tion model takes into account quasi-elastic scattering, single-pion production, 
coherent pion production, and multi-pion production. Propagation of pro
duced leptons and hadrons is modeled using a GEANT (7)-based detector 
simulation, which includes Cherenkov light emission and propagation in wa
ter. Hadronic interactions are simulated by CALOR (8), except pions with 
momentum less than 500 MeV/c for which a special program (9) was devel
oped with cross sections taken from experimental results. For pions produced 
in l s O nuclei, inelastic interactions, charge exchange, and absorption in the 
nuclei are taken into account. A sample equivalent to 70 years of detector oper
ation was generated with the MC simulator. This MC sample was then passed 
through the same event filtering and reconstruction as the experimental data. 
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4-1 Data 

The main backgrounds for the observation of atmospheric neutrino events 
are cosmic ray muons and low-energy radioactivity in the detector. They are 
rejected by requiring no correlated hits in the OD and a minimum deposited 
energy of 30MeV in the ID, respectively. 

Atmospheric neutrino events have four basic topologies which determine the 
data reduction stream. If all of the visible energy is contained within the ID, 
the event is called "fully contained" (FC). The interaction vertex is required 
to be inside the 22.5 kton fiducial volume. The multi-GeV FC differ from the 
sub-GeV FC data only in that EViS > 1.33 GeV is required. In a full-detector 
MC simulation, 88% (96%) of the sub-GeV FC e-like (/x-like) events are ve 

(vp) charged-current (CC) interactions and 84% (99%) of the multi-GeV FC 
e-like (/x-like) events are ve (v^) CC interactions. 

The particle identification (PID) exploits systematic differences in the shape 
and the opening angle of Cherenkov rings produced by electrons and muons. 
Cherenkov rings from electromagnetic cascades exhibit a more diffuse light 
distribution than those from muons. The opening angle of the Cherenkov 
cone is also used to separate electrons and muons at low momenta. The va
lidity of the method was confirmed by a beam test experiment at KEK (10). 
The misidentification probabilities for single-ring muons and electrons are esti
mated to be 0.5±0.1 % and 0.7±0.1 %, respectively, using simulated CC quasi-
elastic neutrino events. They were checked using cosmic ray muons that stop 
in the detector and subsequently decay to electrons. The resulting misidenti
fication probabilities for these muon and electron events were 0.4 ± 0.1 % and 
1.8±0.5 %, respectively, e-like and /z-like events are required to have momenta 
larger than 100 and 200 MeV/c, respectively. 

An event for which some of the produced particles deposit visible energy in the 
OD is called "partially contained" (PC). The interaction vertex is also required 
to be inside the 22.5 kton fiducial volume. According to MC estimates, the PC 
data is a 98 ± 0.3% pure sample of charged current (CC) v^ + v^ scattering 
events. PC events are typically characterized by a single muon with energy 
sufficient to escape the ID. 

Energetic atmospheric muon neutrinos fM or v^ passing through Earth interact 
with the rock surrounding the Super-K detector and produce muons via weak 
interactions. For downward-going muons, the rock overburden is insufficient to 
prevent cosmic ray muons from overwhelming any neutrino induced muons, 
but upward-going muons are v^ or v^ induced because the entire thickness 
of Earth shields the detector. Muons energetic enough to cross the entire 
detector are defined as "upward through-going muons". The typical energy of 
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parent neutrinos is approximately 100 GeV. Upward-going muons that stop in 
the detector are defined as "upward stopping muons", and come from parent 
atmospheric neutrinos with a typical energy of about 10 GeV. 

A minimum track length cut of 7 m (~ l.QGeV) is applied to select both 
upward through-going muons and upward stopping muons. Earlier results have 
already been published (11; 12) 

During 1289 days of live time we observed 2864 e-like and 2788 /x-like sub-
GeV FC events. These numbers are to be compared with 2667.6 and 4072.8 
expected events, respectively. Here the PID is carried out only for single-ring 
FC events, because Cherenkov rings overlap too much in most cases to perform 
the PID. The expected numbers have large uncertainties ~ 20% coming from 
uncertainties in the primary cosmic ray flux and nuclear interactions in the 
atmosphere. The ratio of /x to e normalized to the expected one is 

Rsub-Gev = )"*{*** = 0.638 ± 0.017 ± 0.050. (21) 

If nothing happens this ratio R is expected to be one. The systematic uncer
tainty of the ratio i?su(,_Gevbecomes much smaller than the direct comparison 
of the observed numbers. It includes 5 % from uncertainty in the predicted 
ffi/fe flux ratio. 

During the same exposure time we observed 626 e-like and 558 /i-like multi-
GeV FC events and 754 PC events. The MC estimated numbers are 612.8, 
838.3 and 1065.0, respectively. The ratio of /x-like FC + PC to e-like FC 
normalized to the expected one is 

Rmulti-GeV = ^ ^ = 0.675±g^ ± 0.080. (22) 

The multi-GeV /x-like FC sample is combined with the PC sample as both 
samples are produced dominantly by v^ and v^ with similar energies. The 
ratio R is again much smaller than one. 

Figure 2 shows the zenith angle distributions of the FC and PC data taken 
during 1289 days of live time. Again the multi-GeV /x-like FC and PC samples 
are combined. The up-down symmetry of /x-like events is strongly violated and 
upward-going /x-like events are almost half of what is expected. The small R 
observed in Super-K hence reflects this large deficit. On the other hand e-like 
events are normal and well represented by the MC simulation. 

Figure 3 shows the zenith angle distributions of upward through-going muons 
and upward stopping muons. Observed muons in the upward direction are 
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Fig. 2. Zenith angle distributions of e-like and /u-like events for sub-GeV and 
multi-GeV data sets. The PC data set is combined with multi-GeV /j-like sample. 
Upward-going particles have cos# < 0 and downward-going particles have cos 6 > 0. 
The solid lines show the MC expectation for no oscillations normalized to the data 
live time. The dotted lines are the best fit expectation for v^ —¥ vT oscillations with 
the overall flux normalization fitted as a free parameter. 

fewer than the expected numbers. Though the absolute flux values have about 
20 % uncertainty, the angular shapes have much less uncertainties. 

We have shown the atmospheric neutrino data observed in the Super-K de
tector, which show large deviations from what is expected. 
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Fig. 3. Zenith angle distributions of upward through-going muons and stopping 
muons. The solid lines correspond to the expected fluxes with normalization for no 
oscillations. The dotted lines are the expected fluxes assuming v^ —> vT oscillations. 

4-2 Evidence for oscillations 

Neutrino oscillations have been suggested to explain measurements of small 
values of R and the up-down asymmetry of the /x-like events at high energies. 
The probability of oscillation is given in Eq. 8 for a two-neutrino oscillation 
hypothesis. Since the number of the e-like events and their zenith-angle dis
tributions agree well with the expected ones, it is natural to assume a two-
neutrino oscillation model of v^ —> vr. The data are binned by particle type, 
momentum, and cos 6, 6 meaning zenith angle. A x2 is defined as 

COS0,p 

{Ndata ~ NMC)2 

+ £ (23) 

where the sum is over ten bins in cos 9 and seven momentum bins for both FC 
e-like and FC /x-like plus PC events, and ten and five bins for upward through 
and stopping muons, respectively (155 bins total). The statistical error, a, 
accounts for both data statistics and the weighted MC statistics. Ndata is the 
observed number of events in each bin. NMc is the weighted sum of MC events: 

A T ''data v ^ 
NMc = ~— 2^ w-

tMC MCevents 
(24) 

For each MC event, the weight w is given by 

w = (1 + a)(Ei/Eo)s(l + Vs,m cos 6)(1 + K1I2| COS 6|) 
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X < 

x / ( s i n 2 20, Am2 , A) 

(1 - ps/2) sub-GeV e-like 

(1 + ps/2) sub-GeV //-like 

(1 - /3m/2) multi-GeV e-like 

(1 + / V 2 ) ( l - A / 2 ) ( l - f ^ f ) multi-GeV /.-like (25) 

(l + ^ m / 2 ) ( l - A / 2 ) / 2 ( l + f) PC 

(l + ft/2)(l-/?2/2) through/x 

(l + A / 2 ) ( l + ^2 /2) stop/x 

El
v is the average neutrino energy in the ith momentum bin; E0 is the arbitrary 

reference energy (taken to be 2 GeV); r]s (r/m) is the up-down uncertainty of 
the event rate in the FC sub-GeV (multi-GeV) energy range; NPC is the total 
number of MC PC events; N^ is the total number of MC FC multi-GeV events; 
K\ (K2) is the horizontal-vertical uncertainty of the FC+PC events (upward 
going p events); /3S (/3m) is the uncertainty in the p/e ratio in the FC sub-
GeV (multi-GeV) events; p is the relative normalization uncertainty of FC 
and PC; and Pi (p2) is the relative normalization uncertainty of FC+PC and 
upward through muons (of upward through muons and stopping muons). / 
weights an event accounting for oscillations parameters and the uncertainty in 
LjEv, A, which is estimated based on the uncertainty in an absolute energy 
scale, uncertainty in neutrino-lepton angular and energy correlations, and the 
uncertainty in production height. 

The overall normalization, a, is allowed to vary freely to take into account 
the associated large uncertainty (~ 25%). The associated uncertainties in 
ej = (Ps, Pm, 5,p,...) are listed in Table 1. 

The best fit to v^ —• vT oscillations, Xmin ~ 142.1/152 degrees-of-freedom 
(DOF), is obtained at (sin2 29 = 1.00, Am2 = 2.5 x 10 _ 3 eF 2 ) which is also 
the global minimum. The contours of the 68%, 90%, and 99% confidence 
intervals are located at Xmin + 2.3, 4.6, 9.2. The three contours are shown in 
Fig. 4. The zenith angle distributions expected from the best fit are already 
shown in Figs. 2 and 3, and agree with the data quantitatively. 

The case of no oscillation is tested by putting sin2 26 = 0, and Am2 = 0, 
which gives a very bad fit, x2 = 344.1/154 DOF. Hence the no oscillation 
hypothesis is ruled out. 
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Table 1 
MC fit parameters (ej) and estimated uncertainties (aj). Best fitted values for u^ 

I0~6t 

e3 

a 

6 

Ps 

Pm 

P 

Vs 

V\ sin' 

ai 

(*) 

0.05 

8% 

12% 

8% 

2.4% 

20 = 1.0) 

Best fit 

3.4% 

-0.01 

-5.9 % 

-12% 

- 1 . 1 % 

-2.0 % 

are i 

ei 

Vm 

Pi 

fo 
«1 

« 2 

A 

ilso given. 

aj 

2.7% 

7% 

7% 

4 % 

3 % 

15% 

Best fit 

-0.8 % 

8.7% 

-0.7% 

0.2% 

0.2% 

-2.5 % 

(*) The overall normalization(a) was estimated to have a 25 % uncertainty but was 
fitted as a free parameter. 
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Fig. 4. The 68%, 90%, and 99% confidence intervals for sin2 26 and Am2 for 
v.. —>• vT two neutrino oscillations. 

4-3 The case for v^ —> vs 

The previous section demonstrated that the atmospheric neutrino anomaly, a 
strong zenith angle dependent deficit in the muon data, which does not appear 
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in the electron data, is quantitatively explained by the v^ —> vT oscillations. 

An alternative scenario that can explain muon neutrino disappearance is oscil
lation with a sterile neutrino (us, so named because it has neither CC nor neu
tral current (NC) interactions). Neutrino oscillation has also been employed 
to explain two other experimental anomalies; the solar neutrino problem (13), 
and the appearance of z7e in the LSND experiment (14). The three oscillations 
signatures are manifested by three widely separated values of the mass-squared 
difference, Am-^ = m2 — mj. Because A m ^ + Am^3 + A m ^ = 0, all three sig
natures cannot be accommodated with three neutrino states. Any additional 
light neutrino must be sterile to satisfy the bound of three neutrino flavors 
that couple to Z° (15). 

The following methods are used to distinguish the behavior of v^ —>• vT oscil
lation to v^ —> va oscillation. For v^ —> vs oscillation, one should observe fewer 
NC events than for v^ —>• vr oscillation. By definition a sterile neutrino does 
not interact with matter even through the NC, while a tau neutrino continues 
to experience the NC interactions as did the original muon neutrino. A NC 
enriched sample is selected from multi-ring (MR) FC data by applying the 
additional criteria: (1) particle identification of the brightest ring is e-like; (2) 
Evis > 400 MeV. 

The matter effect takes place for v^ —> vs oscillation but not for v^ —> vT 

oscillation because the forward elastic scattering amplitudes of u^ and vr are 
identical (see Eq. 12). The fM —)• vs oscillation probability was already given 
by Eqs. 18 and 20. By convention, Am2 is defined to be positive for rrii > mi, 
where 

vn \ / cos 9 sin 9 \ I v2 

vsj \ - sin 9 cos 9 I \ i/4 

For the density of matter in Earth, ( of Eq. 19 reaches unity for E„ = 5 GeV x 
Am2 (10 _ 3 ey 2 ) . The atmospheric neutrino data indicate that Am2 ~ 3 x 
10~3 eV2, which means that neutrinos with energy greater than approximately 
15 GeV will have the oscillation probability suppressed by matter effect if the 
oscillation is v^ —>• vs. 

The total systematic uncertainty in the up/down ratio of the data and MC in 
the case of full mixing (sin2 29 = 1) is estimated to be ±2.9 %, dominated by 
the 2.6 % uncertainty in the neutrino flux caused by the absorption of muons in 
the mountain above the detector. All other sources of systematic uncertainty 
such as background contamination, the up/down response of the detector, the 
uncertainty of the NC cross sections are less than 1 %. According to a MC 
study, for no oscillations (y^ -> vr oscillations), the resultant fraction of NC, 

(26) 
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ueCC, i/^CC, and i/TCC is 29% (30%), 46% (48%), 25(%) (19%), and 0% 
(3%), respectively. 

Upward through-going muons and high-energy PC events (Evis > 5 GeV) can 
be used for testing the matter effect of v^ —> vs oscillation, where one expects 
that the deficits in the upward direction are recovered due to the suppression 
of the oscillation effect. Three figures in the left column in Fig. 5 show, from 
top to bottom, zenith angle distributions of the multi-ring sample, the PC 
sample and the upward through-going sample, respectively. An up-to-down 
ratio is used as the discriminant, which cancels some systematic uncertainties 
(otherwise dominated by the large uncertainty in absolute rates). For multi-
ring and PC events "upward" is defined as a cosine of zenith angle less than 
-0.4 and "downward" as greater than +0.4. The total systematic uncertainty 
in the PC up/down ratio is estimated to be ±4.1 %, dominated by the 3.4% 
uncertainty caused by the mountain above the detector and the 2.0% uncer
tainty caused by possible background contamination by cosmic ray muons. 
The upper two figures in the right column of Fig. 5 show the Am2 depen
dences of the expected up/down ratios in the case of full mixing (sin2 29 = 1) 
for the multi-ring and PC events, respectively. 

Also a ratio is used as a test parameter, dividing "vertical" and "horizontal" 
at cosine of zenith angle = -0.4 for upward through-going muons. The bottom 
figure in the right column of Fig. 5 shows the Am2 dependence of the ex
pected vertical/horizontal ratio in the case of full mixing (sin2 29 = 1) for the 
upward through-going muons. The total systematic uncertainty in the upward 
through-going muon horizontal/vertical flux ratio is estimated to be ±3.3 %, 
dominated by the 3.0% uncertainty caused by the n/K production ratio in 
the cosmic ray interaction in the atmosphere. 

A x 2 test is performed to see if the three data samples are able to distinguish 
between v^ —> vT and v^ —> vs oscillations. First, utilizing the FC single ring 
events, the hypotheses of two-flavor v^ —> vT and v^ —> vs oscillation models 
with Am2 > 0 or Am2 < 0 are examined. 

2 _ ^ (Ndata-NMC{sm229,Am2,ej) 

where the sum is over five bins equally spaced in cos 6 and seven (six) momen
tum bins for e-like (/x-like) events. Ndata is the measured number of events in 
each bin, a is the statistical error, and NMC is the weighted sum of MC events. 
For Ej see Table 1 in which only those relevant to the FC events are used. The 
best fit values of the oscillation parameters are; (Am2(eV2),sin2 29) = (4.0 x 
10-3 ,1.0), (Am2(eV2),sin220) = (4.0 x 10~3,0.995), {Am2{eV2),sm229) = 
(4.5 x 10~3,1.0), for 2/M ->• i/r, i/M -> z/a(Am2 > 0), and v^ -> i/s(Am2 < 0), 
respectively. The allowed regions are shown in Fig. 6. 

+ E (27) 
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Fig. 5. Zenith angle distributions of multi-ring sample (top left), PC sample (middle 
left) and upward through-going muon sample (bottom left). The black dots indicate 
the data and statistical errors. The solid lines indicate the prediction for v^ —» uT, 
and the dashed lines for v^ ->• v„ with (Am2, sin2 29) - (4.0 x l (T 3 eV 2 , l ) . The 
two predictions are independently normalized to the number of downward-going 
events for the upper two figures and the number of horizontal events for the bottom 
figure. The figures in the right column are the expected values of the corresponding 
test ratios as a function of Am2. The solid horizontal lines indicate the measured 
value with statistical uncertainty indicated by dashed lines. Black dots indicate the 
prediction for v^ —tisT, and empty squares for v^ —• vs, in both cases for maximal 
mixing. 
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Fig. 6. Excluded regions for three oscillation modes, from top to bottom, fM —> vT; 
v\i -^ vs with Am2 > 0; v^, —• i/s with Am2 < 0. The light (dark) gray regions are 
excluded at 90 (99) % C.L. The thin dotted (solid) lines indicate the 90 (99) % C.L. 
allowed regions from the FC single-ring analysis. 

