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I Introduction

The following pages describe the high energy physics program at the University of
Arizona which was funded by DOE grant DE-FG03-95ER40906, for the period 1
February 1995 to 31 January 2004. In this report, emphasis was placed on more recent
accomplishments. This grant was divided into two tasks, a theory task (Task A) and an
experimental task (Task B but called Task C early in the grant period) with separate
budgets.

Faculty supported by this grant, for at least part of this period, include, for the theory
task, Adrian Patrascioiu (now deceased), Ina Sarcevic, and Douglas Toussaint., and, for
the experimental task, Elliott Cheu, Geoffrey Forden, Kenneth Johns, John Rutherfoord,
Michael Shupe, and Erich Varnes.

Grant monitors from the Germantown DOE office, overseeing our grant, changed over
the years. Dr. Marvin Gettner covered the first years and then he retired from the DOE.
Dr. Patrick Rapp worked with us for just a few years and then left for a position at the
University of Puerto Rico. Dr. Kathleen Turner took his place and continues as our grant
monitor.

The next section of this report covers the activities of the theory task (Task A) and the
last section the activities of the experimental task (Task B).



1.1 LATTICE GAUGE THEORY - Doug Toussaint

Doug Toussaint does research involving lattice gauge simulations of QCD. In the grant period
now ending this included Tom Burch, a graduate student who has gone on to a postdoctoral position
at Regensberg. Kostas Orginos (postdoc) was here from 1997-2000, and has now moved on to
BNL. Eric Gregory (postdoc) is currently at Arizona, and is supported 1/3 by this grant and 2/3
by a grant from the DOE SciDAC program. Their major research effort is the use of numerical
techniques to study QCD, the theory of the strong interaction. The goals of this work are to verify
the theory by calculating properties of hadrons, to calculate hadronic matrix elements needed to
extract fundamental parameters of the standard model, and to understand the behavior of QCD
at high temperature and density, as in the early universe or relativistic heavy ion collisions or the
interiors of neutron stars. Most of this work is done in the MILC (MIMD lattice computations)
collaboration, which consists of eleven physicists at eight institutions. This group is carrying out
computations on parallel machines at the DOE supercomputer centers at ORNL and NERSC, the
NSF supercomputer centers, and on the new Linux cluster at Fermilab.

QCD simulations with three quark flavors

The main thrust of our research is lattice QCD including the effects of dynamical quarks. We
have developed and implemented an improved form of the Kogut-Susskind, or staggered, lattice
fermion formulation which eliminates the lowest order effects of the lattice discretization, and
have used this formulation to generate lattices, or “snapshots of the gauge fields”, at a range of
quark masses. We have done this for a wide range of light quark masses at a lattice spacing
of approximately 0.12 fm, and for three sets of quark mass at a lattice spacing of about 0.09
fm. Currently we are working to extend these simulations to a light quark mass of 0.1 times the
strange quark mass. This is still a little over twice the real world light quark mass, but it is the
smallest light quark mass for which large scale zero temperature simulations have been done. The
MILC collaboration has used these lattices to study the hadron spectrum, decay constants of b-
quark mesons, masses of exotic hybrid mesons, the structure of the QCD vacuum, the potential
between a static quark and antiquark, and other quantities. Other groups, either independently or
in collaboration with MILC members, have used these configurations to study charmonium and
bottomonium spectroscopy, decays of heavy-light mesons, and the form factor of the nucleon.

We have made all but the most recent of these configurations available to the lattice community
through the “gauge connection” archive at NERSC, from which they can be downloaded over the
web.

Figurel shows a compilation of several quantities for which the systematic errors are under
good control computed on these lattices, divided by their experimental value[1]. These include
our results and results of other groups using lattices generated the MILC collaboration. The inclu-
sion of the dynamical quark effects improves agreement with experiment for these quantites (and
therefore presumably for quantities that are not known experimentally).

The following table shows the status of our lattice generation with the Asqtad action as of July
2003. Runs marked with an “R” are still in progress. The two “coarse lattice” runs with a strange
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quark mass ams = 0.03 and the 283 x 64 run with amy = 0.01/0.05 are being done with SciDAC
resources at ORNL. The runs with amg = 0.005/0.05 and amg = 0.0031/0.031 are in progress,
and we have applied for computer time at NERSC and at the PACI centers to continue these runs.

amy ¢/ams my/my [10/g° | lats. | a/r1

quenched na 8.00 | 408 N | 0.3762(8)

0.02/na 050 |7.20 |547 0.3744(11)
0.40/0.40 094 | 735 | 332N | 0.3766(10)
0.20/0.20 0.89 | 7.15 | 341N | 0.3707(10)
0.10/0.10 0.79 |6.96 | 339N | 0.3730(14)
0.05/0.05 0.68 6.85 | 425N | 0.3742(15)
0.04/0.05 0.63 |6.83 | 351 N | 0.3765(14)
0.03/0.05 058 |[6.81 | 564N | 0.3775(12)
0.02/0.05 051 |6.79 |484N |0.3775(12)
0.01/0.05 0.39 6.76 | 637 N | 0.3846(12)

0.01/0.05* 0.39 6.76 | 219 R | 0.3801(17)
0.007/0.05 0.34 6.76 | 474 N | 0.3782(14)
0.005/0.05 0.30 6.76 | 149 R | 0.3794(23)

0.03/0.03 6.79 | 186 R
0.01/0.03 6.75 | 45R
quenched na 8.40 | 415N | 0.2686(6)

0.031/0.031 0.67 7.18 | 496 0.2613(8)
0.0124/0.031 | 0.50 7.11 | 515N | 0.2697(10)
0.0062/0.031 | 0.38 7.09 | 521N | 0.2712(8)
0.0031/0.031* 7.08 | R

Parameters of the improved action simulations
ri ~0.34—0.32 fm

N = Posted at NERSC: ht t p: // qcd. nersc. gov
R = Currently running

Coarse lattices are 203 x 64 (* 283 x 64)

Fine lattices are 283 x 96 (* 402 x 96)

In order to handle the different machines, we have developed a portable QCD code where the
machine specific communication routines are isolated in a single file, with a different version for
each machine. This code has been made available to the lattice community, and has been used by
several other collaborations.

Hadron spectrum with three quark flavors

The calculation of the masses of strongly interacting particles (hadrons) has been a long term
objective of lattice gauge theorists. The masses of many of these particles are very well deter-
mined experimentally, so their calculation serves as a test of our methods and eventually of QCD.

3



np=0 results (2000) np=3 results (2003)

T | T T | UL T | T | T T 1T T
o f_ 53— f_
g f o f
: SITV[z: - © = — My
o oMl — M, 5 2Mp — Mg
= v P—1S & v fP—1S
—6— T(1D—1S & T(1D—18]
©  T(RP—-15 # T(RP—-1S
S T(3p—1S e T 38—18:
1% erps © T(2p—-15 1% er?s T |ZS—18
0.8 1.0 1.2 1.4 0.8 1.0 1.2 1.4
LatticeQCD/Exp't LatticeQCD/Exp't

Figure 1: Improvement in consistency of some well understood QCD quantities with the inclusion
of three flavors of dynamical quarks. (from hep-1at/0304004)

There are a number of particles, such as glueballs and particles with exotic quantum numbers,
whose existence is predicted by QCD, but which have not yet been definitively observed. Accurate
calculations of their masses and decay properties would aid experimentalists searching for them.

We are calculating the masses of the lightest hadron states, including those with strange valence
quarks, as the improved-action lattices are generated. We have completed spectrum calculations
on the a=~ 0.12 fm quenched and dynamical lattices. Among the interesting results of this study is
the first simulation of a meson decay in full QCD, where we see an avoided level crossing between
a 07" meson state, the ap, and a two meson 1+ n state as a function of quark mass. This is
shown in Fig. 3. A second important result is a demonstration the that mass ratio “J” suggested by
the UKQCD collaboration is in better agreement with experiment when the effects of dynamical
quarks are included, as illustrated in Fig. 2 The “fine” lattices that we are now generating, together
with the spectrum computations on the older coarse lattices, will allow us to begin extrapolating
to the continuum limit, and the results with a range of light quark masses will allow us to explore
extrapolations to the chiral limit.

In principle, masses of excited states can be extracted from our propagators, but this is tech-
nically difficult. We are exploring these possibilities, and have reported preliminary results at the
Lattice-03 conference.

Physics of light pseudoscalars:

Lattice computation of the masses and decay constants of light pseudoscalar mesons, namely
the Ttand K, offers a unique opportunity to check our lattice methods to high precision, and to
calculate phenomenologically important physical quantities that are difficult or impossible to ob-
tain with controlled errors by other methods. Crucial to this is the inclusion of nondegenerate sea
and valence quarks and the effects of taste symmetry breaking in chiral perturbation theory[2, 3],
which allows us to use lattice data at unphysical quark masses to compute these quantities at the
physical masses. Note that a further systematic error of previous lattice calculations — having
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Figure 2: The mass ratio “J” in the quenched approximation and full QCD calculations. Red
symbols are the three flavor results, and blue symbols are the quenched results. Octagons and
squares are from the a~ 0.12 fm runs, and the plusses from the a~ 0.09 fm runs. The diamond
is the two flavor run, using a non-dynamical strange quark with mass equal to its physical value.
The burst is the real world value, and the cross is the UKQCD quenched value. The smaller error
bar on the cross is the statistical error, and the larger the quoted systematic error.
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Figure 3: 0™ masses versus quark mass. The lighest fitted energy in the scalar channel. Octagons
are quenched results, squares are three flavor results, and the burst is the two flavor run. The
straight line is a crude extrapolation of the heavy quark points. The lower curved line is the TT+n
mass estimate, as discussed in the text, and the upper line is a T+ n’ mass estimate.
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Figure 4: Pseudoscalar masses with my ~ 0.3mgand my ~ 0.2mgata~ 0.12fmand a=~ 0.09 fm.
A point by point” extrapolation to a = 0 is also included.
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Figure 5: Decay constants with my ~ 0.4mgand m ~ 0.2mg at a~ 0.12fmand a= 0.09 fm. A
”point by point” extrapolation to a= 0 is also included. Octagons are for a= 0.12 fm and squares
for a~ 0.09 fm. Magenta fancy plusses are an extrapolation to a = 0 at my g = 0.4ms and cyan
fancy plusses an extrapolation to a= 0 at myq = 0.2m.



either the wrong number of dynamical (sea) quarks or no sea quarks at all — is absent for us, since
we simulate with the physical number of light dynamical quarks.

Using the above method, we can presently compute the leptonic decay constants of the Ttand
K mesons, f;and fg, to a total error of about 3%. The results agree with experiment at that
level, providing good evidence that we understand and can control our errors. We can then use the
same computational method to extract quark masses (the mass of the strange quark, ms, and the
average mass of the u and d quarks, m) and several of the so-called Gasser-Leutwyler parameters
[4], Li. One of these in particular, the combination 2Lg — Ls, has very important phenomenological
implications because its value determines whether a vanishing u quark mass is possible — which
would be a solution of the strong CP problem [5]. Some current (preliminary) results for the quark
masses and L;j have been presented at the Lattice-03 conference.

As an example, figures 4 and 5 show the effect of changing the lattice spacing on the pion mass
and decay constant. For lattice spacings a~ 0.12 fm and a =~ 0.09 fm we show results with light
sea quark mass equal to 0.4 and 0.2 times the strange quark mass, again in units of r1. Again, the
horizontal axis is the sum of the valence quark masses in the meson. These figures also show a
crude extrapolation to a = 0, made by taking a linear extrapolation in a®g? using pairs of points
with the same my /ms. In Fig. 4 one pair of extrapolated points has diagonal lines showing the data
points that were extrapolated to produce this point. In hindsight, the “strange quark mass” used in
the a~ 0.09 fm runs was smaller than that used in the a~ 0.12 fm runs, as indicated by the fact
that the finer lattice points fall slightly to the left of the corresponding coarse lattice points.

Hybrid meson masses and mixings

The fact that gluons carry color charge implies that they, like quarks, could be “valence” con-
stituents of hadrons. In other words, we expect that the spectrum of QCD should contain glueballs
and hybrids, or particles with both quarks and gluons as valence constituents. Hybrid mesons can
have exotic quantum numbers, or JP¢ combinations not possible with a quark-antiquark state. The
lightest exotic hybrid meson is expected to have J°° = 1=+, and candidates for this meson have
been found in recent experiments[6]. With staggered quarks we are able to work at smaller quark
masses than with Wilson or Wilson-clover quarks, and in a multi-year project completed this year
we have used this formulation to compute the mass of the lightest exotic hybrid meson([7, 8]. Fig-
ure 6 shows the mass of the exotic 1=+ hybrid meson in the quenched approximation in units of
the string tension, along with the results of previous Wilson quark studies by the MILC collab-
oration [9], the UKQCD collaboration [10], the SESAM collaboration [11], as well as recent
results from the Zhongshan University group [12] using Wilson quarks on an anisotropic lattice.
We use the string tension o to establish the lattice length scale and plot M-~ /+/G. Our results are
consistent with the earlier results at heavier quark masses, but we are able to work at a quark mass
half as large as previously used. In Fig. 6 we include the 1~ experimental candidates 11 (1400)
and 11 (1600) at the physical value of (mps/my)? = (my/my)? = 0.033. These particles are repre-
sented by magenta and cyan vertical bars, offset slightly to the left or right for clarity, representing
the range of values for the quenched string tension from 380 to 440 MeV.

We have also calculated hybrid meson propagators including the effects of three flavors of
dynamical quarks, with light sea quark masses down to 0.4 times the strange quark mass. Here the
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propagators show dramatic effects from the mixing of the hybrid state with two meson states —
the states into which it might decay|[8].

QCD Thermodynamics with Staggered fermions

At very high temperatures one expects to observe a phase transition or crossover from ordinary
strongly interacting matter to a plasma of quarks and gluons. A primary physics goal of the Rel-
ativistic Heavy lon Collider (RHIC), which recently began operation at the Brookhaven National
Laboratory is the discovery and characterization of the quark-gluon plasma, a dominant state of
matter in the early development of the universe, and a possible central component of neutron stars.
In order to make such an observation, it is important to determine the nature of the transition,
the properties of the plasma, including strange quark content, and the equation of state. Lattice
gauge theory has proven to be the only source of a priori predictions about this form of matter in
the vicinity of the phase transition, with our collaboration playing a major role in the worldwide
effort. We are using our improved quark action to carry out a detailed study of these issues.

We have been doing thermodynamic studies at Ny = 4, 6, and 8, or lattice spacings of 1/4T,
1/6T and 1/8T respectively. We are considering two cases: 1) all three quarks have the same
mass, mgy; and 2) the two lightest quarks have equal mass, my 4, and the third quark has a mass
equal to at that of the strange quark, ms. We refer to these cases as Ny = 3 and N = 2 + 1,
respectively. The Nf = 3 studies are being carried out on lattices with 4, 6 and 8 time slices,
while the Ny = 2+ 1 studies are on lattices with 6 and 8 time slices. We have attempted to keep
the physics unchanged as we vary the temperature by working along lines for which the ratio of
the pseudoscalar to vector mass is constant. We have completed work with light quark masses
mg = 0.6m, 0.4ms, and 0.2mg and are well underway at 0.1ms. These quark masses correspond to
mpi/myho = 0.582, 0.509, 0.392 and 0.298 respectively. For the quark masses studied to date we
have found rapid crossovers, rather than bona fide phase transitions. We illustrate this fact in Fig. 7,
where we show the triplet and strange quark number susceptibilities as a function of temperature
for N = 2+ 1 with mg = 0.2ms. The sharp rise signals the crossover from confined behavior at
low temperature to deconfined behavior at high temperature. The close agreement between the
N: = 6 and 8 results illustrates the excellent scaling properties of the Asqtad action, and indicates
that our results are already close to those of the continuum. The quark number susceptibilities
are of considerable experimental interest because they are related to event by event fluctuations in
heavy ion collisions.

Portable Parallel code for QCD simulations

We have developed a family of codes for the study of QCD with Kogut-Susskind dynami-
cal quarks, Wilson dynamical quarks, and in the quenched approximation. Our code runs on
a wide variety of scalable parallel computers including the SP2 and SP3, Origin 2000, Exem-
plar, Compaq cluster at PSC, and Networks of workstations. It also runs on single processor
workstations, which we use for much of our code development. The code can be obtained at
http:// ww. physi cs. ut ah. edu/ ~detar. It has been our policy for some time to make our
code and the large lattices we generate with it available to other lattice gauge theorists, and several
other researchers have made use of the code.
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Figure 7: The triplet quark number susceptibility as a function of temperature for N = 2+ 1 with
mg = 0.2ms (red and blue points). We also plot twice the strange quark susceptibility (cyan and
magenta points). The sharp rise signals the crossover from confined behavior at low temperature
to deconfined behavior at high temperature. The close agreement between the N; = 6 and 8 results
illustrates the excellent scaling properties of the Asqtad action, and indicates that our results are
already close those of the continuum.
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The vanilla version of our code is written in C, and is highly portable. The only parts of the
C code which are machine dependent are the communications routines. They are all stored in a
single file. A version of this file exists for each machine on which our code runs. To move from
one machine to another we simply link the appropriate communication file. Standard message
passing libraries are especially interesting from the point of view of maintaining portable code,
and we have implemented a version of the communications routines for both PVM and MPI.

In an effort spearheaded by Carleton DeTar, a revision of this code was completed in Octo-
ber 2002. Some improvements in algorithms were made, and many sections of the code were
streamlined. Also, the compiling and linking of the codes on different machines is now done in a
consistent way, so that a user can expect to download the code and run it successfully on a parallel
machine.

Developments in the past grant period include a revision of the time-intensive conjugate gradi-
ent code to improve cache utilization by copying the required data into contiguous memory areas
before beginning the inversion. A recent development is a variant of the conjugate gradient code
which coalesces the two global reductions normally required in each iteration into a single global
reduction of a three element array. This helps reduce the time lost to global reduction operations
on large numbers of processors, which is a serious problem on the IBM SP machines.

Nonrelativistic hybrid mesons

Hybrid mesons with non-exotic quantum numbers will mix with gq mesons that have the
same quantum numbers. When the quarks are heavy (b and maybe c), a non-relativistic approach
(NRQCD) may be used to approximate the quark behavior. The Hamiltonian describing the evo-
lution of the quark propagator is thus expanded in 1/mq:

He = 0y 96-B+.... )
qu Zmq

where D is the covariant derivative and B is the local chromo-magnetic field. Inclusion of the spin-
dependent term allows the spin of the quark (or anti-quark) to flip with the emission (or absorption)
of a gluonic excitation, thereby allowing a mixing of hybrid and quarkonium configurations with
the same quantum numbers. We include the & B interaction at a single time slice (tsource <t’ < tsink)
between a quarkonium source and hybrid sink. This provides us with a “perturbative” measurement
of the off-diagonal matrix element of the Hamiltonian for the qqg-qqg two-state system on the
lattice. Diagonalizing the two-state Hamiltonian, we thus find the amount of hybrid within the true
ground state wavefunction[13]. In the past year we extended our earlier work on mixing of the 1=~
bottomonium bb and bbg states, also looking at the 0"~ states[14]. The analysis was improved by
using wall source operators as well as point sources and by using lattices with three different lattice
spacings. We find that the mixing is fairly small, sin(8) = 0.06, with the largest uncertainty being
the renormalization of the coefficient of the - B term in the NRQCD hamiltonian. Eventually,
experimental determination of the ny mass will allow us to fix this coefficient and improve the
accuracy.
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Calibration of CCD detectors

As an interesting piece of cross disciplinary physics, it turns out that some of the simple tech-
niques used in lattice physics can be applied to the problem of quickly calibrating charge coupled
detectors for astromical applications[15]. (The CCD is a two dimensional lattice of pixels, with
the logarithm of the pixel gain the scalar field.)

Topological susceptibility of the QCD vacuum

An important part of our understanding of QCD is the expected suppression of instantons by
light sea quarks. MILC collaboration members together with Alistair Hart and Anna Hasenfratz
have been studying this suppression on the three flavor lattices, and find results consistent with
theoretical expectations in the continuum limit. Toussaint has only a minor part in this project.

Weak Matrix Elements in Quenched and Full QCD — MILC Collaboration

At the new B-factories at SLAC and KEK and at Fermilab and Cornell, a concerted experimen-
tal effort is underway to determine elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix
through the mixings and decays of B mesons. Indeed one hopes that by tightly over-constrained
these matrix elements, new physics beyond the Standard Model will be uncovered. However, the
experimental results do not determine the CKM parameters without theoretical calculations of the
effects of the strong interaction. At present, lattice QCD provides the only known approach to
evaluate these effects from first-principles.

For the past several years, in an effort led by Claude Bernard, we have been involved in a
study of the decays of pseudoscalar mesons with one light and one heavy quark[16]. The B with
a heavy b quark and light u or d antiquark is such a meson, as is the Bs, in which the light quark
is the strange quark. We are studying two types of decays: purely leptonic decays, e.g., B — lvy,
and semileptonic decays, e.g., B — plv,. Results of experimental measurements from these decays,
combined with results from lattice calculations will provide crucial information about CKM matrix
elements. As in the case of the decay constants, it is important to determine the effects of the
dynamical quarks on the semileptonic form factors, and perform extrapolations to the physical
mass of the up and down quarks. To this end, we are doing calculations of these form factors on
both the quenched and three flavor lattices. Toussaint has only a minor role in this project.
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11.2 PERTURBATION THEORY AND CONTINUUM LIMITS IN FIELD THEORIES -
Adrian Patrascioiu

Before his death in March 2002, Adrian Patrascioiu carried out a program of nonperturbative
studies of fundamental properties of QCD and of lower dimensional spin models that are gener-
ally considered to model features of QCD. This section of our report is taken from his progress
description in our 2001 progress report.

Prof. Adrian Patrascioiu carried out a multi-year program to study certain properties of the
most fundamental models employed by condensed matter and high energy physicists. The models
range from Heisenberg ferromagnets, to Coulomb gases and Yang-Mills theories. The questions
asked pertain to the true role of perturbation theory in such models, to their phase diagram and to
the possible continuum limits which could be constructed. In a series of papers [1],[2] Patrascioiu
pointed out that there are good reasons to suspect that the use of perturbation theory in such mod-
els can lead to false conclusions, such as the existence of the celebrated property of asymptotic
freedom in QCDA4. With regard to the phase structure of such models, Patrascioiu [3] argued that
there should be no difference between the Abelian and non-Abelian models, contrary to common
believes based on perturbative and/or topological differences.