Now the multi-ring, PC and upward through-going muon samples are used 
to test the oscillation modes. For each sample (i = multi-ring, PC, upward-
through-going muon) a %2 is defined by 

Xi 

+ 

NLa-<*iN&c{l + %) 
astat 

'NEu.-OiN&dl-*) 
astat + 

'i.sys 

(28) 
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where A is either up-going or vertical and B is down-going or horizontal, 
respectively. For the upward through-going muon sample, the calculated flux is 
used in place of the number of events. The parameter denoting normalization 
is a, which is set to be free, and for each ratio we introduce a systematic 
uncertainty parameter £;, weighted by the estimated size of the uncertainty, 

The three xf a r e summed to form a total Xtot w i t n three DOF. The excluded 
regions are obtained in the sin2 26 — Am2 plane at the 90 (99) % C.L. if the 
value of x2 ls greater that 6.3 (11.3) for 3 DOF. Figure 6 shows separately the 
excluded regions for the three alternative oscillation modes. One sees that the 
parameters allowed by the FC data in the sin2 26 - Am2 plane are excluded at 
more than the 99 % confidence level by the independent tests for both positive 
and negative Am2 sterile neutrino oscillations. 

5 Proton Decays 

In the standard model, which is the modern paradigm of elementary particle 
physics, protons are assumed to be absolutely stable. In grand unified theories 
(GUTs), electroweak and strong interactions are unified and described by a 
single set of equations. Quarks and leptons are classified in the same multiplets 
of the gauge group and considered to be particles that are unified at the GUT 
energy scale but are manifested differently at low energies. It is hence natural 
that GUTs predict the decay of the proton. The proton decay is mediated by 
superheavy gauge bosons which appear newly in GUTs besides the normal 
photon, weak bosons, and gluons. Transition takes place between quarks and 
anti-leptons. The dominant mode is p —> e+ir° and there are several GUTs 
models which predict a decay rate within the observable range of Super-K. 

The minimal SU(5) GUT predicts the partial lifetime of a decay mode T/B, B 
being the branching ratio, shorter than ~ 1031 years. The current experimental 
lower limit is about 100 times longer than this. The weak mixing angle pre
dicted by this model does not agree with the experimental value, and the three 
running coupling constants of the strong and electroweak forces do not meet 
exactly at a single point at the GUT energy scale. Alternatively, the minimal 
supersymmetric (SUSY) GUT makes a prediction for the weak mixing angle 
which is much closer to experimental results and the three coupling constants 
come to a single point within experimental uncertainties at ~ 1016 GeV. The 
lifetime of the proton decay into p —¥ e+7r° becomes more than 4 orders of 
magnitude longer than that in non-SUSY minimal SU(5) GUT. The minimal 
SUSY SU(5) GUT or its extensions predict the proton decay mode p —> DK+ 

to be dominant with T/BPK+ varying from O(1029) to O(1035) yr. 
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Fig. 7. 90 % C.L. lower limits of the partial lifetime of proton and neutron decay into 
various decay modes obtained by Super-K (denoted by star), IMB3 (open square), 
Kamiokande (filled circle), and Soudan2 (filled square). 

Super-K has searched for decays of protons and neutrons not only into the 
above e+7r° and vK+ modes but also into other modes that are kinematically 
allowed. No compelling evidence is found for proton decay into 13 final states 
that have so far been studied. Resulting lower limits of the partial lifetimes at 
90 % C.L. are shown in Fig. 7, in which the Super-K limits are compared with 
those obtained by the previous 1MB, Kamiokande, and Soudan2 experiments. 
In the following subsections searches of p —>• e+7r° and p —> t>K+ are described 
in more detail. 
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5.1 e+7r° 

The data sample used for this analysis is multi-ring (MR) FC events which 
are normally produced by high-energy atmospheric neutrinos. To extract the 
p —> e+7r° signal from the event sample, the following selection criteria are de
fined: (A) 800 MeV < Evis < 1100 MeV; (B) the number of Cherenkov rings 
is 2 or 3; (C) all rings have a e-like PID; (D) 85 MeV/c2 < 7r° invariant mass < 
185 MeV/c2 for 3 ring events; (E) no decay electron; (F) 800 MeV/c2 < 
total invariant mass < 1050 MeV/c2, and total momentum < 250 MeV'/c. 

Criterion (C) selects e^ and 7. Criterion (D) requires that at least one pair 
of rings must give a reconstructed invariant mass which is consistent with 
the estimated TT° mass resolution of 135 ± 35 MeV/c2. Criterion (E) fur
ther selects e± and 7. In criterion (F), the total momentum is defined as 
Ptot — I Yli rmgs Pi I where $ is a reconstructed momentum vector of the «th 
ring. The total invariant mass is defined as Mtot — \jE2

ot — P2
ot where the total 

energy Etot = YH nngs \Pi\- Criterion (F) checks that the total invariant mass 
and total momentum correspond to the mass and momentum of the source 
proton, respectively. 

From the upper figure in Fig. 8, the detection efficiency of p —> e+7r° events is 
estimated to be 44 %. The absorption, charge exchange, and scattering of 7r°s 
in the 1 6 0 nucleus are dominant contributions to the detection inefficiency. 
By applying the proton decay selection criteria to a MC generated sample of 
atmospheric neutrino interactions, the number of background events is esti
mated to be 0.2. The lower figure in Fig. 8 shows the total invariant mass and 
total momentum distribution of the real data. The boxed region in the figure 
corresponds to the criterion (F). No events survive all criteria. 

From these results, no evidence for proton decay via decay mode p —> e+7r° is 
found. A limit on the partial lifetime T/Be+no > 5.0 x 1033 yr is obtained at a 
90%C.L. 

5.2 PK+ 

The momentum of the K+ from p —> vK+ is 340 MeV/c and is below the 
threshold momentum for producing Cherenkov light in water. Candidate events 
for this decay mode are identified through the decay products of the K+. Be
cause of the smallness of the hadronic cross section of low-momentum K+, 
97 % of the K+ exit from the 160 nucleus without interaction, and that 90 % 
of these decay at rest. Therefore searches can be made for K+ decays at rest 
through two dominant modes: K+ —> i^v^ and K+ -> 7r+7r°. Two separate 
methods are used to search for K+ —> p^v^. 
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Fig. 8. The total invariant mass and total momentum distributions after criteria 
(A) - (E) for p -¥ e+7r° MC (upper figure) and for data (lower figure). 

5.2.1 p->9K+; K+ M+^M 

The momentum of the ju from the decay of the stopped K+ is 236MeV/c. If 
a proton in the P3/2 state of 1 6 0 decays, the remaining 15JV nucleus is left in 
an excited state. This state quickly decays, emitting a prompt 6.3 MeV 7-ray. 
The signal from the decay particles of the K+ should be delayed relative to 
that of the 7-ray due to the lifetime of the K+ (r = 12 ns). The probability 
of a 6.3 MeV 7-ray emission in a proton decay in oxygen is estimated to be 
41 % (16). By requiring this prompt 7-ray, almost all of the background events 
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are eliminated. Candidate events are selected by the following criteria: (A) 
one ring; (B) //-like; (C) one decay electron; (D) 215 MeV/c < momentumM < 
260 MeV/c; (E) goodness of fit requirement; (F) recoil proton rejection; (G) 
detection of prompt 7-ray. Criterion (E) requires a successful vertex fitting for 
the correct identification of the prompt 7-ray. 

The prompt 7-ray signal is selected using the number of hit PMTs within 
a 12 ns timing window which slides between ip0 and 100 + t^ns, t^ being 
defined as the time where the timing distribution of the sum of the PMTs, 
(N(t)), belonging to the muon signal rises from zero, namely t^0 is the time 
where dN(t)/dt = 0, d?N(t)/dt2 > 0. According to the MC study, some 
fraction of background events is found to be protons recoiled from atmospheric 
neutrino interactions, while muons associated with the interactions are not 
visible because their energies are too low but the decay electrons are still 
detected. These protons are misidentified as muons. The range of muon in 
water is nominally 55 cm. However, the distance between the position of the 
reconstructed vertex of the proton and that of the electron tends to be longer. 
Criterion (F) requires the distance d^e shorter than 200 cm, where d^e = \/ie\, 
lie being a vector from the position of the reconstructed vertex of the muon 
to that of the electron. Criterion (G) requires the number of hit PMTs to be 
more than seven. 

The total detection efficiency, including the selection criteria (A)-(G), the 
branching ratio of K+ —• //+i/M (63.5%), the ratio of bound protons in oxy
gen to all of the protons in water (80 %), and the emission probability of the 
6.3 MeV 7-ray (41%), is estimated to be 8.7%. The number of background 
events is estimated to be 0.3 events using a 70 yr equivalent sample of atmo
spheric neutrino MC events. Figure 9 shows the number of hit PMTs within 
the timing region of the prompt 7-ray for proton decay MC events, simulated 
atmospheric neutrino events and real data. The partial lifetime (T/BPK+) is 
calculated: 

T/&PK+ = 7T , (29) 
IVcand 

where T is the exposure in proton-yr, eBpK+ is the detection efficiency (8.7%), 
and Ncand is the 90 % Poisson upper limit on the number of candidate events, 
which is derived; 

J0
N-«P(Nob3,Nexp(x))dx 

JZ°P(Nobs,Nexp(x))dx 

Nexp{x) = NBG + x, 

where P{r,[i) is a Poisson distribution (P(r,fi) — ffe'^/rl), Nobs is the num-

(30) 

(31) 
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Fig. 9. Number of hit PMTs within the timing region of the prompt 7-ray search 
in p -> DK+; K+ -¥ /u+i^. Histogram shows the proton decay MC with 6.3 MeV 
7-ray, dotted histogram shows atmospheric u MC, and black points with error bars 
show the data. 

ber of observed events in the signal region (0), NBG is the estimated number 
of background events (0.3). Plugging the value of Ncand in Eq. 29, the lower 
limit of the partial lifetime for this particular mode is found to be 1.0 x 1033 

yr. 

A second method searches for an excess of events of monoenergetic 236 MeV/c 
muons, which are produced by the stopped K+ decay for events with no 
observed prompt 7-ray. For this analysis, the selection criteria are: (A)-(F) 
described above and (G) no prompt 7-ray signal. The detection efficiency of 
this method (including the branching ratio of K+ -> / i + ^ ) is estimated to be 
33%. The momentum distribution of the events which satisfy criteria (A) to 
(C) is shown in Fig 10. 

To estimate the excess of the proton decay signal, the number of events in three 
momentum regions, 200 to 215 MeV/c, 215 to 260 MeV/c, and 260 to 200 
MeV/c, is summed separately for p -> vK+; K+ -» ju+fM MC, atmospheric v 
MC, and data. The x2 is defined for fitting the parameters: 

x2M) = £ 
i=l 

Mdata (32) 
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Fig. 10. Reconstructed momentum distribution. Solid (dotted) line shows the es
timated 90% C.L. number of proton decay [r/B(p -> vK+) - 4.7 x 1032 yr) + 
atmospheric v (atmospheric v only); the black points with error bars show the data 
with the statistical errors. 

where a and b are the fit parameters, N?ata, Nfdk, and iVftmv are the numbers 
of events of real data, proton decay MC, and atmospheric v MC, respectively 
in each momentum bin i. 

The minimum %2 xLin — 0-024, is in the unphysical region (bN% pdk -24.2). 
The xLin i n the physical region (bN%dk = 0), x2

min, Phys
 i s 1-7. The data are 

consistent with no excess of p —> vK+ events. The 90 % upper limit on the 
number of proton decay events (Nmnd) is obtained in the following way. The 
value of x2 at the 90 % C.L., (xlo) is calculated with 

/ 
\Ax 
V ^ phys 

exp (-*i)dx 

0*57.°* (-T)** 
0.90, (33) 

phys 

where Ax2
phys = x L , Phys ~ xL«> a n d Ax^0 = xlo ~ xL«> from which xlo is 

obtained to be 5.4. 

Ncand is the maximum value of b obtained by varying a while the x2 is kept 
at the value of xlo- Ncand is found to be 18.6. The lower limit on the partial 
lifetime of p -> PK+ using this method is, from Eq. 29, 4.7 x 1032 yr. 
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5.2.2 p^vK+; K+ ->• TT+TT° 

The 7T° and n+ from the K+ decay at rest have equal and opposite momenta 
of approximately 205 MeV/c. The decay 7-rays from the 7r° reconstruct this 
momentum. The 7r+, barely over Cherenkov threshold with fi « 0.86, emits 
very little Cherenkov radiation, sometimes visible as a collapsed Cherenkov 
ring, can be detected in the direction opposite that of the 7r°. To quantify 
this, a "backwards charge" (Qin) is defined as the sum of p.e.s detected by the 
PMTs which lie within a 40° cone whose axis is the opposite direction of the 
reconstructed direction of the 7r°. 

The selection criteria are defined: (A) two e-like rings; (B) one decay electron; 
(C) 85 < mass77 < 185 MeV/c; (D) 175 < momentum-^ < 250 MeV/c; (E) 
recoil proton rejection; (F) 40 < Qin < 100p.e., and Q^t < 70p.e. Criteria 
(A), (C), and (D) require the n° with the monochromatic momentum expected. 
Criterion (B) requires the decay of the n+ into muon into positron. Criterion 
(F) requires Cherenkov light from the -K+. Qout is defined as p.e.s detected 
by the PMTs which lie outside a 90° cone whose axis is the direction of the 
reconstructed 7r° and outside the cone used to calculate the Qin. Small Qout 

requires the absence of additional tracks other than n° and 7r+. Figure 11 
shows the Qin and Qout distributions. 

No events pass the selection criteria, and the lower limit on the partial lifetime 
of this mode is, according to Eq. 29, 7.5 x 1032 yr. 

5.2.3 Combined analysis 

The combined 90 % upper limit for the number of proton decay candidates 
(A ĉand) is calculated by integrating the likelihood function to the 90 % prob
ability level: 

N-{x)=Nfa+^mx- (35) 

where P(N,x) is the probability function of Poisson statistics, N°bs is the 
number of observed candidates, NfG is the number of estimated background 
events, e; is the detection efficiency, and Bl

m is the meson branching ratio. The 
index i stands for the ith method. 

The combined lower limit of the partial lifetime for r/B(p -> vK+) using the 
three independent methods and from Eq. 29, is 1.9 x 1033 yr at the 90% C.L. 
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Fig. 11. Backwards charge Qin and Qout distributions for proton decay MC events 
(top), atmospheric MC events (middle), and real data (bottom). The boxed region 
in each figure shows the criterion (F). 



299 

6 Summary 

Recent results from Super-Kamiokande on the two topics, atmospheric neu
trinos and searches for proton decay, have been discussed. 

Both the zenith angle distribution of /z-like events and the value of R observed 
in the Super-K significantly differ from the best predictions in the absence of 
neutrino oscillations. While uncertainties in the flux prediction, cross sections, 
and experimental biases are ruled out as explanations of the observations, 
the data are in good agreement with two-flavor v^ —> vT oscillations with 
Am2 = 2.5lJ;| x 10~3 eV2, and sin2 20 > 0.89 at a 90 % C.L. 

Three independent data samples were presented to discriminate between the 
oscillations to either tau neutrinos or sterile neutrinos in the region of sin2 20 
and Am2 preferred by the majority of the data. Two-flavor oscillation between 
muon neutrinos and sterile neutrinos fit the low energy CC data, but do not 
fit the NC or high energy data, though more complicated scenarios are not 
ruled out in which both v^ —> vT and fM —> vs oscillations coexist with small 
mixing to sterile neutrinos, or with much smaller mass difference for sterile 
neutrinos. 

Proton decay into various final states have been searched for, but no clear 
candidate events were found. The search for the two decay modes, p —>• e+7r°, 
and p —> 9K+ were described in detail. The lower limits of the partial lifetimes 
of the proton are 5.0 x 1033 yr and 1.9 x 1033 yr at a 90 % C.L. for p ->• e+7r° 
and p —>• i?K+, respectively. 
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CHAIRMAN: Y. TOTSUKA 

Scientific Secretaries: T. Aushev, B. Tuchming 

DISCUSSION 

Sichtermann: 

Could you comment on background, for example muons from above and below, in 
SuperKamiokande (SK) and expand on the veto system? Could you define the 
meaning "e-like" and "n-like"? 

Totsuka: 
The detection method is essentially free of background (the fiducial water volume 

is much smaller than the total volume). The direction of the track is easily identified 
because it follows the direction of the Cerenkov cone. The only problem is near the 
horizontal direction. By fitting the downward-going muon flux as a function of the 
angle, you are able to compute the background. By looking at the numbers you see 
that the background is less than 1% (actually only in the horizontal direction) which 
means that we are almost free of background. 

Due to multiple scattering, the edge of the Cerenkov ring for muons is less diffuse 
than for electrons. We have incorporated this in a likelihood analysis and it works 
very well. This has been checked using an accelerator beam. 

Wiseman: 
Why is there a discrepancy in the neutrino energy spectrum between two 

simulations? The ratio of the flux of muon neutrinos to electron neutrinos fits but not 
the absolute numbers. 

Totsuka: 
Certainly the next thing you have to do is to fit the absolute number of events we 

observe. You observe a 20% discrepancy between data and simulation. I suspect that 
there might be an uncertainty on the primary cosmic ray flux of the order of 15%. 
There might be an uncertainty on the cross section of the neutrinos of the order of 
15%. By adding these two sources you obtain 20%. 

- Nguyen: 
Which scenario of physics beyond the Standard model could imply the proton 

decay? 

Totsuka: 
The decay to e+7t° might occur within grand unified theories in which it is 

mediated by the heavy gauge bosons. In addition, the decay to K+v might also occur 
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in supersymmetric models. These are the two main signatures we are looking for. 

Sibirgakov: 
Could you tell us in more detail what are the signatures of x events and what is the 

observed flux of vT? 

Totsuka: 
The cross section of the T neutrino is sizeable only at high energy. Therefore you 

expect that a certain number of pions are produced by the collision with a nucleus. 
The t which is produced in the collision decays immediately. It may decay into M^v^ 
or evTve, but mainly it decays into vTand pions. Therefore you expect a higher 
multiplicity of Cerenkov rings in this kind of event. For example, you may also use 
the total visible energy which exhibits some discriminant power. Anyway you can not 
identify the x neutrinos event by event. We use several analyses to estimate the tau 
neutrinos appearance. They give comparable results consistent with a 2-sigma excess 
of tau-like events. 

Roessl: 

You said that atmospheric v^ to v s oscillations were ruled out by a different 
MSW-effect with respect to the v^to vT oscillations. What is the physics of the v^ to vs 

oscillations in matter? 

Totsuka: 

Neutrino oscillations in matter can be described by an effective refractive index 
related to the forward scattering amplitudes due to neutral current interaction. For the 
v^to vT oscillation, the scattering amplitude is identical for both species and the effect 
is zero. The v^ to vs case is different because the sterile neutrino does not interact 
with matter. 

Bettini: 
Is there any difference in the best fit value of Am using the 3D Monte Carlo? 

Totsuka: 

The fit with the 3D Monte Carlo is as good as the one with ID. The best fit values 
2 2 

of Am and sin 0 are also the same, but the allowed region is somewhat wider. 

Tkachev: 
Can you comment on the recent claim in the literature that chirality flip due to 

magnetic moment is a better fit to the data than the oscillations? 

- Totsuka: 

No answer. 
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NEW TALENTS SESSIONS 

A series of special sessions was devoted to young talents: 
those fellows who cannot be easily identified in the 
constantly increasing dimensions of experimental groups. 
The problem is less acute in the field of theoretical 
research. The results of the presentations follow. 
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Helicity of the W in Single-lepton tt Events 

Florencia Canelli1 

Department of Physics 
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(on behalf of the DO Collaboration) 

Abs t r ac t 

We have developed a procedure to study the helicity of the W boson in it events. Using 

events generated with the PYTHIA program at a top mass M( = 175 GeV/c2, we employ 

a maximum likelihood method to extract the fraction of right-handed, longitudinal and left-

handed W bosons in top decays. Assuming V-A coupling in the decay, we obtain a longitudinal 

fraction of 0.696±0.097 for 50 simulated experiments of 100 events in lepton+jets it final states, 

a result that is consistent with the input fraction of 0.703. 

1 Introduction 

The top quark is the least known of the quarks and leptons due to its relatively high mass and its 

only recent discovery. The s tandard model (SM) of strong and electroweak interactions describes 

successfully the properties of all the particles, but does not account for the values of their masses. 

Because the top quark is so much more massive than the other fermions, many have speculated 

tha t it may have a unique role within the SM. It is therefore very important to understand the 

properties of the top quark, their consistency with the s tandard model, and prove whether or not 

the top quark is truly exceptional. 

Studying top quarks may be particularly interesting for several reasons. Because it is so heavy 

(?s 174 GeV/c2), it probes physics at a much higher mass scale than other fermions. This heaviness 

may also lead to non-SM contributions in its decay. An important consequence of a heavy top quark 

is tha t , to good approximation, it decays as a free quark. Its expected lifetime is fs 0.5 x 10~2 4 

s [1], and it therefore does not have time to bind with other quarks before it decays. In fact, the 

momentum and spin information carried by top quarks is expected to be passed on directly to 

their decay products, and the production and decay of top quarks can therefore provide a probe 

of the basic dynamics, with little impact from gluon radiation or other strong interactions. 

The top quark was discovered in Run I of the Tevatron, in sslOO events/pb of integrated 

luminosity collected at the CDF and DO experiments [2]. The top quark is detected indirectly via 
1 E-mail: canelli@fnal.gov 

mailto:canelli@fnal.gov
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its decay products, which are a W boson and a 6 quark (t -> Wb). In the limit of a massless b 

quark, the standard model V-A coupling at the tbW vertex requires that the b quark in top decays 

is produced left handed, restricting the helicity of the W+ to values of 0 and - 1 . An observation 

of a significant "wrong" ±1 helicity component in W^ decays would clearly indicate the presence 

of new physics (e.g., V+A coupling) beyond the SM [3]. 

In this paper, we will examine the nature of tbW vertex in tt events generated at the parton 

level. Using a maximum likelihood method [4, 5], we will indicate the sensitivity of the extracted 

spin information to any V+A contribution to top decays. 

2 Weak Interaction of the Top Quark 

Within the standard model, the dominant decay chain for top quarks produced in pp collisions is 

t —> V\Tb 

I „ f rv 
I du, or sc 

Figure 1: Top quark decay 

The standard top quark has a V-A charged-current weak interaction. Consequently, the emitted 

b quark (essentially massless, with its helicity dominantly negative, i.e., spin pointing opposite to 

its line of flight in the rest frame of the top quark) can point either along the top spin, with the 

spin projection of the W vanishing (i.e., is longitudinal polarized), or in the direction opposite 

to the top spin, in which case the W must be left-hand polarized (negative helicity) to conserve 

angular momentum. Hence, for massless 6 quarks [6, 7], a top quark can decay to a left-handed 

W (negative helicity W-) or a longitudinal W (zero helicity W0). In the SM top quarks decay to 

longitudinal W bosons with a branching ratio [3] 

where Mt = 174.3 GeV/c2 and Mw = 80.4 GeV/c*. For this branching ratio CDF has obtained 

[8]: 

B{t^W0b)= 0.91 ±0.370 ±0.13, (2) 
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which is consistent with SM expectations. 

Assuming the branching fraction B(t -+ Wob) = 0.70, the CDF experiment has extracted a 

branching fraction of the top quark to a.W boson of positive helicity [8]: 

B(t-+W+b) = 0.11 ±0.15, (3) 

which is consistent with zero, as expected in the standard model. 

The anticipated accuracy for the measurement of B(t -» Wob) in the initial stage of Run II of 

the Tevatron (2 events/fb) is 5.5%, with an ultimate accuracy (for 30 events/fb) of less than 2% 

[9]. 

3 The Matrix Element 

DO observed about 30 it candidate events in the lepton + jets channel [2]. The square of the matrix 

element for the production and decay process qq -¥ it -f {W+b)(W~b) -» (evb)(dnb), averaged 

over the initial quark colors and spins, and summed over the final colors and spins, is given by [10]: 

| M | 2 = | F F ( ( 2 - / 3 2 ^ ) -

(1 ~ CggCrfg) - P(Cgt + Cdt) + PCqtjCeq + Cjg) + \0* S2
qt(\ - Cgg) \ 

7 2 ( l - /3ce ( ) ( l - /3c d i ) 

where Sy and c^ are the sines and cosines of the angle between particles i and j , calculated in the 

qq center of mass (CM), gs is the strong coupling constant, /3 is the top quark's velocity (v/c) in 

the qq CM, and 7 = (1 — /J 2 ) - 1 / 2 . F reflects the production and leptonic decay of the top quark 

t -> W+b -> ev.b: 

F = — 
m2

t - m§„ 

K - M2)2 + (MtTtr 
w(cOS(j>ei,) 

(*"§„ - MwY + (MwTw)2 (5) 

where ^ is the angle between the e + and b in the W+ rest frame, m§w is the invariant mass of 

the positron-neutrino system, (Mt,Tt) and (M\y,T\y) are the masses and widths of the top quark 

and W boson, and gw is the weak coupling constant. (Mt refers to the pole mass, and m< to the 

mass of top in any event. The measured mass of the top quark (174.3 GeV/c2) would correspond 

to Mt.) The term wfcosfei,) will be discussed in more detail in the next section. The top width 

Tt is a function of the top mass, and, in the narrow-width approximation, is given by 
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gjmfiv 1 - 3(Mw/mt)
2 + 2(Mw/mt)

3 

1 27(2TT)33 MWTW 

.Am - mb)
2 - AfjjL , , ( m f + mVe)

2 - M\y 
* = aTCt9[ MWTW

 ] ~ °rct9[ MWTW
 ] 

Similarly F corresponds to the decay t -¥ W~b -* dub: 

- Q4 

(mf - M2)2 + (MtTt)
2 

w{cos4>dl) 

(m2-Ml)2 + (Mwrw)2 (7) 

where 4>^ is the angle between d and b in the W~ rest frame, m^ is the invariant mass of the 

d — u system, and, as before, (Mt,Tt) and (Mw,^w) are the masses and widths of the top quark 

and W boson, and gw is the weak coupling constant. (There is an analogous term for W -¥ cs 

decay.) 

None of the current Monte Carlo generators include it spin correlations. Since we will deal only 

with generated events, the correlation term in Eq. 4 will therefore be ignored. In this case, Eq. 4 

becomes 

\M\2 = ^FF(2-I32s2
qt) • (8) 

It will be assumed that the parton q originates from the proton, and q from the antiproton. 

The electron charge was not measured in DO's Run I, and it is therefore not possible to distinguish 

between t and t. However, since s2
qt = s2-,, Eq. 8 is invariant with respect to the exchange t ++ i. 

3.1 Angular Dependence of the it Matrix Element 

The angular part of the matrix element for the top decay is contained in wicosfei,) for the leptonic 

branch and in w(cos4>di) for the hadronic branch. The decay angles of interest are shown in Fig.2. 

The general form of the angular distribution of the charged lepton (or d o r s quark) in the W 

frame is given by [7] 

w(cos<t>) = M%w-.{cos<i>) + M$yW0(cos(j>) + M$w+(cos<j>) (9) 

where 0 refers to the leptonic (eb) or hadronic (db or sb) W decay angle. The functions w(cos(f>) 

have the following form: 

3 
w- {cos<f>) = - (1 - cos(j>)2 (10) 

o 
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Figure 2: Definition of the decay angles in top-quark decay. The dotted line represents the spin 

direction of the top-quark. <j> is the angle between the lepton (or d or s quark) and this axis. 

wo(cos<f>) = - ( 1 — cos2<j>) (11) 

w+(co$<i>) = - ( 1 + cos<j>)2 

8 
(12) 

These functions reflect the angular dependence of the matrix element for the three helicity 

states of the W, and they refer to the distributions sketched in Fig. 3. 

cos 4 

Figure 3: The decay functions w(cos<j>) 

We can rewrite Eq. 9 in the general form: 
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w(cos(f>) = F-W- (cos<j>) + F0WQ(COS4>) + F+w+{cos<i>) (13) 

where the three components of this equation refer to an arbitrary mixture of the three helicity 

states of the W: left-handed, longitudinal, and right-handed. The helicity fractions F~,F0,F+ 

depend on Mt, My/ and Mj, and correspond to the branching fractions of top into a 6 and a W i n 

the left-handed, longitudinal, and right-handed helicity states, respectively. The three quantities 

(F_ ,F 0 ,F + ) are all >0, and F- + F0 + F+ =1 . Since Mb « Mw and Mb « Mt, the b quark 

mass can, to a good approximation, be set to zero [6]. Hence, in the SM (neglecting Mj), for the 

W+, 

' - T & J <»> 

F ° = U 9 t f t (15) 
1 + I *a 

F+=Q (16) 

where 

«=f <») 
In the hadronic decay of the W it is not possible to differentiate between its two jets. The two 

combinations are related by cos cosij>nt — ~cos4fdb which symmetrizes Eq. 7. 

In this study of only lepton+4 jets events we take into account only twelve assignments of 

jets to quarks because the combination that interchanges the jets assigned to any W is already 

considered in the symmetrization of Eq. 7, and the exchange t <-• t leaves the equations invariant. 

3.2 Non-SM Angular Dependence of the it Matrix Element 

The presence of any non-standard couplings in top decays requires a general angular analysis of 

the helicities of the W. A V+A coupling will introduce a right-handed W helicity fraction (see Fig. 

4), but the addition of a right-handed decay will not change the branching fraction to longitudinal 

W, but rather decrease the branching fraction to left-handed Ws. In Fig. 4, we show how the 

right-handed contribution (w+), with a helicity fraction F+, affects the W distribution. Figure 

4(a) corresponds to W+ decaying leptonically, and (b) to W+ decaying hadronically. As usual, 

the hadronic distribution is symmetrized with respect to two decay quarks. 
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(a) cos<t> (b) cos'J 

Figure 4: Arbitrarily normalized angular distributions Wf(cos4>t) for different fractions of F+. The 

decays in (b) are only sensitive to \cos(j>\ 

4 Maximum Likelihood Method 

4.1 Definition of extended likelihood 

The extended likelihood function for N events is defined by [5, 4] 

N 

L(a)=eNIp(x^dx~[[NP(xi;a) . (18) 

where a is the parameter that we wish to measure. P(x, a) is the probability density for observing 

an event characterized by a set of variables x, and N is the number of events in the sample. The 

best estimation of a given set of parameters a is given through the maximization of the likelihood. 

L(a) is usually a rapidly varying function of a, and it is therefore common practice to minimize 

—InL with respect of a. 

N - r 
-ln(L) = - ^ ln(P(xi;a)) + N P(x; a)dx (19) 

«=i ^ 

where terms that do not have an explicit dependence on a have been dropped. 
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4.2 Detector Acceptance 

The probability for observing any event in the detector has contributions from all the processes 

that lead to any specific, final state. In general, this depends only on the kinematic characteristics 

of an event and not on the process that leads to it. The "measured" probability can therefore be 

related to the production probability distribution Po(x) by the acceptance: 

Pm{x; a) = Acc{x)P0{x; a) (20) 

where Acc(x) is the detector acceptance, and includes everything that has impact on accepting or 

rejecting an event in the experiment. The production probability can be calculated from a sum of 

differential cross sections for all processes that lead to the same final state. This, convoluted with 

the geometry and resolution of the detector, yields the final probability. The result of inserting 

Eq. 20 into Eq. 19 gives 

N - r -
-lnL(a) - -^rjn(Po(xi;a)) + N Acc(x)P0(x;a)dx 

1 = 1 •" 

(21) 

The integral in Eq. 21 is calculated using Monte Carlo techniques, in which the value of Acc(x) is 

1 if the event is accepted and 0 otherwise. The integral can be written as 

/ 
V N 

Acc{x)P0{x;a)dx = -j— ^ P0{xf,a), (22) 
™gen -

VjNgen refers to the ratio of accepted to generated events. Because different final states involve 

different Po(x; a) and different acceptance, they must all be calculated separately. 

4.3 Probability Calculation for Single-Lepton it Events 

The probability for single-lepton it events is given by [4] 

P*(*)= £ [dpidm{dM?dmldMl\M\2^^<f>6W(x,y) 
comb.+v 

(23) 

where W(x,y) is defined in section 4.4, $6 is the phase space factor given in Ref. [4], f(q) is the 

parton distribution function, and \M\ is the matrix element from Sec. 3. The sum is over the 12 

possible assignments of jets and quarks, and over the neutrino solutions that are consistent with 

energy and momentum conservation. The integration is performed over the absolute value of the 

momentum of the quarks pi, top masses Mi and M2, and W masses mi and m2-
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4.4 The Measurement Probability W(y, x) 

W(y,x) is the probability of measuring the set of variables x that correspond to the set of pro

duction variables y. W(y,x) is taken as a 6 function for quantities that are well measured, and a 

Gaussian-like function when measurement errors cannot be ignored. 

The set y represents all the final-state particle momenta at the parton level. For single-lepton it 

events, y = ( 1 ^ , , ~p*e, ~P*v)- Since the neutrino is not measured, x — (~j?£, jet variables). Due to the 

excellent granularity of both the electromagnetic and hadron calorimeters, the production angles 

of objects will be considered as well measured. Also, since the energy of the electrons is measured 

much better than the energy of jets, the momentum of the electrons will also be considered well 

measured. For jet energies, we will use Gaussians with an energy-dependent standard deviation. 

For events that have W -> \tv decays, the muon energy is not always well measured. This correction 

for muons has not been implemented as yet in our procedure. 

For the form of W(y, x) we use: 

W(y, x) dx = 6s(te - -fl) d3p* n ^^exp[ - ^ ' J ^ ] f[ 52(Uj - flj) dft? (24) 

where pi = \~p*quarks\ refers to the momenta of the quarks, pf = |*j^Lts| to the jet momenta, 

corrected in such a way that on average they give the correct quark momenta, and Uj and fij are 

respectively, the angles of the produced quark and measured jets. All the variables in Eq. 24 are 

given in the pp center of mass. 

5 Results 

Using the above matrix element, we have determined the W helicity parameters in it events. The 

values of a were extracted using a set of 40,000 it events generated with PYTHIA [11] for a top 

mass of 175 GeV/c2, W mass of 80.4 GeV/c? and for the pp center of mass energy of y/s= 1.8 

TeV. Initial and final-state radiation was switched off in PYTHIA. The ET of jets in the event 

were smeared by Gaussian-like functions of 1 5 % \ / ] 3 T for light jets, and 2 0 % \ / E T for b jets. The 

requirements for all objects in this sample were: 

W < 2 

pr{v) > 20 GeV 

pT{jets) > 15 GeV 

pr{e) > 20 GeV 



313 

(a) cos<|) ( b ) cos $ 

Figure 5: Angular Distribution in 40,000 it events generated with PYTHIA. (a) Without accep

tance criteria, (b) With Acceptance criteria applied. The dotted curves in (b) are identical to those 

in (a). 

The generated and accepted angular distribution of the decays of the W in these events is 

shown in Fig. 5. The symmetric functions correspond to hadronic decays, and the asymmetric to 

leptonic decays. 

We perform our analysis in two ways. The first one, consists of using the standard maximum 

likelihood method, involving only angular distributions and the second using the full calculation 

of the probability from Sec. 4. 

5.1 The Simple Analysis 

We track and use the correct 6 quark jets in the Monte Carlo, which except for 6-tagging, is not 

realistic in true experiments, where one cannot distinguish between different jets, and all possible 

ways of associating partons with jets must therefore be included in the calculation. 

According to Eqs. 13-17, the angular distribution for a V-A coupling when F+ = 0 is given by 

the probability density 

djl " A A 

r = f(cos<j>) = N[w~(cos<f>) + awo(coscj>)] (25) 
dcos(j> 

where the normalization N can be written as 
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No - j-y— (26) 
1 + I * a 

and a = OSM — M^,/m2 in the standard model. In a sample of Nev events, for perfect acceptance, 

we get: 

—lnL(a) = —y~]lnf(xi;a) = —2Z^nl^o{w-(cos4>i) + awo(cos4>i))] . (27) 

i=i >=i 

The value of a that minimizes this probability density is referred to as the most probable 

(likely) value of the parameter ao- To estimate the statistical properties of —ln(L), we generate N 

number of events for an ensemble of Nexp experiments. For each experiment, we obtain the value 

of ao that minimizes — ln(L). Ideally, this set of values should be centered on the value used in 

generating the events. The distribution in the ao values reflects the uncertainty on each parameter. 