These ideas were further developed in collaboration with Dr. E. Seiler, with whom Patrascioiu
obtained several interesting results, which could have profound implications for particle physics.
The important £ndings of the Patrascioiu-Seiler collaboration are the following: in 1991 they real-
ized that for the 2D O(N) o models, the existence of a massless phase might be proven rigorously.
The basic idea followed from a new type of Monte Carlo updating proposed among others by Pa-
trascioiu [4] to investigate this class models. It employs the Fortuin-Kasteleyn representation of
the Ising model as a percolation process (a similar procedure was developed by U.Wolff) and it
has proved remarkably successful in reducing critical slowing down. The important realization
which occured in 1991 was that the same idea could be used to study rigourously the existence of
a massless phase in all O(N) models in 2D. Namely the whole issue of the existence or absence
of a mass gap could be reduced to the question whether the inverse image of a certain equato-
rial strip percolated or not. For the O(2) model and for certain discrete nonabelian models (the
dodecahedron), Patrascioiu and Seiler proved rigorously the absence of exponential decay at low
temperatures. These arguments were collected in a longer paper [5] which appeared in the Journal
of Statistical Physics. A short version of the paper, containing the main results and tools used,
appeared in Physical Review Letters [6]. The case of O(N) N > 2 was discussed by Patrascioiu in
a separate paper [7] and it was concluded that although a rigorous proof could not be given at that
time, it seemed rather impossible that the O(N) N > 2 models would exhibit exponential decay at
low temperature. That those arguments were very sound is illustrated by the fact that they were and
remain listed by the International Association of Mathematical Physics among the most important
Open Problems in Mathematical Physics (www.iamp.org).

The next important £nding of Patrascioiu and Seiler was that in nonabelian models, even at
short distances, perturbation theory produces ambiguos answers. More concretely, via concrete
computations, they showed that in perturbation theory the expectation value of observables of
compact lattice support (short distances in the continuum limit) depend upon the boundary condi-
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tions used to reach the thermodynamic limit. This effect was shown to occur in both 2D nonlinear
o models and 4D gauge theories, but only in nonabelian models and starting at the one loop level.
Since they could also show that expectation values of observables of compact support must be
independent of the boundary conditions used to reach the thermodynamic limit, their result was a
concrete demonstration that in nonabelian models perturbation theory may not be producing the
correct asymptotic expansion. This result has direct physical consequences since, as Patrascioiu
and Seiler showed, it affects the perturbative predictions regarding the running of the strong cou-
pling constant as(Q). These important £ndings were reported in two papers which appeared in
Physical Review Letters [8],[9].

In the same papers [8],[9] Patrascioiu and Seiler uncovered a new class of classical solutions,
which they baptised superinstantons. They are ’super’ in that in the inf£nite volume limit their
energy vanishes; and since they have as much entropy as the instantons, they dominate copiously
the latter, whose energy is nonvanishing. These conf£gurations were shown to exist in nonlinear
o models in D < 2 and in gauge theories in any D. In gauge theories superinstantons represent
thin long loops carrying a magnetic aux. The QCD vacuum at suffciently large 3 must be a gas
of such loops, rather than the so called ’spaghetti vacuum’. In the 2D nonlinear models the exis-
tence of superinstantons renders obsolete the classic Kosterlitz-Thouless argument attributing the
difference between the Abelian O(2) and the non-Abelian O(3) model to their different topologi-
cal properties since both vortices and instantons are supressed with respect to superinstantons by
energy considerations.

The next major development came in the spring of 2000, when, by combining rigorous results
with some numerics Patrascioiu and Seiler showed that in 2D the O(3) nonlinear o model must
possess a massless phase for suffciently large 3 and that the existence of such a phase transition
rules out rigorously the existence of asymptotic freedom in the massive continuum limit. They also
provided a heuristic explanation for the mechanism which triggers the transition form a massive
phase to a massless one: it is a change in the dominant confgurations from a gas of instantons
to a gas of super-instantons. The heuristic argument suggests the transition inverse temperature to
be B =~ 1, while the direct numerical identifcation yields  ~ 3.4, in excellent agreement. These
results were submitted for publication in Physical Review Letters [10] and will be described in
more detail below under Recent Results.

The £ndings described above suggest that the beliefs that led to the Standard Model of particle
physics may be wrong. Besides being of theoretical interest, these results have important experi-
mental consequences, especially for particle physics. For instance if the 4D lattice QCD undergoes
a decon£ning phase transition at zero temperature at nonzero lattice coupling, then, assuming the
transition is of second order so that a massive continuum limit exists, that continuum limit would
represent a QCD4 with a nontrivial £xed point. Consequently as one increased the energy Q,
the strong coupling as(Q) would not go to zero as predicted by asymptotic freedom, but to some
nonzero value. In February 1992, stimulated by a question raised by James Bjorken, Patrascioiu
and Seiler used the best lattice data available at the time to estimate at what energy might the ex-
istence of such a nontrivial £xed point become experimentally detectable. To their surprise, the
lattice numerics suggested 1 TeV or less. The implication was that already at LEP1, as(91) should
be slightly larger than the value obtained by extrapolating low energy determinations (deep inelas-
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tic) to the LEP1 energy via the perturbative formula. This prediction was published in February
1992 [11], before the £rst LEP1 results appeared in June 1992. In fact the measured value 0.124
was larger than the predicted value 0.113, but the difference was not considered statistically signif-
icant. Meanwhile, by changing the structure functions, the low energy prediction has been raised
and the community is satisEed that there is no discrepancy. In fact, as Bjorken emphasized, to test
perturbation theory, one needs two accurate values of R (hadronic over leptonic cross-sections)
because all other determinations of as(Q), such as event-shape, are in principle not calculable in
perturbation theory and therefore polluted by uncontrolable nonperturbative effects.

Based partly on numerics, so far the results of Patrascioiu and Seiler can be considered only
as indications that some fundamental ideas in particle physics, notably the validity of perturbation
theory at short distances, may be wrong. However given the implications for particle physics of
such a possibility, all efforts should be made to resolve this problem. A recent recognition of
this impass is the offer by the Clay Mathematics Institute, headed by Alain Connes, Arthur Jaffe,
Andrew Wiles and Edward Witten, of a prize of one million US dollars for a rigorous construction
of the Yang-Mills theory in 4D. The understanding of the true properties of the 2D nonlinear o
models and in particular the validity of the perturbative predictions would represent an important
step towards ellucidating the properties of the 4D Yang-Mills theories. The present research efforts
of Patrascioiu are directed towards answering these questions.

1. Conformal properties of the critical theory.

One question raised by the scenario proposed by Patrascioiu and Seiler has to do with the
conformal classi£cation of the proposed nonabelian critical theory. To understand this issue Pa-
trascioiu and Seiler went back to the original arguments associating a conformal quantum £eld
theory to a critical theory. In the process they discovered two gaps in the standard arguments. The
£rst gap has to do with the problem of ’local cohomology’: even though the divergence and curl of
the current exist, the current itself may fail to exist as a bona£de operator. In two papers [12],[13]
they provided a mathematically rigorous proof that in the 2D non-linear o models that cannot hap-
pen; they also gave a concrete example of a model where this pitfall does arise. The second gap
has to do with the possibility that in the continuum limit the current may become ultralocal. For
the O(2) model Patrascioiu and Seiler ruled out this possibility by careful numerical studies. In the
course of this investigation Patrascioiu and Seiler discovered a rigorous inequality which relates
the current two point function to the lattice inverse coupling (3. In particular it implies that if the
massive phase terminates at a £nite 3, then the massive continuum limit cannot be asymptotically
free. This is a very important result as it relates the existence of asymptotic freedom in the massive
continuum limit of the lattice model to the value of B¢t. Such a connection had never been made
before and some people even wondered if in fact there was any contradiction between the existence
of a massless phase in the O(N) N > 3 models and their being asymptotically free.

2. Is the 2D O(3) o model asymptotically free?

One of the arguments usually given in favor of the standard scenario is the S-matrix prediction
of Zamolodchikovs. That ansatz has been used by Hasenfratz, Maggiore and Niedermayer to pre-

19



dict the ratio Lambda/m and by Balog and Niedermaier to predict the continuum behavior of the
spin and current 2-point functions as functions of p/m. Patrascioiu and Seiler decided to investigate
numerically these predictions. They investigated the O(3) model on lattices ranging up to L=1200
and correlation lengths up to 167, their data representing the most accurate thermodynamic data
available at the time for the O(3) model. The data showed a A/m lower by about 15% than the
Hasenfratz et al prediction, however increasing steadily with the correlation length. Consequently
they are also consistent with the Patrascioiu-Seiler scenario of a transition to a massless phase at £-
nite B, which would require A/mto diverge. The data agreed very well with the Balog-Niedermaier
prediction for the spin and current 2-point functions, however they agreed as well with the same
quantities measured in another model Patrascioiu and Seiler studied, namely the dodecahedron
spin model. But in the latter the massive high temperature phase must terminate at £nite (3 and
hence the existence of asymptotic freedom seems unlikely. Therefore either the excellent numer-
ical agreement of the continuum limits of the dodecahedron and O(3) models was accidental, or
the O(3) model could not be asymptotically free. This very important observation was reported in
Physics Letters B [14].

3. Deviations between the form factor prediction and the lattice model.

The excellent agreement between the lattice O(3) data with both the form factor prediction and
the dodecahedron spin model made no sense, since, as indicated above, the latter did not seem very
likely to be asymptotically free. To resolve this apparent paradox, Patrascioiu and Seiler embarked
on a very ambitious program of accumulating Monte Carlo data for the spin and current two point
functions in both the O(3) and dodecahedron spin models. To have a better chance of getting close
to the continuum limit they investigated only the region p/m < 13 and studied thermodynamic
lattices (L/& ~ 14 for & up to =~ 65). They discovered small yet statistically signifcant deviations
between the continuum limit of the lattice O(3) model and the form factor prediction. No such
deviations were observed between the continuum limits of O(3) and the dodecahedron models.
These results, which at the time represented a benchmark in accuracy for the O(3) model, were
published in Physics Letters B [15].

4. Comparison of the form factor and lattice O(3) model.

Even though statistically signi£cant deviations in the current and spin two point functions
(function of p/m) were observed, the agreement of the lattice continuum limit and the form factor
prediction was impressively good. Thus a natural question to ask was whether this agreement was
accidental and whether would persist for other quantities. An excellent observable to study was
the renormalized coupling g;. This quantity vanishes in a free £eld theory (it was studied by Kim
and Patrascioiu [16] in their investigation of triviality of @* in 4D) and thus it should really test
whether the two approaches lead to the same S-matrix. Unfortunately there were no form factor
predictions for g,. Patrascioiu and Seiler convinced a few of their colleagues versed in the form
factor approach that this was an important question and a large collaboration was formed (J.Balog,
M.Niedermaier, F.Niedermayer, A.Patrascioiu, E.Seiler and P.Weisz). The collaboration decided
to computed g, analytically in the form factor approach, try to determine also its lattice continuum
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value and compare the two values. Both projects turned out to be quite complicated. In the analytic
computation not only was it hard to get some number, but since the result appeared as an in£nite
sum, enough terms had to be computed to determine if the sum appeared to converge and how fast.
On the other hand in the lattice model one had to be sure that both £nite cutoff and £nite volume
effects are under control. The £rst set of results were published in 1999 [17] and revealed a very
good agreement between the form factor value 6.770(17) and the lattice one 6.77(2).