Adapting Eq. 27 to it lepton+jets events, we have 

TV 

-ln(L) = J2 -ln(N0[((l - cos2feb) + a ( l + cosfeb)
2) * ((1 - cos2^ + a ( l + cos 2 ^) ) ] ) (28) 

i = i 

The simulation of detector effects in the Monte Carlo samples is automatically taken into 

account by the acceptance integral in Eq. 21. Using the probability density of Eq. 25 we can 

calculate the acceptance corrections according to Sec. 4.2. We rewrite Eq. 22 

/ Acc(x)/( 

where 

cos<j>,)dx = Qi + Q2a + Q3a
2 (29) 

jy £ j gen{cos<t>eb,cos(j>ib) 

Q =
 l aY ( 1 + C O S ^ ) 2 ( 1 - ""fffc) + (X - COS4>et)2(l + COS4>2

ib) 
N H. 9en(co8feb,co8<j>db) 

Q3 = l_ ac£ ^ ^ f d + ^ J (32) 
N

 i = i gen(cosfeb,cos<j>jb) 

and 
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gen(cosfeb, cos<j>ib) - [(1 - cos^b) + a s w ( l + cos<fe)2][(l - cos4>2
ib) + OISMQ. + " W ^ ) ] (33) 

To obtain the most probable a, we now minimize the quantity —ln(L) for each of the Nexp 

experiments. The results for a for Nexp=200 experiments, with JV=100 events each, are shown in 

Fig. 6. 

Figure 6 (a) and (d) show the results for leptonic decays, (b) and (e) the results for the hadronic 

decays, and (c) and (f) show the results from the combined decays. In the graphs on the right 

are the a values obtained after acceptance corrections, and on the left before the acceptance 

corrections. From (f), we extract a longitudinal Ws helicity of 

F0 = -0.7014 ± 0.0767 (34) 
1 + 2Q 0 

In the Table 1, we list the mean values and the statistical uncertainties in F- for Nexp=50, and 

for different samples sizes, after correcting for acceptance. 

Number of Events 

50 

100 

200 

400 

Longitudinal W fraction 

0.6861 

0.6963 

0.7030 

0.7070 

Statistical Error 

0.104 

0.078 

0.070 

0.040 

Table 1: Values of a and their statistical uncertainties for different number of tt PYTHIA events 

for sets of iVelp=50 generated experiments 

If we now allow right-handed W in the decays, we can rewrite Eq. 27 as: 

-ln{L) = Y, -HNo[((l - cos24b) + (1 - a - 0)(1 + cos^h)
2 + 0(1 - cos<&bf) 

*((1 - c o s V j + (1 - a - /J)(l + cos2^) + P(l + cos2^))]) 

(35) 

ribi ' v - f/v.* ' ~ " fob' 

where /? is related to the fraction of right-handed W events. 

We use Eq. 35 to study the sensitivity of these samples to right-handed helicity. Results are 

given in Fig. 7. Since PYTHIA does not have a V+A term, the result represents the most probable 

value obtained for /3, when /? is initially set to zero (SM). 
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| gwllh(e,b) alter cuts \ [^SftjejW^^c^^tera^^toMeco^^toJ 

Figure 6: The values of a extracted from it PYTHIA lepton+jets events, for Nexp=200 experiments 

of N—WO events each, (a) and (d) is for leptonic W decays, (b) and (e) for hadronic W decays, 

and (c) and (f) for combined decays. The figures on the right (left) side represent the values of a 

after (before) acceptance corrections. 
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Figure 7: Right-handed W fraction in tt PYTHIA events for Nexp=400 experiments of iV=100 

events each, generated in the standard model (/3=0) 

6 More Powerful Approach 

The second way that we extracted a involved the full calculation of the probability. The main 

difference was that rather than just the "correct" combination, all the 12 different permutations 

of jets and the 2 solutions of the neutrino were included in the calculation. The results for this 

realistic study are plotted in Fig. 8. Using Eq. 23, the integration is performed over the masses 

using Gaussian-like integration with a Breit-Wigner kernel. The integration over pi is performed 

using Gaussian integration, together with the Romberg extrapolation method. 

From Fig. 8 we extract a longitudinal W helicity fraction of 

F0 = 0.696 ± 0.097 (36) 

6.1 Conclusions 

To conclude, this study has applied the Matrix-Element method to measure W helicity in it 

events. We found that this method is more powerful than previous ways suggested for measuring 

W helicity [9]. This analysis should be extended using a more realistic Monte Carlo it sample and 

PF+jets background, but the indications are that the method should prove to be highly sensitive in 

extracting the W helicity in it events [4]. We have already shown that, even without optimization, 

the more general approach provides a result that is similar to that obtained for an unrealistic (or 
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i for differents exper iments of 100 events each "Rlsi 
Nant = 50 
Mean =0.2186 
RMS =0.1002 

Figure 8: a measurement and statistical error for different number of tt PYTHIA events in 30 

experiments of 100 events with a full calculation of the it probability 

very optimistic) analysis using the simple procedure. 
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Abstract 

We describe a nonstandard proposal for baryogenesis in models with a low 
(0(10 — 100) TeV) fundamental scale. The scenario has Standard Model 
field content and enhanced baryon number violating operators deriving 
from time-dependent fermion localization in an extra dimension. The CKM 
matrix provides sufficient CP violation. The major constraints are the 
low reheating temperature and rate of perturbative 23-violating reactions 
compared to the total entropy created. A sufficient baryon fraction may 
arise, but the cosmological evolution required is likely to be somewhat 
contrived. Based on work in collaboration with D. J. H. Chung. 

1 Introduction 
The lower limit on the lifetime of the proton is a severe problem for models in 
which the fundamental scale of quantum gravity is low compared to the super-
symmetric GUT scale 1016 GeV [1, 2]. A baryon number U(l) symmetry cannot 
be gauged in field theory, so like other accidental symmetries it is expected to 
be violated by effects at the string scale or by quantum wormholes and virtual 
black holes [3]. Such B violation appears at low energies as nonrenormalizable 
operators, for example 

Mi QiQ/qgk (!) 

where M* is the fundamental scale, i, f, g, h are family labels and the A are 
expected to be 0(1) in the absence of suppression mechanisms. Then for M* in 
the O(10 - 100) TeV range, for which collider signals of the fundamental degrees 

* E-mail: tdent@umich.edu 

mailto:tdent@umich.edu
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of freedom or of large extra dimensions may be observable, rv comes out to be 
under a second. Various solutions have been proposed [4, 5, 6] all of which have 
implications for the production of an excess of baryons over antibaryons in the 
early Universe, for which B violation is a precondition. 

The overproduction of gravitational Kaluza-Klein modes in such models, in 
which some compactified extra dimensions are orders of magnitude larger than the 
fundamental length, gives a severe upper bound on the temperatures that can be 
attained in the early Universe. Even for the maximum number (6) of large extra 
dimensions and the relatively large value M» = 100 TeV, a reheating temperature 
of a few GeV is the maximum if overclosure of the Universe, disruption of the 
successful predictions of nucleosynthesis, and an observationally unacceptable 
level of background gamma-rays from K-K mode decay are to be avoided [4, 7]. 
Astrophysical production and decay of such modes also leads to an independent 
lower bound on the fundamental scale [8], which is also constrained by the non-
observation of direct and loop effects in current experiments [18]. 

Any attempt at explaining proton longevity and baryogenesis should operate 
within these constraints. Exact (anomaly-free) discrete or horizontal symmetries 
can be imposed to forbid B-violating operators mediating proton decay [9, 4] 
while allowing others, through which baryogenesis occurs: this approach requires 
an "X-boson" to be present, with couplings which appear unnaturally small (in 
contrast to the standard GUT scenario). Baryon number can be gauged if the 
anomaly is cancelled by a string theory mechanism [6], in which case nonpertur-
bative processes [10] are the only option to create baryon number. It is difficult to 
see how this proposal can be reconciled with cosmological constraints, since any 
such processes would operate at or above the electroweak scale and be enormously 
suppressed at low temperature 1. 

We describe a scenario based on a geometrical mechanism for suppressing 4d 
B-violating operators, namely localization of fermions in extra dimensions [5]. 
The simplest implementation is for the SU(2) x U(l) gauge fields to propagate 
in an extra dimension (cf. [11]), in which the quark and lepton wavefunctions are 
peaked about points separated by a distance L ~ 30M"1: see Fig. 1. Then any 
strong -B-violating operators in the effective 5d theory can only produce proton 
decay proportional to the overlap of the wavefunctions, which is exponentially 
small. Alternatively, proton decay by exchange of massive modes is suppressed by 
the Yukawa propagator over the distance L2. Nonperturbative quantum effects 
which may lead to proton decay, for example virtual black holes [12], are also 
exponentially suppressed due to the integration over the fifth dimension.3 

*It is unclear whether electroweak baryogenesis with low Trh [10, first reference] actually 
satisfies the bounds, since a hot plasma at temperature T » Trh is needed. 

2 Assuming that no light fermionic modes with B-violating interactions propagate over the 
bulk. 

3B violation by electroweak sphalerons [13], being a effect energetically suppressed at low 
temperatures, is not affected by the fermion localization. 
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SU(2)wxU(l)Y 

SU(3)C 

• • 
quarks leptons 

- * - L(t) - * -
•*- R5(0 - * -

Figure 1: Localization of Standard Model fields in the 5th dimension 

Since the distance L may vary over cosmological time, B violation in the D = 
4 field theory may have been unsuppressed (A ~ 1) at some epoch. Then, if some 
Standard Model degrees of freedom have number densities out of equilibrium, 
nonzero n;, may be created by the inelastic scattering or decay of fermions. A 
similar scenario was proposed in [14], but the authors concentrated on an "X-
boson" model with somewhat arbitrary scalar mass and couplings. We find that 
it may be unnecessary to introduce new particles with 5-violating couplings, 
if the cosmological evolution of number densities and of the extra-dimensional 
geometry satisfy certain conditions. These appear somewhat special, in that 
a generic cosmology is unlikely to allow our proposal; however, they motivate 
further study of cosmology in low-scale models, since there is no standard picture 
and few general bounds exist on the behaviour before nucleosynthesis. 

2 The model 

The localization of fermions by scalar field profiles has been described in detail 
in [5, and references therein]: in essence, 5d fermions are coupled to a scalar 
field profile resulting in a position-dependent effective mass m^{y), where y is the 
coordinate in the fifth dimension. Then the fermion wavefunctions ipL,R.(y) peak 
about the zeros of m5(y), with the 4d chirality of the localized state determined 
by the direction of crossing zero. Localized chiral fermions can also result from 
orbifold projection [15] and coupling to a scalar field odd under the orbifold 
action. Different localized positions can be produced by coupling to different 
scalar fields, or by allowing constant 5d fermion masses and factors of order 1 
in the scalar coupling term. In the approximation that the scalar field profile is 
linear near the fermion position yj a Gaussian is obtained 

i>(y) ~ H^e^^rf, (2) 

where /J, is a parameter of mass dimension 1 which describes the size of the scalar 
v.e.v.: $ ~ /j?y near y = yj. Far away from yj, if the scalar approaches a constant 
value $ 0 the wavefunction varies as V> oc e-**0!'-"/!, with k ~ 1. Then given a 5d 
operator X^M~3(QQ)(QL), where ( ) denotes the Lorentz- and SU(2)-invariant 
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sum, the resulting 4d interaction is 

6S = Jd*x±(qq)(ql) (3) 

where A ~ X^ [ dy jLe-W-Mv-D1 „ A(5) J L e - 3 ^ / 4 ( 4 ) 
J M* M* w 

in the approximation of a linear $(y). For a constant scalar v.e.v. the suppression 
goes as A oc e~fc*°L with k ~ 1. 

The presentday value of L required for a sufficiently stable proton is estimated 
by comparing with dimension-6 operators induced at the SUSY-GUT scale: we 
require 

A2M"4 ~ M Q £ T ~ (2 x 1016 GeV)-4 (5) 

thus A ~ e~50 for M* ~ 10 - 100 TeV. Then assuming /z, <£0 to be of the order 
of M„, up to small numerical factors we obtain LM» > 10 for a linear scalar 
v.e.v. and LMt > 50 for a constant v.e.v.. This order of magnitude is marginally 
compatible with perturbativity of the bulk SU(2) gauge dynamics, since the D = 
5 gauge coupling satisfies 47r-R5<?^2 = a^ — 31 and 5d loop corrections at the 
fundamental scale are expected to be of order M+ghJAit = % M , f i 5 . 

An independent bound on M» comes from experimental limits on neutron-
antineutron oscillation, which is mediated by a dimension-9 operator of form 
uddudd. This operator is not suppressed by fermion localization, thus the cou
pling strength, of order M~5, is bounded such that M* > 105 GeV [4]. 

3 Creating n̂  

The processes satisfying the Sakharov conditions of B, C and CP violation and 
out-of-equilibrium are fermion scattering and decay via the dimension-6 operators 
(1). CP violation enters by the loop correction with W exchange, in which CKM 
matrix elements appear (Fig. 2). The asymmetry in cross-section between a pro
cess and its CP conjugate is proportional to the rephasing invariant combinations 
of couplings 

ViJ,g,h = OiW 2 J I m {^nmfhKgfhYimVng) (6) 
nm 

which are not necessarily correlated with the Jarlskog parameter of the SM, and 
may be of order 10~2 — 10_1. 

Then our procedure is as follows: to place an upper bound on the baryon 
fraction nf,/s we assume that the A are unsuppressed at the time of baryogenesis 
and that we have some fermion number densities n^ well in excess of the thermal 
equilibrium density: technically, we assume kinetic equilibrium (distribution of 
energy) within each species but no chemical equilibrium between species. The 
upper limit on number densities is taken as the equilibrium density at T = 
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Figure 2: Diagrams interfering to give CP asymmetry: the quartic vertex is 
X/M*. Other topologies of the W loop are possible. 

30 GeV to avoid the possibility of restoring electroweak symmetry. Then the 
evolution of rib and the entropy density s can be found, given a reasonable time-
dependence of L(t), the 4d scale factor a(t), temperature T(t) and the extra-
dimensional radii Ri(t), i = 5, . . . as inputs. The effect of scattering and decay 
reactions on the entropy density can be calculated directly using the Boltzmann 
equation [16], also taking into account out-of-equilibrium reactions which change 
number densities but do not change baryon number, for example weak decay and 
inelastic scattering, or annihilation of quarks into gluons. We find a surprisingly 
simple result, independent of the details of the cosmology: the baryon fraction is 
bounded above as 

where TBV(t) is the rate of B-violating reactions, Ttoi(t) is the total rate of 
reactions changing the number densities rifi and the maximum is taken at a time 
when baryogenesis is occurring. The upper bound can be approached if sources 
of entropy apart from reactions of the ft during baryogenesis are small and the B-
violating couplings turn off (i.e. L becomes large) soon after baryogenesis. Since 
i?-violating cross-sections are always suppressed as awM~4, compared to weak 
interactions suppressed as a^M^ or strong scattering cross-sections varying as 
max(mg ,T 4 ) _ 1 a | , the bound is quite restrictive and rules out most possibilities 
for the i?-violating reaction. 

The remaining possibilities involve baryogenesis through scattering reactions 
of fermions / i , / 2 , where the competing AB = 0 reactions are weak decay, anni
hilation and inelastic scattering. A more stringent entropy bound than (7) can 
be derived by considering 5-conserving scattering of /x with / 2 , from which we 
find 

T * 7TW—P (¥)^4- 1 Q - H KHWr 1 (8) 
s aw \VCKM\ V M* I 

if the inelastic weak scattering is kinematically allowed, where VQKM is the rele-
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vant matrix element for this reaction. As noted above, the weak coupling may 
change if the radius of the 5th dimension varies, but even assuming aw stays 
small one requires |VCKM|2 to be order 10~3 or smaller even for marginal viabil
ity. Then the fa must be such that the weak scattering is kinematically suppressed 
at temperatures above the QCD phase transition (we do not consider reactions 
below this temperature, since they are complicated by quark confinement). 

There are two candidates for the reacting fermion species, us (with u out 
of equilibrium during baryogenesis) and qvT where q = c, s, d, u (with either 
species out of equilibrium). For the first case, the entropy due to sei!/-annihilation 
reactions can be estimated, with cosmology parameterised as a(t) ontn,T oc oT"', 
with the result that nb/s is some orders of magnitude below what is required, for 
any reasonable value of n and u [16]. However, considering the self-annihilation 
reaction of vT one finds that if the effective temperature of the vT population is 
small enough (below approximately 0.4 GeV) then the annihilation cross-section 
can be arbitrarily small, vanishing (at tree level) in the limit of zero temperature 
and neutrino mass. Thus the rate of entropy creation through B-conserving 
reactions may be small enough to allow baryon creation to compete in this case. 

4 Further discussion 

Our assumptions about the mechanism of baryogenesis, in particular the restric
tion to the Standard Model degrees of freedom, lead to some definite conclusions 
ruling out many possibilities, regardless of the unknown details of cosmology. 
The amount of CP violation, a major problem for baryogenesis in the Standard 
Model without B-violating operators and for supersymmetric electroweak baryo
genesis if experimental bounds on soft breaking terms are to be respected, is not 
an important constraint for us, even if all B-violating couplings are real. The 
main problems for our proposal come from the fact that the species reacting to 
create baryon number almost always have strong AB = 0 reactions that compete 
overwhelmingly with operators suppressed by the fundamental scale. 

We have still to address the questions of how the out-of-equilibrium number 
density of the particular species involved is to be obtained, and whether the late 
evolution of the "quark-lepton radion" L(t) can be consistent with cosmological 
and other bounds on scalars associated with the geometry of extra dimensions 
(recall that L should be order 1 at the time of baryogenesis). It should also be 
remembered that the estimates of entropy density that we presented are lower 
bounds, and any other significant sources might alter our conclusions (in a neg
ative direction). 