5. Comparison of the form factor and lattice approach for other O(N) models.

Although the agreement found was excellent, the last lattice value at & ~ 122 was a bit high.
It was decided to reduce its error bar and also extend ¢ to approximately 167. Moreover to test
both the analytic techniques and the Monte Carlo programs, the collaboration decided to try to
extend this comparison to the Ising and O(2) models. The analytic computations for the Ising
model proved to be quite similar to those for O(3) and a very accurate value could be obtained
or = 14.6975(1). The value obtained by the collaboration via the Monte Carlo study was also very
accurate 14.69(2) and thus established the agreement of the two approaches beyond reasonable
doubt. The main reason this feat could be accomplished for the Ising model was that it turned out
that the cutoff effects were very small. On the contrary, refned data for the O(3) data showed
a value of g, at & ~ 167 defnitely above the original prediction of 6.77(2). That prediction was
obtained via an adhoc extrapolation to the continuum limit, namely a £t linear in 1 /¢ (the standard
Symanzik £t did not accomodate the data). The trouble was that that £t worked quite well for
& < 65 while the values at & = 122 and 167 were clearly above and suggesting a much larger
continuum value. By analogy with the O(2) model a £t involving log(§) was tried, it worked well
but it failed to predict a sharp continuum value for g,. Thus it was no longer clear that in the O(3)
model the form factor value of g, agreed with the continuum value of the lattice model. Those
results, as well as preliminary form factor and lattice values for g; in the O(2) model were reported
in Nuclear Physics B [18].

6. Nonabelian symmetry enhancement.

In an attempt to see again if some observable could be found where the apparent small differ-
ences between the form factor and lattice approach could be amplifed Patrascioiu investigated the
renormalized spin two point function as a function of the physical distance. Given the difEculty
in £tting the lattice artefacts in g, mentioned above, no attempt was made to extrapolate to the
continuum limit via some £t. Instead very accurate (less that 0.3%) were produced for 6 values
of & ranging from 11 to 167. The data suggested that for physical distances larger than 0.04 the
continuum limit had been reached. It differed by about 2% from the 3 loop prediction with A/m
£xed at the Hasenfratz-Maggiore-Niedermayer value and the overall normalization given by the
Balog-Nidermaier form factor prediction. According to Balog and Niedermaier asymptotic scal-
ing should not set in until p/m = 10000, hence from their point of view this discrepancy is not
signi£cant. What should be signi£cant though is the comparison of these O(3) data with the same
quantity measured in the dodecahedron model. While at correlation length the renormalized spin 2
point function differs considerably (even in the sign of the lattice artefacts), by the time & reaches
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~ 121 the two sets of data agree within the estimated errors. It thus appears rather certain that
the two models have the same continuum limit and that anonabelian discrete symmetry can be en-
hanced to a continuous one. While the enhancement of a discrete symmetry to a continuous one in
abelian models (Z(N) to O(2)) has been known to occur for a long time, that something analogous
can occur in nonabelian cases is a novel £nding. This result, which casts additional doubt on the
existence of asymptotic freedom in the O(3) model, has been submitted for publication in Physical
Review Letters [19].

7. Absence of asymptotic freedom in the discrete nonabelian models.

The discrete nonabelian models undergo a freezing transition at nonzero temperature and hence
should not be asymptotically free. Yet one would like to know for certain whether that is true or not.
In the dodecahedron model that is hard to answer because the transition from the high temperature
massive phase to the low temperature phase with long range order is not sharp - most likely an
intermediate massless phase exists, as speculated long ago by Patrascioiu, Richard and Seiler [20].
The icosahedron model does not seem to possess such an extended massless phase and the phase
transition from high to low temperature appears to be as sharp as in the Ising model. Patrascioiu
and Seiler discovered this fact many years ago while numerically studying all regular polyhedra,
but now, prompted by the question regarding existence of asymptotic freedom in such models,
they returned to a detailed investigation of the icosahedron model. Firstly they verifed that its
renormalized spin two point function agrees with that of O(3) and the agreement at § ~ 122 is as
good as that for the dodecahedron model. Secondly they determined the critical 3 by monitoring
the apparent correlation length &(L) versus the size of the lattice L. That resulted in a very sharp
determination of B¢t =~ 1.8094. At the B¢t SO determined they measured the Luescher-Weisz-Wolff
coupling constant, which, in an asymptotically free theory, should vanish as the physical distance
goes to 0. Clearly data taken right at B¢t correspond to O physical distance, hence if the continuum
limit were asymptotically free, the Luescher-Weisz-Wolff coupling should vanish. The data show
excellent scaling (indicating that the system is indeed critical), but that the continuum value of the
coupling constant is nonzero. Thus, if both the dodecahedron and icosahedron models have the
same continuum limit as the lattice O(3) model, then the latter is clearly not asymptotically free.
These result will be submitted for publication in Physical Review E [21].

8. Absence of asymptotic freedom in the 2D O(3) o model.

As already indicated above, in the spring of 2000 Patrascioiu and Seiler combined rigorous
mathematical results with some numerics to give conclusive proof that the 2D nonlinear o model
must possess a massless phase and that the existence of such a phase rules out the presence of
asymptotic freedom in the massive continuum limit. The existence of a massless phase was demon-
strated in the so called “‘constrained” model: the ordinary nearest neighbour interaction is modi£ed
so that for any two neighbouring spins at sites i and j, s(i) - s(j) < ¢ for some c in [-1,1). The
advantage of working with this model is that one can show rigorously that for any 3, if at some
¢ clusters of the set defned by the condition s; > /(1 —c?)/2 have divergent mean size then the
model must be massless. The Monte Carlo data produced by Patrascioiu and Seiler established
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that fact beyond reasonable doubt since already at 3 = ¢ = 0 (correlation length ~ 52) clusters of
the polar cap defned by s, > 0.95 showed a mean size growing with the lattice size as L2~ for
n = 0.3 (for L between 20 and 1280); moreover at £xed L the mean size of these clusters increased
with c. While these studies could not determine precisely the value of ¢ it placed it between 0.5
and 0.7. The next step taken by Patrascioiu and Seiler was to verify that the continuum limit of
this constrained model was the same as that of the standard action one. This was done by trying to
match the L dependence of some continuum quantities in the two models (Luescher-Weisz-Wolff
and renormalized coupling). It appears that the constrained model at 3 = 0 and ¢ = 0.61 corre-
sponds roughly to the standard model at 3 = 3.4, and this is the estimate of B¢ for the standard
action O(3) model. As indicated in point (1) above, the rigorous inequality previously derived
by Patrascioiu and Seiler rules out asymptotic freedom in the massive continuum limit if B¢y is
£nite. Moreover the value 3.4 of B¢ also rules out the equivalence of the lattice continuum limit
with the form factor approach (the latter requiring Bert > 5.5). These results were submitted for
publication in Physical Review Letters in ref.10. In that paper Patrascioiu and Seiler provided a
heuristic explanation of the mechanism underlying this transition: a transition from an instanton
to a superinstanton gas. Namely as they showed in their 1995 paper [8], the energy of a superin-
stanton vanishes as 1/log(L), while that of an instanton is a constant (411). By choosing L to be the
scale over which O(3) symmetry gets restored, one £nds that for 3 > 1T superinstantons become
dominant. Via the percolation argument, it is clear that a gas of superinstantons is massless, hence
the change from a massive to a massless behavior.

9. Lattice artefacts and the running of the coupling constant.

A procedure to determine the nonperturbative running of the coupling constant was proposed
by Luscher, Weisz and Wolff in 1991. Their main idea was to use £nite size scaling to obtain
informaation about the running of the coupling constant at smaller distances, not accessible by di-
rect Monte Carlo measurements. They tried this procedure in the 2D O(3) nonlinear o model and
claimed to have established the true running at physical distances as small as 0.0330(4). This feat
was achieved by determining the step scaling function, the function describing how the coupling
constant changes upon doubling the (linear) size of the lattice. To obtain this curve they inves-
tigated lattices of size L in the range 4 < L < 16. Since what is really needed is the continuum
value of the step scaling function, they extrapolated their values to the continuum limit using a
Symanzik type of ansatz (quadratic polynomial in é). In this manner they showed that indeed
at small distances the running agreed with the perturbative prediction. Intrigued by the apparent
conaict between this £nding and the result mentioned in (7) above, indicating that the coupling
constant did not go to zero at vanishing physical distance, Patrascioiu and Seiler decided to repeat
the LUscher, Weisz and Wolff study but on larger lattices. They investigated 20 < L < 160 and
found that the data did not corroborate the prediction made by Luscher, Weisz and Wolff for the
continuum value of the step scaling function. The data revealed a very complex (nonmonotonic)
pattern for the cutoff effects, clearly violating the Symanzik ansatz. That is not really surprising
because the Symanzik ansatz is inspired by perturbation theory and if in fact in the O(3) model
Bert < oo perturbation theory should not be relevant for the critical behaviour of the model. The MC
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data produced by Patrascioiu and Seiler suggest a running slower than predicted by perturbation
theory. This is an important £nding since the L uscher, Weisz and Wolff method has been applied
also to QCD4, again taking data on small lattices and using a Symanzik ansatz to extrapolate to
the continuum limit. There is good reason to expect that by going to larger lattices one may £nd a
different running of as(Q). The results for the O(3) model have been submitted for publication in
Physical Review D [22].

10. Percolation and the existence of a soft phase in the classical Heisenberg model.

As already described in point (8) above, the combination of rigorous results with some unim-
peachable numerics provided a very strong case that the standard lore about asymptotic freedom in
nonabelian models must be wrong. Given the consequences of such a £nding, the paper reporting
it was submitted for publication to Physical Review Letters [10]. In a typical display of unscien-
ti£c behaviour, in spite of the fact that neither the referees nor anybody else could raise legitimate
technical objections, the paper was temporarily rejected as being “too technical”. A longer and
more detailed presentation of the results was written and submitted for publication in Journal of
Statistical Physics [23]. The agreement with the editor of Physical Review Letters is that once this
technical paper is published, they will publish our letter.

11. Does the XY model have an integrable continuum limit?

The comparison of the form factor prediction with the continuum limit of the lattice models
was extended to the O(2) model by continuuing the collaboration with J.Balog, M.Niedermaier,
F.Niedermayer, E.Seiler and P.Weisz. The O(2) model is believed to be related to the Sine-Gordon
model, which is integrable. By using the S-matrix of the latter model, the collaboration used the
form factor approach to predict the value of several observables, namely the renomalized 4-point
coupling at zero momentum, the renormalized spin and current 2-point functions at physical mo-
menta p/m less than 50. The limitation in the range of the momentum comes from the fact that
so far only the 1-3 and 2-4 form factors have been computed and the experience gained with O(3)
indicates that such an approximation can be valid only for sufEciently small p/m. The project was
very diffcult because it also involved extensive numerics. Namely to control the continuum, ther-
modynamic limit, which is what the form factor predicts, one must control both £nite size effects
and lattice artefcats. There exist no rigorous results regarding these issues, so the collaboration
resorted to the accepted wisdom. For the £nite size effects, that came mostly from the 1/N expan-
sion and for the lattice artefacts from the Kosterlitz prediction and its recent reinterpretation by
Balog [24]. In confronting our Monte Carlo data with these theoretical expectations, we did not
encounter a resounding success. For instance either because very accurate, our data were not ac-
curate enough, or because the basic ansatz was wrong or because we were too far from the critical
point (although our largest correlation length was 418) we could not really verify Balog’s ansatz
for the lattice artefacts. Modulo these uncertainties, we found general agreement between the form
factor and the lattice continuum limit. These results were submitted for publication in Nuclear
Physics B [25].
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12. Testing asymptotic scaling and nonabelian symmetry enhancement.