These issues should eventually be addressed within a low-scale cosmology 
which includes inflation, reheating, an effective potential driving the time-dependence 
of L(t), and a suitable evolution of the extra-dimensional scale factors. As noted 
above, there is no "standard model" for cosmology in low-scale theories, primarily 
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because of the necessity to avoid overproducing light gravitational modes. How
ever, extra-dimensional theories have possibilities which might give grounds for 
hope, for example if the radii Re-w were smaller at the time of baryogenesis, the 
4d Planck mass would be smaller and the out-of-equilibrium condition might be 
easier to satisfy. Also, the early stages of reheating are in general expected to 
produce a nonequilibrium distribution, with thermalization occurring later. The 
work described here shows only that if an appropriate cosmology can be con
structed, baryogenesis through interaction of the SM degrees of freedom only is 
not a priori ruled out. 

4.1 Signals of the model 

Even in the absence of a complete scenario, one can ask whether the model we 
have described makes experimental predictions. Certainly, since we use local
ized fermions, one would expect distinctive collider signatures [5, 17] in addition 
to those produced by Kaluza-Klein modes of gravity and gauge fields [18]. If 
baryon number is maximally violated in the underlying theory then we expect 
the unsuppressed n — n oscillations to be detectable, at a rate close to the current 
experimental limit. However, this "signature" is rather indirect since it does not 
occur through the same operators as baryogenesis; it would, though, confirm in 
a dramatic fashion the existence of perturbative B violation. Given a low fun
damental scale, the energy density during inflation must also be low, which will 
have definite consequences for cosmology [19]. 
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Abstract 
In this talk we discuss the scenario of multigravity according to which the gravity we observe in intermediate 

scales (1mm < r < 1026cm) is mediated by both a massless graviton and one or more of ultralight spin-2 states. We 

present how this can be realized in a five dimensional brane-world theory with flat branes and the complications 

associated with the extra polarizations of the massive gravitons (van Dam-Veltman-Zakharov discontinuity) and 

the ghost radions corresponding to the fluctuations of the negative tension branes present in these models. We then 

show how we can construct models of AdSi branes instead with exclusively positive tension and demonstrate how 

the van Dam-Veltman-Zakharov no-go theorem can be circumvented in curved space. These models, although they 

are consistent, face phenomenological problems related to the presence of a remnant negative cosmological constant 

on the branes. We finally present how we can obtain the same constructions in six dimensions with flat positive 

tensions branes only, in a manner that they are both theoretically consistent and phenomenologically acceptable . 

The latter come in two copies each and offer the first problem-free realization of the multigravity scenario. 

1 Introduction 

There has been a lot of attention over the past few years in theories where the Standard Model (SM) 

fields are confined on a three dimensional dynamical hypersurface, a three-brane, in a higher than four 

dimensional spacetime. This scenario is widely known as the brane-world conjecture. It was utilized to 

solve the Planck hierarchy problem in a novel geometrical way. The models that have appeared in the 

literature fall into two classes. The ones with factorizable and the ones with non-factorizable geometry. 

The first ones were pioneered by Antoniadis, Arkani-Hamed, Dimopoulos and Dvali [1-3] and the second 

ones by Randall and Sundrum [4](RSI). The latter is a two flat brane construction in AdS bulk space 

and an exponential warp factor in the metric generated an exponential hierarchy of scales between the two 

branes. If one pushes the brane with lower scale (i.e. the one where the warp factor is smaller) to infinity, 

one can get four dimensional gravity on the other brane, even with one extra dimension of infinite extent [5] 

(RS2). This effect of localization of gravity provided an alternative to compactification of theories of extra 

dimensions. 

In this talk we will discuss another interesting possibility which arises from warped brane-world construc

tions, the scenario of multigravity [6-11]. The proposal of multigravity is that the gravitational interaction 

that we feel in our Universe is the result of the combination of massless and massive gravitons or even of 
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Figure 1: Our current limit of knowledge of gravity. 

massive gravitons only. The extra dimensional models give us an infinite tower of massive Kaluza-Klein 

(KK) gravitons after the process of dimensional reduction. However, one should keep in mind that Newton's 

inverse square gravitational law is very well tested for distances that range from the submillimeter regime 

up to at most 1026cm that corresponds to 1% of the size of the observable Universe (see Fig.l). Therefore, 

the massive KK gravitons that will give rise to multigravity should have Compton wavelengths bigger than 

1026cm. Additionally, the remainder of the KK tower should either have wavelengths entirely below the 

submillimeter scale or, if they span the whole region, they should have very suppressed couplings. It is 

more than obvious that these requirements are non trivial and cannot be realized in simple KK models, 

since the equidistant spectrum that arises in the typical case will be in contradiction with observations. 

The aim of this talk is to present how one could take such patterns in warped brane-world models. The 

interesting feature of these multigravity models is that gravity is modified at large scales where one starts 

to be sensitive to the graviton's mass. We should note at this point that this is the first time that modifica

tion of gravity at cosmological scales is triggered by microphysics considerations which have to do with the 

structure of the extra dimensional space of usually Planck scale volume. These scenarios are in principle 

testable by the Cosmic Microwave Background (CMB) power spectrum [12,13], gravitational lensing [14] 

and gravitational wave [15] observations. 

2 Flat-brane multigravity models in five dimensions 

We will firstly present multigravity models which involve only flat branes in five dimensions. The first such 

model was the the " H h" bigravity model [6] where, apart from the graviton zero mode, an anomalously 

light graviton KK state is present. This can be achieved if we add an extra positive tension brane to the 

RSI model (see Fig.2). The bulk space is AdS§ and thus the metric can be written in the following warped 

form: 

ds2 = aiy^^dx^dx" + dy2 (1) 

We can easily compute that the warp factor has a bounce form, essentially due to the presence of the 

intermediate negative tension brane: 

a(y) = e°M > w i t h a{y) = kl - \\y\ - l\ (2) 

where we have restricted ourselves to the case where the intermediate brane is sitting in the middle of the 

orbifold /. If we take the limit where I -> oo we recover two RS2 models, each of which should localize 
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Figure 2: The " H h" bigravity model with two " + " branes at the fixed points of a S 1 jZi orbifold and a 
" - " brane in between. 

a massless graviton. Hence, in the finite brane separation limit a ultralight graviton KK state should be 

present. Indeed analytical calculation of the spectrum of the KK states shows that the masses are: 

m\ — 2\Fike. 2x , mn+\ = £nfce (3) 

where k is a measure of the curvature of the bulk, x the distance between the positive and negative tension 

brane measured in units of A;-1 and £n roots of Bessel functions. The first state is manifestly singled out 

from the rest of the tower. The wave functions of the first three levels are sketched in (Fig.3). From 

this figure we see that the coupling of the ultralight state to matter on the positive tension branes is also 

special. It couples with the same strength as the graviton, whereas the remaining tower has exponentially 

suppressed couplings. 

This allows the possibility where indeed the gravity we feel is the net effect of the massless graviton 

and the first KK state. For distances much smaller than the Compton wavelength of the massive graviton, 

r « m^1, Newton's law reads: 

1 / 1 1 \ 2 1 
(r)PS M?\r + r)~ Ml r (4) 

GN 

On the other hand for distances much bigger than the Compton wavelength of the massive graviton, 

V( r ) . 
2 \r r) 

Gjvl 
2 r 

(5) 

i.e. gravitational constant is reduced by half! One can get similar patterns of multigravity from an 

asymmetric version of this model. If the massless graviton component is dominant, one would not get any 
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Figure 3: The graviton , first and second KK states wavefunctions in the symmetric " H \-" model. The 
wavefunctions of the zero mode and the second KK state have discontinuities on the "—" branes. On the 
right the pattern of the spectrum is sketched. 

modification of gravity at large scales. If however the massive graviton component is dominant, gravity 

would effectively switch off at large scales. 

An other interesting model which was found to predict modifications of gravity at large scales, was the 

one by Gregory, Rubakov and Sibiryakov (GRS) [7]. In that model, AdS$ space was cut at some value 

of y and flat bulk space was pasted. In this case the gravity spectrum lacked a genuine zero mode, but 

because of a peculiar property of the coupling of the lower part of the KK spectrum, gravity appeared 

four dimensional on intermediate scales but changed to five dimensional at large ones. This model was 

analysed in detail in the talk of S.Sibiryakov and for this reason we will not elaborate on it. Although these 

two models look quite different, they are connected through a more general " H h" model [8,9] which 

interpolates between them. 

A further interesting example of multigravity is the crystalline universe, where an infinite array of branes 

of alternating tension in AdS*, bulk (see Fig. (4)) have an effect which at least in the linear approximation 

resembles the phenomenology of the GRS model. The gravity spectrum in this case consists of a succession 

of forbidden and allowed bands of continua of KK states (exactly as in the familiar case of a periodic 

potential in solid state physics). The first of the allowed bands starts from zero and its width Fi is 

exponentially smaller than the width of the first forbidden zone A r i : 

Ti = 2V2ke~2x , A I \ = fifce-1 (6) 

where k is the curvature of the bulk, x the distance between two successive branes measured in units of 

A:"1 and £i the 1st root of J\. This first band at intermediate scales constructs an effective zero mode in a 
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Figure 4: The Crystal Universe made up of an infinite array of " + " and "—" branes with lattice spacing / 
and bulk curvature k. 

similar way to the GRS model. At ultralarge distances where we would realize the existence of the band, 

the gravitational law changes to five dimensional. 

At this point there is a potential danger arising from the fact that massive gravitons have extra po

larization states in comparison with the massless one. This is clearly seen by the difference in the tensor 

structure of the massive and massless spin-2 propagators in flat space (van Dan-Veltman-Zakharov dis

continuity) [16,17]. In the massless limit m —• 0 the difference of the propagators (in momentum space) 

is: 

SG^^=(-i-{-i)
yjV^L + ... (7) 

> v ' 
1/6 

Observationally this implies that the massive graviton proposal disagrees with well tested predictions of 

Einsteinian gravity. For example if we assume in the validity of Newton's law for static sources, then the 

deflection of light by the Sun would be 25% smaller than the predicted one by general relativity, whereas the 

observation confirmes the Einstein theory to a 0.02% accuracy! Thus naively it seems that every scenario 

of massive graviton is bound to contradict to observations. 

Furthermore, if we take into account the moduli fields which we ignored in our discussion so far, we 

encounter a further problem. The moduli associated to the fluctuation of the negative tension branes of 

all of the above models, has wrong sign kinetic term, i.e. it is a ghost field [18-20]. This field cancels 

the troublesome extra polarization states of the massive gravitons, giving to the graviton propagator the 

correct tensor structure at intermediate scales. However, at large scales one obtains scalar antigravity [21] 

instead of reduction of Newton's constant or change of the gravitational law. The very fact that the system 

in this case has unbounded from below energy, renders these models unacceptable. 

3 ActSV-brane multigravity models in five dimensions 

A way out of the above difficulties is to consider AdS± branes instead of flat branes. In this case the warp 

factor has a " cosh" form which naturally generates a bounce without any need of floating negative tension 

branes. Indeed, it is straightforward to replicate the bigravity and the crystalline model in this framework. 

The bigravity model is constructed with just two positive tension AdS± branes in AdS$ bulk (see Fig. (5)) 
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Figure 5: The " + + " bigravity model with two AdS* " + " branes at the fixed points of a S1/Z2. 

while the crystalline model by an infinite array of AdSi branes. The metric can be written in the following 

warped form: 

ds2 = a{y)g%sdx»dx''+dy2 (8) 

The warp factor can be easily computed and has a bounce form, essentially due to the disbalance of the 

brane tensions from the RS relation with the bulk cosmological constant: 

cosh(fc(<0 - \y\)) 
a{y) = cosh(W0)

 ( 9 ) 

where l0 is the minimum of the warp factor. We will restrict ourselves to the case where the minimum 

occurs at the middle of the orbifold so that we have a symmetric bounce. This shape of the warp factor 

is the same as in the flat case and guarantees that, besides the graviton zero mode, there exists also an 

anomalously light state in the system. If we send IQ —> oo, we should recover two RS2 flat branes with one 

localized massless graviton on each brane. Indeed analytical calculation of the spectrum of the KK states 

shows that the masses are: 

mi = 4v/3fce"2A;'0 , mn+1 = 2y/n{n + 3)ke-kl° , n = 1,2,.. . (10) 

The first state is manifestly singled out from the rest of the tower. The wave functions of the first three 

levels have the same shape as in (3). The extra characteristic that this model has in contrast to the flat 

brane case is that there is a remnant negative cosmological constant. The AdS Hubble constant in this 

case scales as the second KK state: 

H = V2ke-kl° (11) 

It is worth saying that in the case where we keep /o finite and move the second brane to infinity, the 

zero mode is not normalizable. However we get normal four dimensional gravity on the other AdSi brane 

because of the ultralight massive KK state. This limit was analysed in [22]. 
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Let's see now how this model confronts the relativistic predictions of Einsteinian gravity, since there are 

no ghost radion(s) to restore the graviton propagator structure to the phenomenologically favoured one. A 

detailed analysis of the massive graviton propagator in AdS space reveals that van Dam-Veltman-Zakharov 

no-go theorem can be evaded at tree level for the case that m/H -4 0, where m is the mass of the graviton 

and H the "Hubble" of the AdS space [23,24]. The short distance limit of the graviton propagator in 

Euclidean space in this case is: 

<w„- (*> y) = 4 ^ [<W<W + <W<V - n - w v w + • • • (12) 

where Um{u) = § )^(a and (i the geodesic distance between x,y. For m -> 0 and H —> 0 while 
2+(TT) 

m/H -> oo, we get the van Dam - Veltman -Zakharov discontinuity because n m ( u ) = | . However, for 

m —> 0 and H -> 0 while m / i ? -> 0, we get continuity because n m ( u ) = 1 in contrast with the van Dan -

Veltman -Zakharov no-go theorem! This last possibility where m/H -> 0 is realized in the " + + " model. 

The extra polarization states of the massive graviton become very weakly coupled and they essentially 

decouple. 

The AdS brane models however, even though they solve the theoretical difficulty of the ghost radion(s) of 

the flat brane models, face phenomenological difficulties. The presence of a remnant negative cosmological 

constant is at odds with observations, and furthermore it turns out that all large scale modifications of 

gravity predicted by these models, are hidden behind the AdS horizon because the Hubble H scales as m^ 

rather than m\. Thus up to now multigravity coming from five dimensions is not viable. 

Before presenting a way out of all the above problems, let us note that an old result by Vainshtein [25] 

which was re-discussed in [26] suggests that the discontinuity of the graviton propagator in flat space is 

not directly observable by the bending of the light by the Sun as it was claimed in [16,17]. This is because 

non-perturbative effects become important and make the massless limit continuous for a range of distances 

smaller than a critical one, which for the case of the Sun and of a graviton of wavelength of the size of the 

observable universe, is of the order of the solar system. The discontinuity reappears for distances larger 

than this critical one where the perturbative approximation is valid. Since the bending of light is observed 

only in the first non-perturbative region, it is impossible to rule out the massive graviton proposal even on 

a flat brane model without ghost fields. 

4 Flat-brane multigravity models in six dimensions 

In the light of this encouraging result, it seems appropriate to look for multigravity models of flat branes 

without ghost fields. As we have discussed, in five dimensions it is impossible to have flat brane multigravity 

models without negative tension branes. For this reason we will consider models in six dimensions [11]. 

The branes which localize gravity in that case are four-branes, but one of their dimensions is compact, 

unwarped and of Planck length. A model of bigravity in six dimensions consists of two flat four-branes 
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Figure 6: The conifold bigravity model warp factors <r(p) and j(p) for the symmetric configuration where 
L = 2,oo- Both the a(p) and •y(p) have a bounce at po- However, 7(p) vanishes at this point. This point in 
general corresponds to a conical singularity. 

in an AdS$ bulk. There are two possible ways to achieve gravity localization on the four-branes in this 

case, depending if the bulk cosmological constant is isotropic or not. Let's consider that the metric has the 

following radially symmetric form: 

ds2 = a{p)^vdx^dxv + dp2 + -y(p)d62 (13) 

where 8 6 [0,2ir] is the angular coordinate of the small compactified dimension of radius R ~ Mpf. In 

the case where the bulk cosmological constant is isotropic, i.e. T ( 'M = — Adjjf, the two warp factors 

appearing in the metric have the same shape and give rise to two localized gravitons (see Fig.(6)). As 

in our four dimensional examples, one of these gravitons will be massless, while the other one will have 

a vanishingly small mass. In the limit where po —> oo, we recover two gravity localizing four-branes with 

one localized massless graviton on each brane. To achieve such a configuration we need the four-branes 

to have anisotropic tensions, i.e. T ( r'M = -6(p)diag(VoS£,0,Ve). Additionally, at the minimum of the 

warp factor po because y(po) vanishes, we have a conical singularity which indicates that a three-brane is 

present at this point. In the case that the conical singularity has angle deficit, the three-brane has positive 

tension. 
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Figure 7: The non-singular bigravity model warp factors a(p) and 'y(p) for the symmetric configuration 
where L = 2p0. The a(p) warp factor has exactly the same form as in the conifold model. The 'y(p) warp 
factor however now has an inverse bounce form. In this case •y(p) does not vanish anywhere and thus the 
model is free of singularities. 

A second possibility to achieve bigravity in this context is to consider anisotropic bulk cosmological 

constant of the particular form T ' M = —diag(A08%,0, Ag). In this case the internal warp factor does not 

vanish at any value of p. The warp factor a(p) exhibits again a bounce at pa but the other one j(p) has an 

inverted bounce form (see Fig. (7)). If we send po -> oo, the single four-branes are known to localize gravity 

and to support one massless graviton each. Thus the gravitational spectrum will consist again of a graviton 

zero mode and of an ultralight KK state. To realize this configuration, one needs again anisotropic brane 

tensions as in the conifold model, but this time no three-brane needs to be present. 

In a similar way we can construct the analogues of the GRS model in six dimensions by cutting the 

AdSs space at some value of p after the bounce point po and pasting flat bulk space. This will come again 

into two copies and the four-branes that are needed at the place that we paste the flat space have positive 

tensions. The crystalline model can also be straightforwardly replicated by an infinite array of bigravity 
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solutions and again comes into two copies. 

5 Conclusions 

In this talk we discussed how the warped geometries give the possibility of multigravity, a scenario which 

predicts dramatic modifications of gravity at ultralarge scales. We discussed how this scenario is realized 

in five dimensions with the " H (-" bigravity model, the GRS model and the crystalline universe model. 

The problematic radions that all of these models contain were absent in the case that we consider AdSi 

branes instead of flat ones. However, these models have a remnant negative cosmological constant and thus 

they are not phenomenologically interesting. The disappearance of the van Dam - Veltman - Zakharov 

discontinuity in AdS space made it possible that, despite the absence of a ghost radion, the tensor structure 

of the graviton propagator has the correct form. Lastly, we presented how the multigravity models can be 

replicated in six dimensions into two types, one with and one without conical singularities. No branes of 

negative tension need to be present in this case. Hence, this is the first theoretically and phenomenologically 

viable model of multigravity. The most challenging question at the moment for the multigravity scenario 

is to study the possible new effects that the ultralight mass of the gravitons will have in the cosmological 

evolution of our universe. This task demands that we go beyond the linear approximation and is subject 

to current investigation [27]. 
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ENERGY ESTIMATE OF NEUTRINO INDUCED UPGOING MUONS 

E. Scapparone for the MACRO Collaboration 
INFN-LNGS, SS 17bis km 18+910 - 67010 Assergi(AQ)- Italy 

Abstract 

An estimate of the energy of neutrino-induced muons in MACRO 
is provided by a multiple Coulomb scattering measurement. The 
MACRO original upward-muon data sample has been subdivided ac
cording to the reconstructed muon energy. Data in each subset are 
then compared with expected fluxes from atmospheric neutrinos. The 
results are interpreted in terms of neutrino oscillations. 

1 Introduction 

MACRO[l] can be used as a neutrino detector by measuring neutrino induced 
muon events. From the study of the upgoing muon deficit and from the 
distortion of the relative angular distribution, MACRO provided evidence 
for neutrino oscillations[2]. The tagging of the neutrino induced events was 
performed using a time-of-flight (TOF) technique. 

Since the oscillation probability depends on the ratio Lv/Ev, where Lv is 
the distance travelled by neutrinos inside the earth and Ev is the neutrino 
energy, an estimate of this ratio is fundamental for any oscillation analysis. 
For high energy muons L„ is properly measured by MACRO using the recon
structed zenith angle of the tracked muon. As far as the Ev is concerned, part 
of the neutrino energy is carried out by the hadronic component produced 
in the rock below the detector while the energy carried out by the muon is 
degraded in the propagation up to the detector level. Nevertheless, Monte 
Carlo simulations show that the measurement of the muon energy at the 
detector level still preserves information about the original neutrino energy. 

Since MACRO is not equipped with a magnet, the only way to infer the 
muon energy is through the multiple Coulomb scattering (MCS) of muons 
in the ~ 25 radiation lengths (X°) of detector. For this purpose, we use the 
streamer tube system[l], which provides the muon coordinates on a projected 
view. The other complementary view of the tracking system ("strip" view) 
cannot be used for this purpose since the space resolution is too poor. 
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The projected displacement of a relativistic muon with energy E^ travel
ling for a distance y can be written as: 

1 yy/3 Pf3c V ^ ° 

where p is the muon momentum (in GeV/c) and X/X° is the amount of 
crossed material in terms of radiation lengths. In MACRO, a muon crossing 
the whole apparatus has X/X° ~ 25/cos# and y ~ 48O/cos0 cm, giving, on 
the vertical, a^s ~ 10 cm/E(GeV). The muon energy estimate can be per
formed up to a saturation point, occurring when a^s is comparable with the 
detector space resolution. The MACRO streamer tube system, with a cross 
section of (3 x 3) cm2, provides a space resolution of cr~3 cm/-\/l2— 1 cm: 
the muon energy estimate through MCS is possible up to ~ 10 GeV/VcosO. 

A first energy estimate has been presented in[5], where the feasibility of 
this approach was shown. The deflection of the muons inside the detector 
depends on the muon energy and was measured using the digital information 
of the limited streamer tube system. Using Monte Carlo results to infer a 
muon energy from its scattering angle, data were divided into three subsam-
ples with different average muon energy and five subsamples with different 
average value of Lv/Ev. The measured event rate vs. Lv/Ev is in good agree
ment with the expectations, assuming neutrino oscillations with parameters 
Am2=2.5xlO-3eV2 and sin220=l. 

Since the interesting energy region for atmospheric neutrino oscillation 
studies spans from ~ 1 GeV up to some tens of GeV, it is important to 
improve the detector space resolution to push the saturation point as high as 
possible. We improved the MACRO space resolution exploiting the TDCs of 
the MACRO QTP system [3] to operate the limited streamer tubes in drift 
mode: first results of this study have been presented in [6]. The QTP system 
is equipped with a 6.6 MHz clock which corresponds to a TDC bin size of 
AT=150 ns. Although the MACRO streamer tubes, operated in drift mode, 
can reach a space resolution as good as er~250^m[4], in MACRO the main 
limitation comes from the TDC bin size. The expected ultimate resolution 
is CT~Vrfrj/txZYT/-\/T2—2mm, where Vdrijt — 4 cm//zs is the drift velocity. 

Since the QTP electronics was designed for slow monopole analysis, in 
order to fully understand the performance of the QTP TDCs in this context 
and to perform an absolute energy we did a calibration at the CERN PS-
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T9 test beam. A slice of the MACRO detector was reproduced in detail: 
absorbers made of rock excavated in the Gran Sasso tunnel, like those of 
MACRO, were used. Following the MACRO geometry, the tracking was 
performed by 14 limited streamer tube chambers, operated with the MACRO 
gas mixture (He(73%)/n-pentane(27%)). In order to study the QTP-TDC 
performance, we equipped the detector with standard Lecroy TDCs, with a 
bin size of 250 ps. In this way we were able to check the linearity of the 
QTP-TDC response and we computed in detail the drift velocity inside the 
chambers as a function of the distance from the wire. The experimental setup 
was exposed to muons with energy ranging from 1 GeV up to 15 GeV. Each 
QTP-TDC time was converted into drift circles inside the chambers. We 
performed dedicated runs to estimate the space resolution by removing the 
rock absorbers and we developed a special tracking to fit the muons along 
the drift radii. The distribution of the residuals of the fitted tracks showed 
a a ~ 2 mm, demonstrating the successful use of the QTP-TDCs to operate 
the streamer tube system in drift mode. 

In order to implement this technique in the MACRO data, we used down-
going muons crossing the whole apparatus, whose average energy is around 
250 GeV. We used more than 15-106 downgoing muons to align the wire 
positions by using an iterative software procedure. After the alignment, a 
resolution of a ~ 3 mm was obtained. This is a factor 3.5 better than the 
standard resolution of the streamer tube system used in digital mode (Fig. 
1). The distribution of the MACRO downgoing muon residuals is shown in 
Fig. 1 (black circles) together with the GMACRO simulation (continuous 
line). In the same plot we superimposed the residuals distribution obtained 
with streamer tubes in digital mode (dashed line). The difference between 
the resolution obtained at test beam (a ~ 2 mm) with respect to that ob
tained with MACRO data (a ~ 3 mm), comes from systematic effects such 
as the gas mixture variations during the runs and the presence of 5 rays 
produced in the rock absorbers causing earlier stops to QTP-TDCs. 

2 Muon energy estimate 

For the muon energy estimate we followed a neural network (NN) approach. 
We chose JETNET 3.0, a standard package with a multilayer perceptron 
architecture and with back-propagation updating. The NN has been config-
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Figure 1: Distribution of the residuals for MACRO data (histogram) and for 
simulated data (black circles). The distribution of the streamer tube resolution 
used in digital mode is also shown (dashed histogram). 

ured with 7 input variables and 1 hidden layer and we chose the Manhattan 
upgrading function. For each muon the input variables considered are: 
- the average of the residuals; 
- the maximum of the residuals; 
- the sigma of the residuals; 
- the difference of the residuals of the three farthest hits along the track; 
- the slope and intercept of the "progressive fit". As far as the "progressive 
fit" is concerned, it is defined as the fit of the absolute value of the residuals 
as a function of the number of limited streamer tube planes crossed. The 
slope and the intercept of this fit are very sensitive to low energy muons. 
While for high energy muons the absolute value of the residuals as a function 
of the crossed plane number is roughly constant (small slope), for a low en
ergy muon it increases, as the muon is losing a relevant fraction of its initial 
energy. The NN was trained using a special set of Monte Carlo events with 
known input energy, crossing the detector at different zenith angles. In Fig. 
2 we show the average output of the NN as a function of the residual muon 
energy before entering the detector. The output of the NN increases with 

MACRO data 
(QTP-TDCs) 

Monte Carlo 
(QTP-TDCs) 

I 
MACRO data 
(no QTP-TDC) 

' -- ' - — ' 



Log^E^GeV) 

Figure 2: Average Neural network output as a function of the muon energy 

(Monte Carlo simulation) 

the muon residual energy up to E^ ~ 40 GeV, corresponding to a neutrino 
energy Ev ~ 200 GeV. 

3 Data analysis 

For this analysis, we used the whole sample of upgoing muon events collected 
with the upper part of MACRO (Attico) in full operation, for a total livetime 
of 5.5 years. We considered upgoing muons selected by the TOF system 
and the muon tracks reconstructed with the standard MACRO tracking. 
We then selected hits belonging to the track and made from a single fired 
tube, to associate unambiguously the QTP-TDC time information. Spurious 
background hits have been avoided by requiring a time window of 2 /xs around 
the trigger time. Finally, we selected events with at least four streamer tube 
planes with valid QTP-TDC data. We fitted the drift circles using the same 
tracking developed to analyze test beam muons. After the selection cuts 
quoted above 348 events survived, giving an overall efficiency of about 50%. 

We used the information provided by the neural network to separate 
the upgoing muons into different energy regions and to study therein the 
oscillation effects. We studied the zenith angle distributions of the upgoing 
muon events in four regions with different muon energy, selected according 
to the NN output. The same selection has been applied to simulated events. 
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Figure 3: Zenith angle distributions for upward going muons in four energy 
windows (black squares). Rectangular boxes show the Monte Carlo expecta
tion with the no-oscillation hypothesis (statistical errors plus 17% systematic 
uncertainty on the overall flux). 

To make a comparison between real data and Monte Carlo expectations, 
we performed a full simulation chain by using the Bartol neutrino flux and 
the GRV94 DIS parton distributions [8]. The propagation of the muons 
from the interaction point up to the detector level has been done using the 
FLUKA99 package[9], while the muon simulation inside the detector was 
performed with GMACRO (the GEANT 3.21 based detector simulation). 
For each muon crossing the apparatus, the complete history of the event was 
recorded (neutrino energy, interaction point, muon energy etc.). 

Should the upgoing muon deficit and the angular distribution distor
tion (with respect to the Monte Carlo expectation) pointed out by MACRO 
come from neutrino oscillations with parameters Am2 = O(l0~3eV2) and 
sin22#~l, such deficit and such angular distribution distortion would not 
manifest at all neutrino energies. The effect is expected to be stronger at low 
neutrino energies (E< 10 GeV) and to disappear at higher energies (E>100 
GeV). We used the NN to separate four different neutrino energy regions 
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whose median energy is respectively 12 GeV (low), 20 GeV (medium-low), 
50 GeV (medium high) and 102 GeV (high). In Fig. 3 we show the zenith 
angle distributions of the upgoing muon events in the four energy regions 
selected compared to the expectations of Monte Carlo simulation, assuming 
the no-oscillation hypothesis. It is evident from the plots that at low en
ergy a strong disagreement between data and Monte Carlo (no-oscillation 
hypothesis) is present, while the agreement is restored with increasing neu
trino energy. 

The corresponding x2-Pr°t>at>ilities for the no-oscillation hypothesis in 
these four windows are respectively 1.8% (low), 16.8% (medium-low), 26.9% 
(medium-high) and 87.7% (high): the x2/DoF values are clearly running 
with the neutrino energy, spanning from 13.7/5 to 1.8/5. The x2 has been 
computed using only the angular shape. 

Finally, we tried to get information on the ratio Lv/Ev. The output of the 
NN was calibrated on an event by event basis to have a linear response as a 
function of logio(L„/Ev). The ratio of DATA/ Monte Carlo( no oscillation) 
as a function of logw(Lu/E^), is plotted in Fig. 4: a good agreement is 
found with the oscillation probability function we expect with the parameters 
quoted above. 

4 Conclusions 

The sample of upward through-going muons measured by MACRO has been 
analysed in terms of neutrino oscillations using multiple Coulomb scattering 
to infer muon energy. The improvement of the space resolution obtained by 
exploiting the TDCs contained in the QTP electronics extended the muon 
residual energy reconstruction up to ~ 40 GeV (corresponding to ~ 200 GeV 
for the neutrino energy). A dedicated run at the CERN PS-T9 test beam 
allowed us to check the MACRO QTP-TDCs and showed the feasibility of 
operating the limited streamer tubes in drift mode. The angular distribu
tion of the upward going muon sample has been subdivided into four energy 
windows, showing the energy trend expected from the neutrino oscillation 
hypothesis. Moreover, we performed a study in terms of Lv/Ev. Also in this 
case, the observed transition from 1 to 0.5 in the ratio of data to Monte Carlo 
prediction is the one expected from the neutrino oscillation hypothesis with 
oscillation parameters Am2 = O(10~3eV2) and sin220=l. 
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Figure 4: Data/MC (without oscillation) as a function of the ratio LvjEv. 
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Abstract 
We review the non-linear behavior of compactifications with localized brane matter dis

cussed in [1]. The example chosen to test is Randall-Sundrum gravity, with one brane, hav
ing no moduli problem and reproducing astrophysical gravity in the long wavelength linear 
regime. The full 5-dimensional Einstein equations are solved numerically for static spherically 
symmetric matter localized on the brane, yielding regular geometries in the bulk with axial 
symmetry. The algorithm performs best for small stars (radius less than the AdS length) 
yielding highly non-linear solutions, photons emitted from the stellar core having redshifts up 
to Z ~ 12. An upper mass limit is observed in these small stars. We are able to show that 
the intrinsic geometry of large stars, with radius several times the AdS length, is described 
by 4-dimensional General Relativity past the perturbative regime and up to the largest mass 
stars studied with core photon redshifts of Z ~ 2. 

1 Introduction 

Branes with matter confined upon them have now become an essential component of string theory. 
New classes of compactifications are possible where the matter is localized to the brane itself, 
unlike Kaluza-Klein style compactifications where matter resides on the whole internal space. 
A simple compactification of this type is a model with just one non-compact extra dimension, 
Randall-Sundrum gravity [2,3]. With one asymptotically flat brane, no moduli problem, and 
only a negative cosmological constant in the bulk, it provides a very clean testing ground for 
gravitational studies. 

As with compact extra dimensions, Randall-Sundrum introduces a new length scale, the 5-
dimensional AdS length. Linear and second order perturbative studies of the Randall-Sundrum 
scheme [4-6] show that for localized objects much larger than the AdS length, a brane observer 
views an effective local 4-dimensional behavior. At least for low density, linear perturbations 
it appears impossible to test whether our gravity is 4-dimensional or of Randall-Sundrum type 
without probing gravity on small scales. The question we address is whether the behavior of 
Randall-Sundrum for a brane observer, differs from a 4-dimensional local effective description on 
large scales in the non-linear regime. 

2 Method 

For Randall-Sundrum gravity, we use an action, 

S = j?j<?xjg(~-h}+^j d4yVh (a + £brane) (1) 

*e-mail: T.A.J.WisemanHdamtp. cam.ac.uk 
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where the localized stress energy tensor T^/L3 is derived as, 

rane 

giving the bulk Einstein equations, 

<?{S = - A < W 

and Israel thin shell matching conditions implementing the orbifold Z2 symmetry, 

2 [K^ - V ^ b r a n e = (* V + V ) (4) 

with L the 5-dimensional Planck length, A/L3 the bulk cosmological constant, K^ the extrinsic 
curvature of the brane hyper-surface with induced metric /iM„ and tension a/L3. 

The tension of the brane, a/L3, is chosen to admit static solutions where the bulk metric is 
AdS and can be written as, 

I2 I \ 
ds2 = -# (rfs(4-Mink) + dz2) (5) 

where ds2
4_Minl> is 4-dimensional Minkowski space, / is the AdS radius and is given by A = — p. 

Localized matter on the brane is taken to be of perfect fluid form, although for convenience we 
re-scale with I in order to have dimensionless variables p, P, 

Tv-v = 7 [ / "V* + P (sM„ + uMu„)] (6) 

so the physical density is p/(L3l). The hyper-surface z = 0 is the conformal boundary of AdS, and 
z —> oo the horizon. A vacuum brane (vanishing TM„), intrinsically flat and with tension a/L3, 
where, a = f, can be located on the hyper-surface z = ZQ. Throughout the following we choose 
units based on the AdS length, and therefore 1 = 1, implying that —A = a = 6. 

We will only be concerned with geometries that have a regular horizon and thus are dynamically 
well defined. Therefore, when matter sources are present on the brane, boundary conditions must 
be imposed on the geometry asymptotically far from the brane. More precisely we consider the 
radiation boundary conditions of [4] which for static configurations imply the geometry tends to 
AdS at the horizon. 

The scale I allows us to define the terms large and small for static objects in the 4-dimensional 
induced theory on the brane. Low density linear astrophysical objects reside in the large regime, 
and are indistinguishable in the 4-dimensional and 5-dimensional theory. Small objects are dis
tinguished already at the linear level and may have relevance at early times in the universe [7]. 