A recent paper by Caracciolo et al [26] makes an interesting observation: if the standard per-
turbation scheme is correct, then the discrete nonabelian symmetry enhancement observed by Pa-
trascioiu [19], by Patrascioiu and Seiler [21] and by Hasenfratz and Niedermayer [27] must be a
temporary phenomenon and beyond correlation length ~ 200 the agreement should start deterio-
rating. The autors reach this conclusion by pointing out that in perturbation theory, adding to the
action an operator enjoying only a discrete symmetry constitutes a relevant perturbation. Hence
either the stndard scenario regarding AF is incorrect and then a discrete nonabelian symmetry can
be enhanced, or else there is no such enhancement. Patrascioiu and Seiler investigated this is-
sue by studying the scaling curve of the correlation length itself in the O(3) and icosaheron spin
model. The £rst interesting thing they discovered was thati if one went to lattice sizes L as large
as 640 in O(3) the lattice artefacts were larger than originally reported [28] and did not obey the
Symanzik ansatz. In fact they seem to obey the same law suggested by the investigation of the
LUscher-Weisz-Wolff coupling constant [22], that is a m. The data suggested a continuum
value of the scaling curve about 3Caracciolo et al [28]. In 1995, using this scaling curve, the latter
claimed that one observed asymptotic scaling at correlation lengths of about 10°. The new results
of Patrascioiu and Seiler suggest that the correlation length is much larger than what AF predicts.
In the regime investigated 20 > L < 640, the data show an ever increasing agreement between the
icosahedron and the O(3) models and are consistent with the same continuum value for the two
models. These important £ndings will be submitted for publication in Physical Review Letters
[29].
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1 1II. 3. Phenomenology of Strong and Weak Interac-
tions at High Energies

The Phenomenology Group at the University of Arizona funded by the DOE grant DE-
FG02-95ER40906 during the period of 1996-2004 consisted of Prof. Ina Sarcevic, postdoc-
toral fellows Hung-Jung Lu, Greg Mahlon (now faculty at Penn State) and Irina Mocioiu
(now postdoc at Argonne/U of Chicago and faculty at Penn State), graduate students Pe-
ter Valerio (now faculty at Ravenscroft School), Sharada Iyer Dutta (now Research As-
sistant Professor at SUNY, Stony Brook) and Jeremy Jones, and undergraduate student
Jeff Reifenberger (NASA/U of A Fellow, now graduate student at University of Illinois at
Urbana-Champaign). In addition, the grant supported long-term visits of Prof. Sarcevic’s
former postdoc, Dr. Raj Gandhi (now permanent staff member at Harish-Chandra Research
Institute). The projects over this eight year period ranged from ultrahigh neutrino interac-
tions, neutrino oscillations in theories with large extra dimensions, black hole production at
the LHC, ultrahigh energy tau neutrinos and their propagation, charm contribution to the
“prompt” atmospheric muon and neutrino fluxes, propagation and energy loss of supersym-
metric charged slepton produced in neutrino interactions as it traverses the Earth and ice, in
the low-scale supersymmetric models, electroweak instanton-induced neutrino interactions,
and interactions of relic supernova neutrinos with background neutrinos via new resonance
interactions, as predicted in the low-scale models for neutrino masses.
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PHENOMENOLOGY AT HIGH ENERGIES

Ina Sarcevic

Ultrahigh-Energy Neutrino Interactions
(with R. Gandhi, C. Quigg and M.H. Reno), Astropart. Phys. 5, 81 (1996);
Nucl. Phys. B78, 475 (1996)

The Active Galactic Nuclei (AGN) are potentially the most powerful sources of high-
energy neutrinos. With typical luminosities in the range 10%2 to 10*® erg/s, AGNs are believed
to be the most powerful individual sources of radiation in the Universe. These extragalactic
point sources are also considered as prodigious particle accelerators presumably powered
by the gravitational energy of matter spiraling in to a supermassive black hole, though the
mechanism responsible for the conversion of gravitational energy to luminous energy is not
presently understood. Recent detection of energetic photons (E, ~ 100 MeV) from about
40 AGNs by the EGRET collaboration [2] and of TeV photons from Mkn 421, Mkn 501 [3]
and most recently from 1ES2344+4514 by the Whipple collaboration [4] have created new
excitement in the field of high-energy gamma-ray physics. If the observed photons are decay
products of 7% produced in hadronic interactions in the disk surrounding the AGN, then
AGNs are also powerful sources of ultrahigh-energy (UHE) neutrinos [2]. Unlike photons,
which are absorbed by a few hundred gm/cm? of material, TeV neutrinos have interaction
lengths on the order of 250 kt/cm? and thus can provide a direct window to the most energetic
processes in the universe.

The advantage of the long interaction length translates to a challenge in the detection
of neutrinos. Interaction rates increase with energy, but the fluxes of UHE neutrinos are
steeply falling functions of neutrino energy. Cerenkov detection of muons from interactions
of muon neutrinos in the rock or ice surrounding the detector is feasible[3]. More difficult
is the detection of charged-current interactions of electron neutrinos. Large-area air shower
arrays or large volume underground detectors may be adequate for the detection of electron
neutrinos, especially near the W-boson resonance in v.e collisions. Theoretical calculations
of the neutrino-nucleon and neutrino-electron cross sections are instrumental in evaluating
event rates for neutrino telescopes.

Recently we have completed calculation of charged current and neutral current cross
sections for energies up to 102! eV [4] obtained using new parton distributions measured
in ep collisions at HERA [5]. Detection of UHE neutrinos depends on these cross sections
and on the neutrino fluxes from UHE neutrino sources. We have compared event rates for
muon neutrino conversions to muons with earlier results based on older parton distribution
functions [8]. We have also obtained results for contained events with higher threshold
energies.

A variety of sources may contribute to the neutrino flux at the surface of the Earth. Three
types of sources are discussed here: atmospheric neutrinos from cosmic-ray interactions in the
atmosphere, neutrinos from active galactic nuclei, and cosmic neutrinos from extragalactic
cosmic ray interactions with the microwave background radiation. Model predictions for
neutrino fluxes from these three types of sources are shown in Figure 1 [4]. Atmospheric
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neutrinos[15] (ATM), while interesting in their own right, mask extraterrestrial sources for
E, <1 TeV. Consequently, we restrict our discussion to neutrino energies above 1 TeV.

The TeV photons observed by Whipple collaboration[3] may be byproducts of hadronic
cascades initiated by the protons generated within the AGN accretion disk of gas, or in the
jets, which interact with matter or radiation in the AGN disk, to produce pions whose decay
products include both photons and neutrinos. The structure of the corresponding hadronic
cascade is:

pp -1+ X
DY -7+ X
np -1+ X
0 — v+
t — Uyt U

B =V, + Ve te

If charged and neutral pions are produced in equal proportions and photons originate in
hadronic cascades, simple counting leads to equal fluxes of photons and v, + 7,. The flux
of v + U, equals half of the flux of v, 4+ ©,. The observed photon energy spectrum is a

power-law with|[3]

% ~ F2

dE, K
for 100 MeV < E, <2 TeV, and the same for neutrinos. We have chosen three representative
fluxes of neutrinos from AGN, each corresponding to the diffuse flux integrated over all AGNs.
These fluxes are shown in Figure 1 [4]. The Nellen, Mannheim and Biermann flux[10] (AGN-
NMB), which comes from assuming that pp collisions are the dominant neutrino source, is

parameterized by:

dNVu‘*‘D/L

B 1.13 x 107*(E,/TeV) %cm s st 'GeV ™!

with the v, + 7. spectrum assumed to be 1/2 of v, + 7,,. The neutrino luminosity of a source
is normalized to the observed diffuse x-rays and v-rays. The NMB parameterization is valid
for F, < 4 x 10* GeV. In our calculations described in the next section, we have used this
parameterization up to E, = 108 GeV. A somewhat different assumption of the luminosity
is used by Szabo and Protheroe[11] (AGN-SP) in their extended model of neutrino sources,
yielding a higher normalization of dN/dE, at 1 TeV. Above E, > 10° GeV, the AGN-SP
follows a steeper power law,
dN/dE, ~ E~%°

which accounts for the lack of protons at even higher energies required to produce neutrinos.
The Stecker and Salamon flux[8] (AGN-SS) contains contributions from both pp and py
interactions in the accretion disk and has a nearly constant value of dN/dE, up to E, ~ 10°
GeV.

Two models of neutrino fluxes from cosmic ray interactions with the microwave background[13]
are labeled CR-2 and CR~4 in Figure 1 in Ref. 6. The fluxes depend on the redshift of the
cosmic ray sources. Maximum redshifts contributing are z,,,, = 2 and 2,4, = 4, respectively.
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The electron neutrino plus antineutrino fluxes, to a good approximation, are equal to
half of the muon neutrino fluxes.

a) Detection of UHE neutrinos

The primary means of detection of muon neutrinos and antineutrinos is by charged-
current conversion into muons and antimuons. The long range of the muon means that the
effective volume of an underground detector can be significantly larger than the instrumented
volume. For example, a 10 TeV muon produced by a charged-current interaction in rock will
propagate several kilometers in water-equivalent distance units before its energy is degraded
to 1 TeV.

Backgrounds to AGN sources of v, + 7, include atmospheric neutrinos and atmospheric
muons. Muons produced by cosmic ray interactions in the atmosphere mask astrophysical
signals unless detectors are very deep underground, muon energy thresholds are set very
high, or one observes upward-going muons. We evaluate here event rates for upward-going
muons produced in the rock surrounding the detector, for muon energy thresholds above 1
TeV and 10 TeV.

The neutrino-nucleon cross section comes into the calculation of the event rate in two
ways. The probability of conversion v, — p is proportional to the v /N charged current cross
section. In addition, the neutrino flux is attenuated by passage through the Earth. In the
next section we describe our calculation of the neutrino-isoscalar nucleon (vN) cross section.
The vN charged-current reaction is the dominant source of neutrino interactions except in
a very narrow energy window at the W-boson resonance.

b) Small-z Parton Distribution Functions and o(vN)
The inclusive cross section for v, + N — pu~ 4+ X is given by

2o 2GLME, M},

dxdy - T (Q2 + Mgv)z [33(](55, QQ) + $(1 — y)26j(x, QQ)L (1)

where z = Q*/2Mv, y = v/E,, with —Q? the momentum transfer between the neutrino and
muon, and v the lepton energy loss in the lab frame, v = E, — E,. M is the mass of the
nucleon and My is the mass of the W-boson, while the Fermi constant is Gp = 1.16 x 107
GeV~2. Taking the target as isoscalar nucleons, in terms of the parton distribution functions

for the proton,
Uy +dy U+ ds

Q(maQQ) - 9 + 9 + S +bs (2)
_ us + ds
q(z, Q%) = ottt (3)

where we have written explicitly valence (v) and sea (s) distributions.

The general form of the cross section shows that at low energies, where the four-Fermi
approximation is valid, o ~ E. At higher energies, the W-boson propagator plays an im-
portant role. The value of (Q?) saturates at ~ M3, and x ~ M3, /(2ME,y) decreases.
For neutrino energies above 10° GeV, the small-z (z < 3 x 1072) behavior of the parton
distribution functions becomes important for the evaluation of the cross section.
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Neutrino charged-current interactions have been measured directly in laboratory exper-
iments for neutrino energies up to £, = 300 GeV[16]. Charged-current ep scattering at
HERA, equivalent to E, = 47.4 TeV, can be translated to a value of o(vN)[17]. Recent
ZEUS and H1 measurements at HERA[5] of F3¥ at small-z (107! < 2z < 1072) and for a
large range of @2, 4 GeV? < Q? < 1600 GeV? have provided valuable information about
parton densities at small-z and low-Q?. To evaluate the neutrino-nucleon cross section at
ultrahigh energies, extrapolations beyond the measured regime in x and Q? are required.

There are two main theoretical approaches in the evolution in Q2 of parton densities:
Gribov-Lipatov-Altarelli-Parisi[8] (GLAP) evolution and Balitskii-Fadin-Kuraev-Lipatov|9]
(BFKL) evolution. In the GLAP approach, parton distribution functions are extracted at
modest values of Q? and evolved to higher scales. The BFKL approach involves a leading
a5 In(1/z) resummation of soft gluon emissions, which generates a singular behavior in z at
an initial scale (),

wqs(w, Q) ~ 7% (4)

for small x, which persists at higher values of (). In our extrapolation of the parton distribu-
tion functions outside the measured region, we use GLAP evolution with input at Qo = 1.6

GeV,
zqs(z, QS) ~ (5)

The value of X is determined by fits to deep-inelastic scattering and hadron-hadron data by
the MRS[10] and CTEQ[11] Collaborations. The MRS set A’ has A = 0.17, the MRS set
G has A = 0.07 while the MRS set D_has A = 0.5. All of the MRS distribution function
are fitted using the MS factorization scheme. The CTEQ-DIS, using the deep-inelastic
scattering factorization scheme, has A = 0.33. These distribution functions are extrapolated
using the power law fit to the distribution functions at x = 107° and Q = My,. We have also
extrapolated the leading-order CTEQ distributions using the double-log approximation[12].
For reference, the Eichten et al.[23] parton distribution functions, extrapolated using the
double-log approximation, are also shown. The spread in values for the parton distribution
functions is an indication of the uncertainty in evaluating the v/N cross section.

For each of these sets of distribution functions, we have evaluated the neutrino-nucleon
cross section. Figure 3 in Ref. 6 illustrates the range of predictions as a function of neu-
trino energy. Also shown is the average of H1 and ZEUS effective neutrino nucleon cross
sections[17]. There is excellent agreement among the predictions of the MRS D_, G, and A’
distributions and the CTEQ3 distributions up to E, ~ 107 GeV. Above that energy, our DLA
modification of the CTEQ3 distributions gives a lower cross section than the full CTEQS3
distributions (CTEQ-DIS), as expected from its less singular behavior as z — 0. At the
highest energy displayed, the most singular (MRS D_) distribution predicts a significantly
higher cross section than the others. Above about 10° GeV, the EHLQ-DLA distributions
yield noticeably smaller cross sections than the modern distributions. Plots similar to Figure
3 in Ref. 6 for antineutrino-nucleon charged current interactions, as well as neutral current
interactions, can be found in Ref. 6. For charged current and neutral current interactions,
for 10% eV < E, < 10%' eV, the cross sections follow a simple power law, for example

E >0.402

_ -36,, 2
occ(VN) =2.69 x 107°cm (1 GV
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Table 1: Number of upward p + i per year per steradian for A = 0.1 km? and E*™ = 1
TeV.

Fluxes EHLQ-DLA | CTEQ-DIS
AGN-SS [8] 82 92
AGN-NMB [10] 100 111
AGN-SP [11] 2660 2960
ATM [15] 126 141

c) New Prediction for the Neutrino Telescope Event Rates

In order to calculate the number of upward-moving muons that can be detected with
neutrino detectors such as AMANDA, BAIKAL, DUMAND II and NESTOR [3], we fold
in the neutrino flux and its attenuation in the Earth with the probability that a neutrino
passing on a detector trajectory creates a muon in the rock that traverses the detector.

The attenuation of neutrinos in the Earth is described by a shadow factor S(E, ), equiv-
alent to the effective solid angle for upward muons, normalized to 2m:

dS(E,) 1

o =5 exp(—2(0) Naoun(Ey)), (6)
where Ny = 6.022 x 10%* mol™' = 6.022 x 10?* cm™3 (water equivalent) is Avogadro’s
number, and z(#) is the column depth of the earth, in water-equivalent units, which depends
on zenith angle [13]. The probability that the neutrino with energy F, converts to a muon
is proportional to the cross section and depends on the threshold energy for the muon E}fi“:

Pu(Ey, B™) = occ(B)Na(R(E,, EJ™)), (7)

where the average muon range in rock is (R) [14]. A more detailed discussion appears in
Ref. 6.

The diffuse flux of AGN neutrinos, summed over all AGN sources, is isotropic, so the
event rate is

dN,

Rate = A / 4B, Fu(By, BY™)S(B,) - (8)

given a neutrino spectrum dN, /dE, and detector area A. As the cross section increases, P,
increases, but the effective solid angle decreases.

Event rates for upward muons and antimuons for a detector with A = 0.1 km? for
E;fi“ =1TeV and E;“in = 10 TeV are shown in Tables 1 and 2. The CTEQ-DIS distribution
functions are taken as representative of the modern parton distribution function sets, and
compared with the EHLQ-DLA event rate predictions. The muon range is that of Ref. 26.

The theoretical predictions for ultrahigh-energy neutrinos from AGNs yield event rates
comparable to, or in excess of, the background rate of atmospheric neutrinos for Egﬁn =
1 TeV. The AGN-SP rate is large compared to the AGN-NMB rate because additional
mechanisms are included. Flux limits from the Fréjus experiment are inconsistent with
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Table 2: As in Table 1, but for E:fin =10 TeV.

Fluxes EHLQ-DLA | CTEQ-DIS
AGN-SS [§] 46 51
AGN-NMB [10] 31 34
AGN-SP [11] 760 843
ATM [15] 3 3

the SP flux for 1 TeV< E, < 10 TeV [15]. The atmospheric neutrino background is greatly
reduced by requiring a 10 TeV muon threshold, though AGN induced event rates are reduced
as well. The flatter neutrino spectra have larger contributions to the event rate for muon
energies away from the threshold muon energy than the steep atmospheric flux.

We have evaluated the event rates using the other parton distribution functions shown in
Figure 2. Event rate predictions are unchanged with the other modern parton distributions
because all these distributions are in agreement in the energy range F, ~ 1 —100 TeV. How-
ever, our results for event rates are about 15% larger than for the EHLQ structure functions.
This is due to the fact that EHLQ parton distributions were based on the CERN-Dortmund-
Heidelberg-Saclay measurements of neutrino-nucleon structure functions [16] which had low
normalization of about 15%.

d) W-resonance and PeV Neutrino Detectors

Finally we consider event rates from electron neutrino and antineutrino interactions. For
veN (and 7.N) interactions, the cross sections are identical to the muon neutrino (antineu-
trino) nucleon cross sections. Because of the rapid energy loss or annihilation of electrons
and positrons, it is generally true that only contained-vertex events can be observed. Since
electron neutrino fluxes are small, an extremely large effective volume is needed to get
measurable event rates. There is one exceptional case: resonant formation of W~ in r.e
interactions at £, = 6.3 PeV. The resonant cross section is larger than the v/N cross section
at any energy up to 10*! eV. In Fig. 4 we present neutrino-electron cross sections.

We note that, at the resonance energy, upward-moving electron antineutrinos do not
survive passage through the Earth. However, the contained events have better prospects for
detection. The contained event rate for resonant W production is

dNy
<. 9
dEy, )

1
Rate — %VeﬁNA / dE,, 0y.o(Ey,)S(Ey.)

We show event rates for resonant W-boson production in Table 3. The background is for
events with F, > 3 PeV.

;From Table 3 we note that a 1 km?® detector with energy threshold in the PeV range
would be suitable for detecting resonant v.e — W events. However, the v, N background
may be difficult to overcome. By placing the detector a few km underground, one can reduce
atmospheric-muon background, which is 5 events per year per steradian at the surface of the
Earth for £, > 3 PeV.
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Table 3: Downward resonance v.e — W™ events per year per steradian for a detector with
effective volume Vg = 1 km?® together with the potential downward (upward) background
from v, and 7, interactions above 3 PeV.

Mode AGN-SS [8] | AGN-SP [11]
W — v, 6 3

W — hadrons 41 19

(v, 7,)N CC 33 (7) 19 (4)
(v, 7, )N NC 13 (3) 7(1)

We find that detectors such as DUMAND II, AMANDA, BAIKAL and NESTOR have
a very good chance of being able to test different models for neutrino production in the
AGNs [1]. For EX™ = 1 TeV, we find that the range of theoretical fluxes leads to event
rates of 900-29,600 upward-moving muons/yr/km?/sr originating from the diffuse AGN neu-
trinos, with the atmospheric background of 1400 events/yr /km?/sr. For Ef™ = 10 TeV,
signal to background ratio becomes even better, with signals being on the order of 500-8,400
events/yr/km?/sr, a factor ~20-300 higher than the background rate. For neutrino energies
above 3 PeV there is significant contribution to the muon rate due to the 7, interaction with
electrons, due to the W-resonance contribution. We find that acoustic detectors with 3 PeV
threshold and with effective volume of 0.2 km?, such as DUMAND, would detect 48 hadronic
cascades per year from W — hadrons, 7 events from W — uv, and 36 events from v, and
v, interactions with virtually no background from ATM neutrinos.
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e) Neutrinos from Topological Defects

A variety of topological defects, including monopoles, cosmic strings, domain walls, and
superconducting cosmic strings, might have been formed in symmetry-breaking phase tran-
sitions in the early Universe. When topological defects are destroyed by collapse or anni-
hilation, the energy stored in them is released in the form of massive quanta denoted X of
the fields that generated the defects. The X particles can then decay into quarks, gluons,
leptons, and such, that eventually materialize into energetic neutrinos and other particles.
Topological defects formed in phase transitions around the unification scale could therefore
constitute a “nonacceleration” source of ultrahigh-energy neutrinos.

Topological defects are a more speculative source of the highest-energy neutrinos than the
interaction of cosmic rays with the cosmic microwave background, but they might produce
much higher fluxes. Some examples of these fluxes have been given by Bhattacharjee, Hill,
and Schramm [1]. Dimensional arguments yield a master equation for the rate of release of
X particles through the collapse of topological structures in terms of the mass scale My and
the Hubble time ¢,

dNx (t)

. KMt 4P, (10)

where the dimensionless constants x and p depend on the characteristics of the topological
defect. For example, p = 1 corresponds to the collapse of cosmic string loops or to the
collapse of monopole-antimonopole bound states, while p = 1 is appropriate to a process
involving saturated superconducting cosmic string loops.

Using their model assumptions, Bhattacharjee, et al. have produced example neutrino
spectra for p = 1.5, 1.0, 0.5, and 0. The largest flux, corresponding to p = 1.5, is in conflict
with the Frejus limit [2] at energies around a few TeV. The next largest case, for p = 1.0,
lies comfortably below the Frejus bound, but is considerably larger than the CR-2 and CR-
4 fluxes calculated by Yoshida and Teshimal[3]. We take this flux as a plausible example
to consider the sensitivity of a km? detector to the fossil neutrinos from the collapse of
topological defects.