3 Solving By Relaxation 

Choosing a coordinate system, 

dsj = J_ [_e2T(T,z)dt2 + ea(A(r.«)+fl(r,«)) (^.3 + ^ 2 ) + e 2^( r , 2 ) -B( r ,* ) ) r 2 d n 2j ( ? ) 

yields non-linear equations for T, A,B, containing elliptic second order Laplace operators V2 = 
d2+d2. These are linear combinations of the Einstein equations Gt

t = 6, Gr
r+Gz

z = 12 and Ge
e = 

6, and must be supplemented with the remaining Einstein equations, GT
Z = 0 and GT

r — Gz
z = 0, 

which we term 'constraints'. The metric functions T, A,B enter these two constraint equations 
with hyperbolic second derivatives drdz and d2 — d\ respectively. The metric (7) still has residual 
coordinate freedom, namely 2-dimensional conformal transformations, f = f(r,z),z = g(r,z), 

df2 + dz2 = n(r, z) (dr2 + dz2) (8) 

(2) 

(3) 
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so that / , g satisfy the usual Cauchy-Riemann relations. The data for such a transformation can 
be taken as specifying g on all boundaries and / at one point on any boundary. This always allows 
the brane to be moved by such a transformation from Zbrane = 1 to Zbrane = 1 + h(r) where h is an 
arbitrary function. If we assume that the physical metric perturbation remains localized in both 
r and z, which is indeed true in the linear theory, we are able to consistently position the brane 
at z = 1 and again the asymptotic behavior is that T, A, B —• 0 as r or z -> oo. 

For 4-dimensional data on the brane we have two conditions, a density profile and isotropy, 
imposed through the matching relations (4). However we now have 3 metric functions T,A,B. 
Calculating the non-trivial components of the Bianchi identities V^GM„ = 0 for the metric (7), 
and assuming that the elliptic Einstein equations are satisfied, yields, 

i [dr(gG\)+dz(^(G^r-G\))]=0 

-g[dz{gG\)-dr(\{G\-G\))]=Q (9) 

where g = y/- det g^. Thus the quantities gGr
z and g{Gr

r — Gz
z) satisfy Cauchy-Riemann 

relations and therefore separately satisfy Laplace equations. An example of data for the system 
is to specify gGr

z on all boundaries, and g(GT
r —Gz

z) at only one point. This then yields a 
unique interior solution. Thus if Gr

z = 0 is used to determine T on the brane, and g GT
Z is also 

zero asymptotically away from the brane then provided g (Gr
r — Gz

z) vanishes at one point, say 
asymptotically, the pair of constraints will also be solved everywhere, provided the elliptic Einstein 
equations are satisfied in the bulk. These quantities do indeed vanish asymptotically due to the 
behaviour of the measure g provided that T, A, B -> 0 smoothly as z becomes large. 

3.1 The Geometry of Small Stars 

In this section we consider stars generated with a top hat density profile of coordinate radius £ = 
0.3, a few times smaller than the AdS length. The most non-linear example we could numerically 
compute for £ = 0.3 has proper radius R = 0.38. Here the core star pressure is several times larger 
than its core density and photons leaving the core are redshifted by Z ~ 12. As the star is small, 
the curvature invariants are of similar magnitude to the AdS curvature scale. 

Upper mass limit behavior can be seen by plotting the ratio of core pressure to density against 
the core density. In the Newtonian theory there is a quadratic dependence of the pressure on 
the density. In figure 1 we explicitly see a departure from the linear dependence of P/p on p, 
which holds for very low densities. Instead we find diverging behavior as p —> 7. For stars with 
higher core density, no convergent numerical solution was found. The apparent divergence in 
P/p strongly suggests that the reason we cannot relax denser stars is that the static solutions 
do not exist, in analogy with the 4-dimensional case. Thus even for small stars we have the 
same qualitative behavior of an upper mass limit as in standard GR. The task of investigating 
the dependence of the limiting mass on radius for R « 1 is left for future work, and may have 
interesting implications for micro black hole formation. 

The largest metric deviation is in T. This is best characterized in terms of a redshift of photons 
from the star core to large r on the brane. The spatial curvature of the metric is large too. A 
striking feature of the solutions is that the metric function B is very small compared to the other 
two functions. If we now approximate B ~ 0 then the spatial metric becomes, 

^patia. = e 2 A ^ (dr2 + r W + dz2) (10) 

which just corresponds to a conformal transformation of flat sliced hyperbolic space. This allows 
us to understand the spatial geometry by considering the metric function A as this conformal 
factor. Generically A is positive near the brane and this implies that the 'volume' in the bulk 
near the star is more than in the unperturbed case. This indicates that the solution does not 
pinch off the portion of the brane containing the matter, an idea illustrated in figure 2. This can 
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Figure 1: An illustration of core pressure, P, against core density, p for configurations with f = 0.3. The 
proper angular radii vary monotonically from R = 0.30 — 0.38 from low to high density. The behavior 
strongly indicates a diverging core pressure for finite density, implying that for small stars an upper mass 
limit for a given R exists. The brane does not act to stabilize the large densities. 

be shown more rigorously by plotting the geodesies of this spatial geometry which are symmetric 
about r = 0 and considering their proper lengths. 

Pinching geometry Regular geometry 

Shorter geodesies 

in throat 

Monotonic increase 

in geodesic length 

Figure 2: A schematic illustration of a brane 'pinching off' a stellar region. Plotting the length of 
symmetric spatial geodesies against radial coordinate distinguishes the left-hand from the right-hand 
cases. A pinched geometry could lead to pathologies at finite stellar density, the matter region becoming 
entirely trapped. Instead we find our solutions have monotonically increasing spatial geodesic length 
corresponding to the right-hand case. 

3.2 Upper Mass Limits and 4-dimensional Effective Theory 

In figure 3 we plot the deviation of the 4-dimensional GR effective theory from the actual measure
ments made on the 5-dimensional solutions. Three sets of stars are shown with different coordinate 
radius £. For each set a range of core densities are presented. The results are striking. The actual 
5-dimensional quantity is plotted against the induced effective 4-dimensional one, and the points 
for £ = 3 lie close to the Ad = 5d straight line for both redshift and core P/p- £ is not the actual 
proper radius of the star, but rather a coordinate radius. However £ is approximately the proper 
radius, and this proper radius increases as one moves vertically down (to larger £) towards the 
Ad = 5rf line. Thus, the larger stars do lie nearer the Ad = 5d line, indicating a better approxima-
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Figure 3: An illustration of 4-d against 5-d behavior; On the left the actual core redshift of a star, 
calculated from the 5-dimensional geometry is plotted as a function of the same quantity calculated from 
the induced 4-dimensional effective theory. On the right the core pressure divided by density is plotted in 
the same way. Three values of £ = 1.5,2,3 are used to generate solutions for different core densities pa- £ 
approximately corresponds to proper radius, R, of the star. One clearly sees that the larger the star, the 
closer the solutions lie to the '4d = 5d' 45° line. In the data presented moving vertically down towards 
this line the proper radius of the star increases. The most non-linear £ = 3 stars are at ~ 75% of their 
upper mass limit in the 4-dimensional effective theory. The last line plotted is the 4-dimensional linear 
theory prediction for the £ = 3 stars, again against the 4-dimensional non-linear theory. We see that the 
linear theory deviates strongly from the non-linear showing that the solutions probed are fully non-linear, 
and beyond the reach of higher order perturbation theory. 

tion by the 4-dimensional induced theory. This is true over the range of solutions, for both linear 
and non-linear densities. 

We also plot a line indicating the core redshift and P/p for £ = 3, from 4-dimensional linear 
theory, using the same density profile. This is graphed against the non-linear 4-dimensional 
quantities to indicate the degree of non-linearity. Already for redshifts above 0.2 we see that the 
linear and non-linear 4-dimensional theory have very poor agreement. In fact for the most dense 
£ = 3 configurations, the linear theory underestimates the core redshift and pressure by a factor 
of about three. Thus for the large redshift £ = 3 stars, the non-linear corrections to these linear 
quantities are much larger than the quantities themselves. Therefore the regime tested is fully 
non-linear, and as such, is far beyond the reach of second or higher order perturbation theory. 

4 Conclusion 

We have outlined a scheme which allows the full non-linear Einstein equations to be numerically 
solved elliptically for Randall-Sundrum gravity, with static, spherically symmetric matter on the 
brane, giving rise to regular 5-dimensional solutions with axial symmetry. Radiation boundary 
conditions imply that the horizon geometry should be AdS. Due to the elliptic nature of our scheme, 
the method allows both an asymptotically AdS horizon geometry, and the brane matching relations 
to be simultaneously imposed as boundary conditions. We explicitly show that data specifying a 
star geometry in 4-dimensions uniquely determines the full 5-dimensional bulk solution. 

Using this numerical scheme we study small and large stars in Randall-Sundrum gravity. 
Highly non-linear configurations are calculated for small stars, whose radius is less than the AdS 
length, having core red-shifts up to Z ~ 12. An upper mass limit is found that is qualitatively 
similar to that in 4-dimensions, implying that the brane does not stabilize highly non-linear static 
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configurations. No pathologies are found in the spatial geometry or the red-shifting behavior for 
configurations near this mass limit. Large stars, with radius greater than the AdS length are 
found to be described well by a local effective theory which is simply 4-dimensional gravity for the 
intrinsic geometry and matter. Whilst this was known for linear brane matter sources, we have 
demonstrated this for highly non-linear configurations, inaccessible in perturbative approaches, the 
largest dense star studied having proper radius ~ 3.7 times the AdS length and a core red-shift of 
2 ~ 2 . 1 . 

We have focussed on regular static geometries. Rotating configurations and singular black 
hole solutions are also of utmost interest astrophysically. However we believe the implication 
of our static result is that the long range behavior in Randall-Sundrum gravity is identical to 
4-dimensional gravity in all respects. We expect it to also hold for non-static and non-regular 
cases which provides much scope for interesting future work, both analytic and numerical. It then 
remains an extremely interesting question whether there is a more general statement; that if a 
generic compactification with localized matter gives rise to an effective gravity description at large 
scales for linear perturbations, then it must also do so non-linearly. 
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CERN, Geneva, Switzerland 

A — Introduction. 
The next decade will be a decisive one for Subnuclear Physics. It is necessary to think 

in a critical and constructive way in order to be sure that its future will be granted. 

The last decade has been devoted to the search for the first example of superparticles 
(be it the neutralino or the gravitino) and for the lightest Higgs. None of them has been 
found. On the other hand, no one is able to "predict" the Energy-threshold for the two 
challenges of our field: the Spontaneous Symmetry Breaking (SSB) and the Supersymmetry 
(SUSY). These two thresholds, on a qualitative ground, should be nearly degenerate with the 
Fermi scale and therefore be potentially "round the corner". 

Nevertheless, the point I want to emphasize is that it would be a serious mistake to 
focus all our attention on SSB and SUSY. The healthy future of Subnuclear Physics is 
granted by the existence of ten challenges, each one being of extraordinary scientific value; 
ten, not only the two mentioned above (4 and 5 in our list below). 

B — The ten challenges. 
Here is the list. 

1 Non-perturbative QCD. 
2 Anomalies and Instantons. 

3 The Physics of NSSB (non-Spontaneous Symmetry Breaking: CP *, T *, 
CPT * ( , ) Matter-Antimatter Symmetry). 

4 The Physics of Imaginary Masses: SSB (part of this is the Higgs 
particle/particles). 

5 The Physics of 43 dimensions (part of this is Supersymmetry). 
6 Flavour mixing in the quark sector. 

7 Flavour mixing in the leptonic sector. 
8 The problem of the missing mass in the Universe. 
9 The problem of the Hierarchy. 
10 The Physics at the Planck scale and the number of expanded dimensions. 

And now the comments with reference to their implementation in the near future. 

(*) The symbol * means that a Symmetry law is non spontaneously broken as it happens with C, 
P, CP and T). [C (charge conjugation, i.e. interchange of charges with anti-charges); P 
(parity, i.e. interchange of left and right); T (inversion of the arrow of Time)]. The products 
CP and CPT mean the simultaneous Symmetry laws for all operations CP and CPT, 
respectively. The existence of Matter-Antimatter Asymmetry would be a proof of CPT * . 
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1 — Non-perturbative QCD. 

One of the most interesting QCD non-perturbative effects, in addition to confinement, 

is the existence of the "Effective Energy". This has been described in a special volume edited 

by Lipatov [1]. It is remarkable that the multi-hadronic final states produced (no matter the 

interaction being strong, electromagnetic or weak) at different nominal energies do show 

Universality features (i.e. the same dE/dx, <nch>, etc. ) if the new variable "Effective 

Energy" is introduced in the analysis. 

An example of the relevance of the Effective Energy is shown in Fig. la and in Fig. lb 

where the fractional energy distributions of multihadronic final states produced in (pp) and 

(e+e~) interactions are shown to be in excellent agreement, despite the very different nominal 

(pp) energy. 

The challenge for the future is the study of the Effective Energy in the quark-gluon 

plasma with ALICE. We will thus study the Physics of the coloured QCD world where the 

proton should be very light, since there is no confinement mass in to play, and the K should be 

heavy, since there is no spontaneous chiral Symmetry breaking in action. 

—r— (Extreme Low Effective Energy) 

. »-» dim J *'£„. , **«•» 

ISR » 30 GeV 1 , r . v 
SPEAR s 3GeV J "* 3 ° e V 

Fig. la 
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A synthesis of all I have said on the QCD non-perturbative is in Fig. lc. 
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2 — Anomalies and Instantons. 

Anomalies in Physics have played an important role, starting with the celebrated ABJ 

anomaly which explains why the 7t° decays so fast in (yy) requiring the QCD colours to be 

three. 

In QFD the Anomaly destroys Renormalization, because the axial currents are 

coupled to the Gauge Fields. 

But, the Anomaly is zero if there is an equal number of quarks and leptons in each 

family. And this is how the existence of the top quark could be predicted. 

When gravitational forces come into play, our theoretical friends tell us that, in 

order to have anomaly-free conditions, the choice must be SU(3) x SU(2) x U(l). In other 

words we could finally understand why the Standard Model has the SU(3) x SU(2) x U(l) 

structure. 

Let me emphasize an aspect of the (ABJ) Anomaly which I consider very interesting: 

it has produced an impressive set of consequences not only in Physics but also in 

Mathematics. 

In fact Algebraic Topology is a very rich subject. The most interesting one is 

probably the existence of "topological" solutions, in one-two-three and four dimensions, thus 

producing domain walls, vortices, magnetic monopoles and Instantons. 

Instantons typically have the effect of explicitly breaking U(l) symmetries. 

There are two kinds of Instantons, one for QCD and one for QFD. 

In QCD they provide the "non-spontaneous", i.e. direct, breakdown of "chirality" 

invariance. 

This explains why the rc° mass is non zero, why r\ mass is heavy and why the T|' is 

so much heavier than the T|. 

Instantons allow to understand the reason why the meson mixings are so different in 

the pseudoscalar (PS) and in the vector (V) case. 

These two mixings are measured by the well-known angles 8 p s and 0y , which are 

far from being equal 

0 p s * 6V . 

In Fig. 2a we show the present status of these angles. 
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It is interesting to point out that the effects produced by the Instantons can be 

understood in terms of the properties of the Dirac sea. In fact, the vacuum made of fermions 

has fermionic properties. 

The problem of great interest for the future is to understand whether similar non-

perturbative interactions also contribute significantly to the total cross-section in QCD. And 

this brings me to the Physics of a project with which I am involved, i.e. ALICE. In this 

experiment we will search for new Physics and the signature will be: 

i) cross-section much larger than that expected between two heavy nuclei 

a (quark-gluon plasma) » a (nuclei x nuclei); 

ii) the existence of pseudoscalar quantities, which would prove the existence of 

the quark-gluon plasma, as suggested by T.D. Lee and G. 't Hooft [2]. 

Another interesting problem for the future is the following. In SU(2)L the effect of 

Instantons is linked to the fact that the non-Abelian gauge force, QFD, acts only on 

left handed states and Instantons generate baryon-number-non-conservation, which is 

another U(l) breaking. Let me say a few words on this. The violation of the fermion 

number, F *, (F = B + L; where B is the baryonic and L is the leptonic number), conservation 
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could not take place in an Abelian gauge theory. The first condition for (B + L) * is that the 

gauge force is non-Abelian, because the vacuum structure is non trivial: it has many states 

characterized by an index which is an integral number (n = 0, 1,2 ...)• Thus transitions can 

take place between different vacuum states with (n = 1, 2, . . . ) . The second condition is that 

the gauge force distinguishes left from right: it has to be chiral, since in this case there is an 

ABJ anomaly which is proportional to the number of fermions (quarks and leptons). In 

SU(2)L the right components of the fermions (quarks and leptons) are inert, only the left 

components are active. The third condition is that the transition between the vacuum states 

(for example from n = 0 to n = 1) takes place not via the tunnelling rate (which is typically of 

the order of 10 ) but via the "thermal fluctuation" rate which could be very large. Needless 

to say that we do hope the F * condition will be active in the next LHC heavy Ion collisions 

with ALICE. A synthesis in Fig. 2b . 
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Fig. 2 b 

3 — The Physics of NSSB (non-Spontaneous Symmetry Breaking: CP *, T *, CPT * 

Matter-Antimatter Symmetry). 

The main point here is to clarify a basic misunderstanding and to point out the two 

new frontiers. The basic misunderstanding has already been discussed in several occasions 

[3]. Here I will just say a few words: the experimental result on the mass difference between 

long- and short-lived K°-mesons, 

Am 
K L K S 

is not a proof of Matter-Antimatter Asymmetry. To be more precise, the fact that Am * 0 

is neither a proof of "meson-antimeson" mass Asymmetry, nor a proof of "quark-antiquark" 

mass Asymmetry, nor a proof of "confinement" mass Asymmetry, nor a proof of "nuclear-

binding" mass Asymmetry. 
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There are in fact 3 types of masses: 

i) intrinsic (basic fermions); 

ii) confinement (QCD); 

iii) binding (nuclear and electromagnetic). 

The new frontier is that on the nuclear binding there are no experimental 

measurements. If a large Asymmetry would be detected in Nuclear Physics, for example 

between the deuteron and the antideuteron masses, Am(dd), at the level of a percent, this 

result would be perfectly consistent with the value of Am,, K . 

Our present theoretical understanding says that the existence of Nuclear Antimatter 

cannot be predicted on the basis of fundamental theoretical reasons. Experiments to improve 

our knowledge on the validity of CPT in the Nuclear Forces, i.e. in the QCD-colour-neutral 

effects, must be given high priority. It is in fact not true that since 

Am 
K L K S 10 -14 

m K L K S 

the value of Am„K is a proof for Matter-Antimatter Asymmetry at the 10-14 level of 

accuracy. Even if Am„ K was zero, the above mentioned mass differences Am(dd) could 

be very large. A point to recall is that no one is able to make the transition from Q C D to 

Nuclear Physics. 