The BHS,—10 flux emerges from the AGN fluxes shown in Figure 18 of GQRS [4] at
about 107 GeV. In the regime 10" GeV < E, < 10" GeV, we can parametrize the BHS,_1 o
flux as

dNVer;y‘
dEv

E,
1 GeV

—1.554
=484 x 107" ( ) cm ?s tsrtGeV ! (11)
We show in Table 1 the rates for charged-current events with vertices contained in a
detector with an effective volume of 1 km?, for muon energy thresholds of EL”Z” = 107 and
108 GeV. As a practical matter, we have taken the upper limit of the neutrino energy to be
Ema = 10" GeV. Upward rates for uncontained events are smaller by a factor of three or
four. Both upward and downward rates are about two and a half orders of magnitude larger
than the corresponding CR-4 rates in Table 6 of GQRS.
For our nominal set (CTEQ-DIS) of parton distributions, the BHS,_; ¢ flus leads to 10
events per steradian per year with E,,, > 107 GeV, equally divided between p* and p~. This
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is an attractive target for a 1km? detector, and raises the possibility that even a 0.1 — km?
detector could see hints of the collapse of topological defects.

Table 1: Downward put 4 = event rates per steradian per year arising from v, N and
v, N interactions that occur within a detector with effective volume V,;; = 1 km?, for the
BH S, o neutrino flux.

Parton Distributions Emn

107 GeVH 10% GeV
CTEQ-DIS 10 6
CTEQ-DLA 8 4
MRS D_ 12 8
EHLQ-DLA 6 3
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Neutrino Interactions and Detection of Extragalactic Neutrinos
(R. Gandhi, C. Quigg, M.H. Reno and I. Sarcevic, Phys. Rev. D58 (1998) 093009

Neutrino flux at the surface of the Earth has contributions from the atmospheric neutri-
nos from cosmic-ray interactions in the atmosphere, neutrinos from Active Galactic Nuclei,
cosmic neutrinos from extragalactic cosmic ray interactions with the microwave background
radiation, neutrinos from the topological defects formed in the early Universe, neutrinos
from gamma-ray bursts and cosmological neutrinos from cosmic ray interactions with the
microwave background. The “conventional” atmospheric neutrino flux comes from the decay
of charged pions and kaons produced by cosmic ray interactions in the atmosphere. The at-
mospheric neutrino flux is large at £, = 1 TeV, but the spectrum falls rapidly as a function
of energy. An additional “prompt” contribution to the atmospheric flux arises from charm
production and decay. Atmospheric neutrinos and muons constitute a background to the
detection of extraterrestrial neutrino sources, such as Active Galactic Nuclei, topological
defects formed in the Early Universe and Gamma-Ray Bursts.

The Active Galactic Nuclei (AGN) might be the most powerful sources of high-energy
neutrinos. With typical luminosities in the range 10%2 to 10%8 erg/s, AGNs are believed to be
the most powerful individual sources of radiation in the Universe. If the observed photons
are decay products of 7% produced in hadronic interactions in the disk surrounding the
AGN;, then AGNs are also powerful sources of ultrahigh-energy (UHE) neutrinos [2]. Unlike
photons, which are absorbed by a few hundred gm/cm? of material, TeV neutrinos have
interaction lengths on the order of 250 kt/cm? and thus can provide a direct window to the
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most energetic processes in the universe.

The advantage of the long interaction length translates to a challenge in the detection
of neutrinos. Interaction rates increase with energy, but the fluxes of UHE neutrinos are
steeply falling functions of neutrino energy. Cerenkov detection of muons from interactions
of muon neutrinos in the rock or ice surrounding the detector is feasible[3]. More difficult
is the detection of charged-current interactions of electron neutrinos. Large-area air shower
arrays or large volume underground detectors may be adequate for the detection of electron
neutrinos, especially near the W-boson resonance in v.e collisions. Theoretical calculations
of the neutrino-nucleon and neutrino-electron cross sections are instrumental in evaluating
event rates for neutrino telescopes. At very high energies, these cross sections are strongly
dependent on the behavior of the parton distribution at small x and large Q* (Q* ~ M3,).

Recently we have completed calculation of charged-current and neutral-current cross
sections for energies up to 10?! eV [4] obtained using new parton distributions measured in
ep collisions at HERA in the wide kinematic range from 107° < 2 < 0.1 and 0.05 GeV? <
Q? < 100 GeV? [5] and with the assumption that the evolution to higher values of Q? can
be obtained using Altarelli-Parisi evolution equations. Detection of UHE neutrinos depends
on these cross sections and on the neutrino fluxes from UHE neutrino sources.

We have considered several model predictions for neutrino fluxes from atmospheric neu-
trinos from cosmic-ray interactions in the atmosphere, neutrinos from active galactic nuclei,
and cosmic neutrinos from extragalactic cosmic ray interactions with the microwave back-
ground radiation. Recent observation of the short time variability of EGRET sources have
put stringent constraints on AGN models. Mannheim and Protheroe have revised their AGN
neutrino fluxes to accommodate EGRET data, and the new neutrino fluxes are peaked in
the PeV energy range, due to the dominance of py interactions[6, 7].

The primary means of detection of muon neutrinos and antineutrinos is by charged-
current conversion into muons and antimuons. The long range of the muon means that
the effective volume of an underground detector can be significantly larger than the instru-
mented volume. For example, a 10 TeV muon produced by a charged-current interaction in
rock will propagate several kilometers in water-equivalent distance units before its energy is
degraded to 1 TeV. Backgrounds to AGN sources of v, + 7, include atmospheric neutrinos
and atmospheric muons. Muons produced by cosmic ray interactions in the atmosphere
mask astrophysical signals unless detectors are very deep underground, muon energy thresh-
olds are set very high, or one observes upward-going muons. We have evaluated event rates
for upward-going muons produced in the rock surrounding the detector, for muon energy
thresholds above 1 TeV and 10 TeV.

The neutrino-nucleon cross section comes into the calculation of the event rate in two
ways. The probability of conversion v, — p is proportional to the v N charged-current cross
section. In addition, the neutrino flux is attenuated by passage through the Earth. Below
we describe our calculation of the neutrino-isoscalar nucleon (vN) cross section. The v N
charged-current reaction is the dominant source of neutrino interactions except in a very
narrow energy window at the W -boson resonance.

At high energies, the inclusive cross section for v, + N — p~ + X depends on the small-
x behavior of the parton distributions. Recent ZEUS and H1 measurements at HERA[5]
of F3? at small-x (107* < x < 1072) and for a large range of Q?, 4 GeV? < Q? < 1600
GeV? have provided valuable information about parton densities at small-z and low-Q?. To
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evaluate the neutrino-nucleon cross section at ultrahigh energies, extrapolations beyond the
measured regime in x and Q? are required. There are two main theoretical approaches in
the evolution in Q? of parton densities: Gribov-Lipatov-Altarelli-Parisi[8] (GLAP) evolution
and Balitskii-Fadin-Kuraev-Lipatov]9] (BFKL) evolution. In the GLAP approach, parton
distribution functions are extracted at modest values of @Q? and evolved to higher scales.
The BFKL approach involves a leading agIn(1/z) resummation of soft gluon emissions,
which generates a singular behavior in x at an initial scale Qq, xq,(z, Q2) ~ 275 for small
x, which persists at higher values of ). In our extrapolation of the parton distribution
functions outside the measured region, we use GLAP evolution with input at ¢y = 1.6
GeV, xq,(z,Q?%) ~ x7*. The value of X is determined by fits to deep-inelastic scattering
and hadron-hadron data by the MRS[10] and CTEQ[11] Collaborations. The MRS set A’
has A = 0.17, the MRS set G has A = 0.07 while the MRS set D_ has A = 0.5. All of the
MRS distribution function are fitted using the MS factorization scheme. The CTEQ4-DIS,
using the deep-inelastic scattering factorization scheme, has A = 0.227. These distribution
functions are extrapolated using the power law fit to the distribution functions at x = 107°
and @ = My,. We have also extrapolated the leading-order CTEQ distributions using the
double-log approximation[12]. The spread in values for the parton distribution functions is
an indication of the uncertainty in evaluating the v /N cross section.

For each of these sets of distribution functions, we have evaluated the neutrino-nucleon
cross section. There is excellent agreement among the predictions of the MRS D_, G, and
A’ distributions and the CTEQ4 distributions up to E, ~ 107 GeV. Above that energy,
our DLA modification of the CTEQ4 distributions gives a lower cross section than the full
CTEQ4 distributions (CTEQ-DIS), as expected from its less singular behavior as z — 0. At
the highest energy displayed, the most singular (MRS D_) distribution predicts a significantly
higher cross section than the others. Above about 106 GeV, the EHLQ-DLA distributions
yield noticeably smaller cross sections than the modern distributions. For charged-current
and neutral-current interactions, for 100 eV < E, < 10%! eV, the cross sections follow a
simple power law, for example

E >0.363

N) =553 x 10736 2(
occ(VN) X em’ | Tasy

In order to calculate the number of upward-moving muons that can be detected with
neutrino detectors such as AMANDA II, ANTARES, RICE and NESTOR (3], we fold in the
neutrino flux and its attenuation in the Earth with the probability that a neutrino passing
on a detector trajectory creates a muon in the rock that traverses the detector.

The attenuation of neutrinos in the Earth is described by a shadowing factor S(E,),
equivalent to the effective solid angle for upward muons, normalized to 27:

dS(E,) 1

= exp(—2(0)Naoun(E,)), (12)

where Ny = 6.022 x 10%® mol™' = 6.022 x 10?® cm™3 (water equivalent) is Avogadro’s
number, and z(6) is the column depth of the earth, in water-equivalent units, which depends
on zenith angle [13]. The probability that the neutrino with energy E, converts to a muon
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is proportional to the cross section and depends on the threshold energy for the muon El‘fin:
PM(EuaEﬁlin) = O-CC(EV)NA<R<EV7E,Tin)>7 (13)

where the average muon range in rock is (R) [14].
The diffuse flux of AGN neutrinos, summed over all AGN sources, is isotropic, so the
event rate is

dN,

Rate — A / dE, P,(E,, E™™)S(E,)
given a neutrino spectrum dN, /dE, and detector area A. As the cross section increases, P,
increases, but the effective solid angle decreases.

Event rates for upward muons and antimuons for a detector with A = 0.1 km? for
EP =1 TeV and E*™ = 10 TeV for nearly horizontal nadir angles and for all angles are
shown in Tables 3 and 4 in Ref. 1.

The theoretical predictions for ultrahigh-energy neutrinos from AGNs yield event rates
comparable to the background rate of atmospheric neutrinos for Eﬁ“in =10 TeV. The AGN-
SP rate is large compared to the AGN-NMB rate because additional mechanisms are in-
cluded. Flux limits from the Fréjus experiment are inconsistent with the SP flux for 1
TeV< E, < 10 TeV [15]. The atmospheric neutrino background is greatly reduced by re-
quiring a 10 TeV muon threshold, though AGN induced event rates are reduced as well. The
flatter neutrino spectra have larger contributions to the event rate for muon energies away
from the threshold muon energy than the steep atmospheric flux.