The second new frontier is the search for Antimatter in Space. 

A synthesis of all I have said on Matter-Antimatter Symmetry is in Fig. 3. 
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4 — The Physics of Imaginary Masses: SSB (part of this is the Higgs particle/particles. 

The imaginary masses play a central role in Physics. This is illustrated in Table 1 

where we include Superfluidity and Superconductivity, as examples of effects which are 

produced as if an imaginary mass was there, even if it is really not there. An example are the 

Cooper-pairs which enter in the Lagrangian as if a particle with twice the electron charge and 

negative mass was there. Superconductivity exists, but the particle with double negative 

electric charge and imaginary mass is not there. 

IMAGINARY MASS AND (B - F) SYMMETRY 

r 
SUPERFLUIDITY SU(2) x U(l) 

SUPERCONDUCTIVITY 

,1 = 0; I 

M„ Cos8~ 

r f° r '"u, 
1 = ~t for m* 

(K°i?)(D0D l ,)(B l , ib) 

2 M order WI 

1 
SU(3)C 

CONFINEMENT 

FERMI Scale 
PLANCK Scale 

Hierarchy 

SUSY 

f 

(uo, i . - i . 

i\ 

. . , ) 

' 

Table 1 

In SU(2) X U(l) the imaginary mass provides the very heavy Z° and W* masses and 

the mass-less photon; but we do not know how many Higgs particles really exist. 

For example, if we want an electric dipole moment for the neutron, an Isovector Higgs 

should exist, in addition to the others expected to exist. 

Finally, we should not forget that the Higgs mass in the Standard Model could be as 

heavy as 2 TeV. 

This is the reason why we have performed a series of Montecarlo simulations using as 

signature for the Higgs the (nmi|i) mode. 

We have focused our simulations on Heavy Higgs (mH ) 2 Mz) search at three 

energies: (Vs)pp = (16, 40, 200) TeV. 

The results are presented in Fig. 4a for (Vs)pp = (16 and 40) TeV and mH = 1 TeV. 
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In Fig. 4 b we show the results for (Vs)pp 

signal/background the conclusion is straightforward. 
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Fig. 4b 

If a Heavy Higgs is there, there is no question that the best energy is (Vs)pp = 200 TeV 

and this means the ELN-project [4]. 
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The synthesis on the Physics of Imaginary Masses (SSB) is shown in Fig. 4C where 

the "confinement" and the "monopoles" are recalled as effects generated by the existence of 

imaginary masses. 
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Fig. 4C 

5 — The Physics of 43 dimensions (part of this is Supersymmetry). 

Here there are two points to be clarified first. And then to point towards the future. 

The first point to clarify is to be aware of the wrong claims on the SUSY-threshold. 

We do not know how to generate SUSY breaking. 

All attempts so far are based on "ad hoc" assumptions which determine the SUSY 

breaking-scale. 

This "ad-hoc" procedure is the only one we know, and is making use of 

the convergence of the three gauge couplings (0Cj a 2 a 3 ) using the Renormalization Group 

Equations (RGEs). Here the only interesting news, not to be forgotten, is the EGM 

effect [5]. 

EGM stands for "Evolution of Gaugino Masses". We have proved that the inclusion 

of this evolution in the RGEs has a very interesting effect. It lowers the SUSY threshold by 

nearly three orders of magnitude: more exactly, by a factor 700. 

The inclusion of the EGM effect allows to have the most accurate evolutions of the 

gauge couplings (0Cj oc? a 3 ) as shown in Fig. 5 a , where the evolution of the Universe from 

the Planck scale down to our days is reported in the upper part. 
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These evolutions are consistent with being the SUSY breaking-scale degenerate with 

the Fermi scale. 
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Fig. 5a 

For the immediate future it should be pointed out that the searches for the first 

supersymmetric effect should not be biased in favour of being the neutralino, x°, the lightest 

superparticle. 

The reason is that it could very well be the gravitino, G, the particle with the lightest 

mass. If this was the case, the searches in (e+e~) final states should include events with only 

one photon and missing energy. 

Let us briefly illustrate this point with the corresponding Feynman diagrams. 
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Here they are. 

Only one photon in the final state Two photons in the final state 

A ->7C( +2, ( yyf£ 

Let us recall that, so far, only upper limits exist on a S U S Y signal. A synthesis of all I 

have said on Supersymmetry is in Fig. 5 b . 
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6 — Flavour mixing in the quark sector. 

Neither flavour mixings nor the violation of the symmetry operators CP and T have 

theoretical reasons to exist. QFD, in addition to acting on each flavour separately (flavour 

non-changing neutral currents) also acts on mixed-flavour states (flavour changing charged 

currents). In the quark sector, the weak gauge coupling, g , ( a . = gl/An), is given, not 

only to a single quark flavour, but also to a mixture. 

The (KM) matrix introduces a privilege in QFD: 

i) either the (up) type quarks are pure and the (down) type are mixed; 

ii) or vice versa. 

It is difficult to believe that this is really the case. Our present knowledge of QFD can 

be formulated in a perfectly symmetric way between \ymixed and \|/mlxed states, where 

...mixed 
T u 

and \i/™xed = Tdown 

Vd 

QFD induced transitions between quark mixed flavour states. 

The KM matrix corresponds to the product of these two mixtures. The point to be 

emphasized is that the two mixtures 

Vmixed and vi/mixed 
T up ~ down 

must be different. In fact, the reason why no mixtures can be seen in the neutral-currents is 

because, in this case, the two mixtures are necessarily the same and cancel out in the (\|n|/) 

structure, which is needed for the standard structure of all currents. 

An interesting development in this field would be to disentangle this QFD feature. 

Suppose that two mixtures \)/m i x e d and N/!?1
Wnd are the real structure of the QFD currents. In 

this case it would be possible that the two phase angles 
i8 

e UP 
and 

i8, e down 

would be nearly the same and therefore in the (\|/\|f) structure they would appear as 
gup _ gdown = 8 R M 

where 5 K M is the effective value appearing in the KM matrix. The reason why it is small 

would be the consequence of the two mixtures "up" and "down" being different but with 

nearly the same "phases". Let me conclude this "challenge" by recalling that the violations of 

the symmetry operators CP and T are not induced by the SSB mechanism. If this was the 

case the ratio e'/e could not be so small. Once again this needs to be understood by our 

theoretical friends. 



368 

A synthesis of all I have said on flavour mix ing in the quark sector is in Fig. 6. 
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7 — F lavour mixing in the leptonic sector. 

N o one knows the origin of these mix tures . N o r if these mixtures (well present in the 

quark sector) are responsible for the g lobal -symmetry breakdown of C P and T. All we can do 

is to measure these effects. In the quark sector C P and T violation are k n o w n to exist since 

1964. To establish their existence in the leptonic-sector is a chal lenge for our future. The 

nature of the f lavour mixing in the leptonic sector is another interest ing chal lenge. In this 

respect I like the proposal made by Harald Fri tzsch. This is illustrated in Table 2. 

S U ( 3 ) f ( V j s v 

N O S U ( 3 ) W j - < * 
S U ( 3 ) W j * SU(3)uds 

— P S s SU(3)u d s 

— V 3 NO SU(3)uds 

(qq) -

(Mesons)ps • 
(Mesons)v a 

— ( J ITITV) ^ ( v c v ( l vH L) — 
-*• ( p co <j>') = ( e - ( . i _ H L - ) - * 

\3 

s Neutral leptons 
s Charged leptons 

el +i, - 2/ 3 

Ve 

^ 6 

(uu - dd) —j- - K 

uu + dd - 2ss 

Ve 

uu + dd + 2ss 

SU(3) 

MIS MATCH 

p = (uu - dd) - 7 -
V2 

co = (uu + dd) -K-

V2 

(p = SS 

(VQ 
Vi = e 

V2 

(Q 

Table 2 
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All experimental data agree with this proposal which puts on the same grounds the 

flavour mixing in the pseudoscalar mesons with the leptonic-flavour mixing in the neutrinos, 

and the flavour mixing in the vector mesons with the leptonic flavour mixing in the charged 

leptons. 

This analogy is illustrated in Fig. 7a. 

Fig. 7a 

Problems for the future to be added are the following. To establish if the Majorana 

neutrinos exist and to understand the neutrino mass spectrum. Furthermore if the existence of 

a neutrino mass is a signal coming from the Grand Unification Energy scale. 

A synthesis of all I have said on the flavour mixing in leptonic sector is in Fig. 7 . 
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8 — The problem of the missing mass in the Universe. 

There is a range of missing mass candidates. This goes from the axion with a mass as 

low as 10"5 eV to very massive objects from 102 to 106 solar masses. On the other hand we 

should not forget that if a new form of matter, which is only gravitationally coupled with our 

matter, exists, the problem is to invent a very sensitive detector extremely sensitive to the 

"dark matter". We have been thinking and even tried but I do not want to speak since we 

have no results so far. 

In Table 3 there is the present status of our knowledge in the field, including the 

possible violation of the Newton's law. 

DARK MATTER 

Very Massive Lightest SUSY 

Particle (X1,1) 

= GeV 

Low Mass Objects _ 10"3 M Q 

"Jupters" 
(Mini Black Holes) 

Other WIMPs 
Heavy v,cosmion 

a GeV 

Light Boson 
(Axion) 

(i<r' - n r ^ v 

Other Panicle States 

'HL (20-50) Me V 

Modified 
Gravitational Law 
on Galactic Scale 

B A R Y O N I C N O N B A R Y O N I C 

Table 3 
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If this was the case, one of the main reasons why the dark matter is being considered 

necessary would disappear. 

A synthesis of all I have said on the missing mass in the Universe is in Fig. 8. 
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9 — The problem of the Hierarchy. 

To understand this problem is a great challenge for our theoretical friends. In fact it is 

the existence of imaginary masses bound to scalar particles which brings the Fermi scale up 

to the Planck scale, i.e. the Grand Unification scale. Here a crucial set of experiments for the 

future is the proton-decay ones: i.e. to reach the most sensitive level of detection, including 

the various predicted (and unpredicted) decay channels. 

Another set of basic issues is to be understood: 

i) Why the Universe is so big as the one we live in; 

ii) What we can learn in Subnuclear Physics from the observations in 

Cosmology; 

iii) What we can learn in Cosmology from the discovery in Subnuclear Physics; 

iv) How the baryon-dominated Universe is born. Where is it created: in the 

domain-walls? 

v) Are we really sure that we understand the 16 orders of magnitude which 

separate the B-asymmetric Universe from the B-symmetric one? 
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A synthesis of all I have said on the problem of the Hierarchy is in Fig. 9. 
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10 — The Physics at the Planck scale and the number of expanded dimensions. 

There are two basic issues here. One is if there is a gap between the Energy where the 

gauge couplings (cti a 2 a 3) converge and meet at the same point (EGUx) and the String 

Unification scale (ESTJ)-

The other is if we are missing a great opportunity. 

Let me first say a few words on the gap. A detailed study has been performed by us 

[6] in order to establish the confidence level of the convergence of the gauge couplings. The 

results are shown in Fig. 10a, where the following is proved. If we take the World Average 

values (WA) of the gauge couplings and push to the values indicated all mass ratios involved 

in the transition from the Unification Symmetry Group SU(N) to SU(3) x SU(2) x U(l), the 

result is that EG U T can reach a level as high as 1018 GeV and the gap disappears. 

However, if the mass ratios are all = 1 and the WA values are taken without any 

deviation, the gap is there. 

If the gap is there, the best candidate to fill it is SU(5) x U(l). In this case there 

would be no magnetic monopoles. It should be pointed out that SU(5) x U(l) is the simplest 

string-derivable supergravity model. 

In all we have said so far, the Planck scale is our dream for the Unification of 

all Fundamental Forces of Nature. And now I turn to the second basic issue: have we been 
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missing a formidable opportunity? 

log^fMv/Mr) 

• World Average: WA 
• WA±1<i 
@ WA ± 2o 
® WA i 3o , 

I I Extreme values 

log,0(MGUT) 

WA-2o 4 - ^ = 10° 

Fig. 10a 

Our four-dimensional Space-Time (3+1) is the result of an expansion of hidden 

dimensions, of both bosonic (10+1) and fermionic (32) nature whose number could be as high 

as 43: this is the Superspace. 

Is it possible that an extra dimension can manifest itself in a range of distance which is 

very large when compared with the Planck range (10 - 3 3 cm), thus producing effects in the 

TeV scale? If this was the case, the Planck scale would come down by 15 orders of 

magnitude. This is illustrated in Fig. 10 and Fig. 10c. 
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A synthesis of all I have said on the Physics at the Planck scale and the number of 

expanded dimensions is in Fig. 10 . 
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C — The ELN Project in a few words. 

The ten challenges need a new generation of supercolliders. Their asymptotic limit is 

the ELN Project mentioned on a few occasions, and especially in § 1 of section B, with 

reference to a heavy Higgs. It is interesting to recall that the problem of having the facilities 

able to make the ten challenges not appear like dreams has confronted us since 1979. It is 

probably appropriate to illustrate in a few words the ELN Project and strategy. 

The INFN Eloisatron (ELN) Project started in Italy, in 1979, with a series of basic 

steps going from the construction of the Superconducting Cyclotron (CS), in Milan, to the 

construction of 50% of the superconducting dipole magnets for the 800 GeV proton ring of 

HERA, in Hamburg. An intensive R&D project to study new technologies for Subnuclear 

Physics has also been implemented at CERN through the LAA Project, which is part of the 

ELN strategy. 

Since the very beginning, the conception of this Project was based on a new way of 

tackling the problem of big projects, based on the followings points: 

1) do not start to build a new laboratory if the work needed can be carried out 

within existing structures; 

2) involve the industry in the implementation of the project, which also means 

that the R&D work should be done in the laboratories of the industries in close 

collaboration with our labs. 

So far these basic ELN steps have been the merging point for an effective 

collaboration between various universities, institutions and industries. 

In order to be sure that Subnuclear Physics will stay in the forefront of scientific 

research, we need right now, not in a decade, to study the multi-hundred TeV Physics in 

terms of theoretical goals, machine problems and new detector technologies. 

This is why we have been active since many years with the ELN Project whose 

Working Group structure is as follows: 

(i) theoretical and phenomenological studies in Subnuclear Physics: hadron 

interactions at extreme energies, spanning from presently or shortly (LHC at 

CERN) accessible values up to the multi-hundred TeV regime; 

(ii) theoretical studies on the machine: maximum reachable energy (100 + 100 

TeV =* 500 + 500 TeV) and luminosity (1033 cm - 2 s"1 => 1036 cm"2 s_1) 

levels for a future hadron supercollider; 

(iii) R&D on a new generation of powerful superconducting magnets; 
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(iv) R&D on new detectors capable to operate at extremely high energy and 

luminosity. 

As far as point (ii) is concerned, a conceptual design of ELN has already been 

performed by Kjell Johnsen and collaborators. This study shows that there are no conceptual 

difficulties in the realisation of a 100 + 100 TeV proton collider able to work with a 
i i n i 

luminosity of the order of 10 cm s . The goal of the extreme energy and luminosity has 

also been theoretically well fixed, as shown in Fig. Cj . 
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Fig. Cj." The ultimate energy and luminosity of ELN, compared with all other colliders in the world. 

Concerning point (iii), the role of innovative superconducting materials, at low and 

high Tc, is particularly relevant. And the working group is bringing together experts in 

different fields, namely Accelerator, Subnuclear and Solid-State Physics, in the very spirit of 

the ELN Project. 

I have no doubt that, taking into account the experimental (missing) results of these 

last (nearly two) decades and the theoretical (lack of) understanding of the energy threshold 

for new Physics, there is one and only one wise conclusion today. Our Physics needs not a 

small, but the biggest possible jump in energy and it is therefore very risky to wait and see the 

results of LHC (<10% ELN) whose energy could still be too low for the Physics beyond the 

Standard Model to be discovered. 

This need is corroborated by the existence of the ten challenges. 
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D — Conclusions. 

The point I want to emphasise is that we should not follow the «mainstream». We 

should never forget that «new» ideas in physics need new projects. We have spent the last 

ten years trying to find out the lightest supersymmetric particle and the lightest Higgs. We 

should not over-emphasize the importance of these two findings and in fact we should be 

prepared to face the situation where none of them could be reached in the next energy step. If 

higher energy is needed, we must be able to continue working, having in mind the great 

vitality of our field. This is proved by the existence of the ten challenges, listed and 

discussed. But this is not all. For those who could think that these challenges are "dreams", 

we should answer that they are based on a sequence of unprecedented achievements in the 

history of our civilization. Let me conclude by summarizing these achievements and their 

connection with the ten challenges. 

We have understood that the origin of all fundamental forces of nature is the same: 

the gauge principle. We have discovered that the number of families of fundamental building 

blocks of matter (quarks and leptons) is three. When viewed using the Fermi forces, which 

provide the fuel for all the stars and control their rate of burning, quarks and leptons appear 

mixed. All basic quantities vary with energy. Not only real but imaginary masses exist. The 

existence of imaginary masses has an important effect on our description of the vacuum. In 

turn, the vacuum determines the masses and the interaction properties of the real particles. 

Neutrinos appear not to be massless. We have very good reasons to believe that all gauge 

couplings converge towards the same value at an energy level two orders of magnitude below 

the maximum conceivable energy, the Planck scale. Here very intense new theoretical 

developments are taking place. In order to explain how it is possible to keep two energy 

scales separated, the Fermi and the Planck scales, which are seventeen orders of magnitude 

apart, Nature should have a symmetrical structure which puts fermions and bosons on equal 

grounds. The point-like description of our world must be abandoned in favour of a non-

point-like (string or membrane) elementary basic entity. Our four-dimensional space-time is 

the result of an expansion of hidden dimensions - both of bosonic (10 + 1) and fermionic (32) 

nature - whose number could be as high as 43: this is the superspace. There is no other field 

of human intellectual activity where the past, the present and the future are so rich in 

fundamental discoveries and conceptual breakthroughs. 
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