We have also considered event rates from electron neutrino and antineutrino interac-
tions. For v, N (and 7, N) interactions, the cross sections are identical to the muon neutrino
(antineutrino) nucleon cross sections. Because of the rapid energy loss or annihilation of elec-
trons and positrons, it is generally true that only contained-vertex events can be observed.
Since electron neutrino fluxes are small, an extremely large effective volume is needed to
get measurable event rates. There is one exceptional case: resonant formation of W~ in 7.e
interactions at E, = 6.3 PeV. The resonant cross section is larger than the v /N cross section
at any energy up to 10%! eV.

We note that, at the resonance energy, upward-moving electron antineutrinos do not
survive passage through the Earth. However, the contained events have better prospects for
detection. The contained event rate for resonant W production is

ANy,
dE,,’

Rate = %%gNA [ dBs, 03.c(Ea)S(Er) (15)
The event rates for resonant W-boson production are presented in Ref. 1.

In summary, our new calculations of the cross sections for neutrino-nucleon charged-
current and neutral-current interactions are at most 25% smaller than those of GQRS96[4],
with the deviation largest at the highest energy considered here, 10?*eV. By varying the
extrapolations of the small-z behavior of the parton distribution functions, we find that the
uncertainty in the vN cross section is at most a factor of 2*! at the highest energies. All

modern sets of parton distribution functions give comparable cross sections for energies up
to 10'6eV,

52



Table 4: Downward ™+ 1~ events per year arising from v, N and 7, N interactions in 1km?
of water.

Muon-energy threshold, EX™

Flux 100TeV 1PeV 3PeV
ATM [16] 0.85 0.0054  0.00047
ATM [16] + charm [17] 2.6 0.050 0.0076
AGN-SS91 [8] 520. 120. 42.
AGN-M95 (py) [6] 16. 11. 8.7
AGN-P96 (p) [7] 100. 50. 31.
GRB-WB [19] 7.7 1.9 0.93
TD-SLSC [20] 0.037 0.032 0.029
TD-WMBI12 [21] 1.1 0.74 0.58
TD-WMBI16 [21] 0.00087 0.00050 0.00035

Table 5: Annual neutral-current (v., 7.)N and charged-current (v, 7,)N event rates for the
Pierre Auger Cosmic Ray Observatory.

Flux Eg, > 103GeV Eg, > 10°GeV

(Ve, 7e)N NC (v, v,)N CC  (ve, )N NC (v, 1,)N CC
AGN-SS91 [8] 0.0045 0.019 0.000006 0.000024
AGN-M95 (py) [6] 0.65 2.7 0.26 1.1
AGN-P96 (p7) [7]  0.74 3.1 0.13 0.53
GRB-WB [19] 0.038 0.16 0.020 0.085
TD-SLSC [20] 0.013 0.052 0.010 0.042
TD-WMBI12 [21] 0.15 0.59 0.11 0.44
TD-WMBI16 [21] 0.000026 0.00011 0.000011 0.000046

We have estimated event rates for several energy thresholds and detection methods,
using a variety of models for the neutrino fluxes from AGNs, gamma-ray bursters, topological
defects, and cosmic-ray interactions in the atmosphere. In v, N — puX interactions, requiring
a muon energy above 10 TeV reduces the atmospheric background enough to permit the
observation of upward-going muons for the AGN-SS91 and AGN-P96 fluxes. These models
yield tens to hundreds of events per year for detectors of 0.1km? effective area. The GRB-WB
flux emerges at a higher threshold, but suffers from a small event rate.

Event rates for downward muons above 100TeV from neutrinos are substantial in 1km3,
except for the TD models. Resonant W boson production will be difficult to distinguish
from the v N interaction background. For the Pierre Auger Cosmic Ray Observatory, the
most promising rates arise from (v, 7.)N charged-current interactions in the AGN-M95
and AGN-P96 models. By combining measurements of the upward-going muon rate at lower
energies with air-shower studies at the highest energies, it may be possible to distinguish
among alternative high-energy extrapolations of the v/N cross section.
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The origins of the highest energy cosmic rays are not well understood, but cosmic rays
should be accompanied by very high energy neutrinos in all models. The absolute normal-
ization and energy dependence of the fluxes vary from model to model. Neutrino telescopes
ultimately will probe extraterrestrial accelerator sources. We expect that detectors with
effective areas on the order of 0.1km? will yield significant clues to aid in our understanding
of physics to the 10%°eV energy scale.
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Charm Production and High-Energy Atmospheric Muon and Neutrino Fluxes

(L. Pasquali, M.H. Reno and 1. Sarcevic, Astropart. Phys. 9 (1998) 259; Phys. Rev. D59,
034020 (1999); Nucl. Phys. B70, 361 (1999).

We have re-examined the charm contribution to atmospheric lepton fluxes in the con-
text of perturbative QCD. We have included next-to-leading order corrections and discuss
theoretical uncertainties due to the extrapolations of the gluon distributions at small-x. We
have shown that the charm contribution to the atmospheric muon flux becomes dominant
over the conventional contribution from 7 and K decays at the energies of about 10° GeV.

Neutrino and muon fluxes from cosmic ray interactions with the Earth’s atmosphere
have been topics of considerable experimental and theoretical interest [1]. At energies near
1 GeV, the IMB [2], Kamiokande [3] and Soudan [4] experiments detect an excess of v, rel-
ative to v, in the atmospheric neutrinos. Recent results from SuperKamiokande [2] appear
to confirm this observation. At these energies, leptonic decays of charged pions and leptonic
and semileptonic decays of kaons are responsible for the lepton fluxes, the so-called “con-
ventional” lepton flux. Currently, it is believed that the conventional flux dominates until
energies of about 10° TeV, when the effects of atmospheric charm production and decay
become important contributions to the lepton fluxes. The issue of where the charm contri-
butions dominate is of interest, in part, because this is an energy regime accessible to large
underground experiments [6]. Recent results from Fréjus [7], Baksan [8] and other experi-
ments [9] show an excess relative to the conventional muon flux in the 10 TeV energy range.
This may be an indication of a charm contribution at lower energies that expected. One of
the main goals of the neutrino experiments such as AMANDA [10], Antares [11], Nestor [12]
and at Lake Baikal [13] are searches for muon neutrinos from extragalactic neutrino sources
for which atmospheric neutrinos and muons present the main background.

Lepton fluxes from atmospheric charm have been calculated previously [14, 15] for spe-
cific models of charm particle production. We calculate the leptonic flux from charm in
the context of perturbative QCD. We include next-to-leading order radiative corrections
and we study the importance of small-x behavior of the parton distribution functions. We
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emphasize the uncertainties inherent in the necessary extrapolation of cross sections and
energy distributions beyond the experimentally measured regime. We use the comparison
with low-energy charm production data to constraint some of the theoretical uncertainties,
such as the charm quark mass and the factorization and renormalization scale dependence.
We compare our results to the earlier work on the prompt muons from charm including a
recent calculation [14] calculated using PYTHIA Monte Carlo program [16].

Particle fluxes are determined by solving the coupled differential equations that account
for production, decays and interactions of the particles. The general form of the cascade
equations describing the propagation of particle j through column depth X is given by[17, 18]

do; — ¢; o

dX__)\_j_)\dec

J

+ZSk—>j) (16)

where \; is the interaction length, )\gdec) ~ ~ycrjp(X) is the decay length, accounting for time

dilation factor v and expressed in terms of g/cm? units. The density of the atmosphere is

p(X) and

Qbk(Ek; X) dnkﬂj (E, Ek)
Ak (Ex) dE

In Eq. (6), dn/dE refers to either the production distribution 1/04-doy—; /dE or decay
distribution 1/I'y-dT'—,;/dE.

It is possible to solve these equations numerically, however, it has been shown [14] that
the same results can be obtained with an analytic solution which was derived by noticing
that the energy dependence of the fluxes approximately factorizes from the X dependence.
Consequently, one can rewrite

S(k—>j):/EoodEk (17)

k(E ¢k Ey, ) >\k<E) d”kﬂj(E;Ek)

X)
Sk — j) ~ / dE 18
F=D = 5®) Je VOB WE) dB (18)
or(E, X)
= 7Z (E) .
It is often convenient to write Zj; in terms of an integral over xp = E/E}, so
Vdop ¢p(E/2p,0) A(E) dng;(E/xp)
Zi(E / ] . 19
w(E) = o v O(E,0) M(E/rp) drg (19)

In the limits where the flux has a single power law energy behavior, the interaction lengths
are energy independent and the differential distribution is scaling (energy independent),
the Z-moment Zj;(E) is independent of energy. In practice, the Z-moments have a weak
energy dependence because dn/dxg depends on Ej, the interaction lengths A are not energy
independent, and in general, ¢, (FE) is not a constant power law in energy over the full energy
range. The cosmic ray flux can be represented by the following flux of primary nucleons at
X =0:

op(E, X =0)[em?s 'st7!GeV'] = 1.7 (E/GeV)™ 27T E < Ej (20)
174 (E/GeV)™3 E > Ey,
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where Ey = 5-10% GeV [19, 20]. At these energies, we assume isotropy of the flux [21].

Following Ref. [14], we assume that the incident cosmic ray flux can be represented by
protons. The flux results, in high energy and low energy regimes for lepton flavor £ = v, v,
or p due to proton production of hadron j followed by ;7 decay into ¢ are

ij( ) JE(E) ln(Aj/Ap) m; c ho

o = 1= 2 (E) 1-A A, Er, 1 09(E0) 2
oo = B S 5.0 (22)

where an isothermal model for the atmosphere, in which p(h) = pgexp(—h/hgy) describes
the density profile as a function of altitude h. The parameters are hy = 6.4 km and py =
2.03x 1073 g/cm?® [22]. When the cascade involves charmed hadrons, the low energy behavior
dominates and the flux is called “prompt”. Critical energies, below which the decay length
is less than the vertical depth of the atmosphere, range from 3.7 — 9.5 x 107 GeV [14].

Egs. (10) and (11) show that the bases for the calculation of the prompt lepton fluxes are
production and decay Z-moments involving charm. The main uncertainties in the calculation
of the lepton flux from atmospheric charm are the production Z-moments: Z,p and Z,x
The production moments are given by

2/ dIE qbp E/.%E') 1 dO'pAﬂcg(E/l'E)
pc = .

TE ¢p UpA(E) de (23)

The differential cross section is evaluated here using perturbative QCD. The factor of two
accounts for the multiplicity of charmed (or anticharmed) particles. The charm Z-moments
can be converted to hadronic moments by

ij(E) = fj ZPC(E) ) (24)

where f; is the fraction of charmed particles which emerges as hadron j, where j = D, Dt D}
and A.. We implicitly sum over particles and antiparticles.
The inelastic proton-air cross section o,4(E) is parameterized by [23]

opa(E) = 280 — 8.7In(E/GeV) 4 1.141n?*(E/GeV) mb . (25)

The total cross sections are parameterized using the particle data book values [24] based
on Regge theory [25]. The prompt lepton flux below 10® GeV is insensitive to the detailed
values of A; because essentially all of the charmed hadrons decay before reaching the surface
of the earth. Therefore, for most of the energy range considered here, the charmed particles
are “low energy” and Eq. (11) describes the lepton fluxes.

The charm production cross section and energy distribution are the largest uncertain-
ties in the calculation of the prompt lepton fluxes. Since the charm quark mass is of the
order of 1.3 GeV, the treatment of the charm quark as a heavy quark may be questionable.
Theoretical uncertainties, due to the possible range of charm quark masses, as well as the
usual factorization and renormalization scale dependence need to be studied. Theoretical
predictions based on perturbative QCD calculation fit the available data reasonably well in
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the energy range up to 800 GeV beam energy [26]. However, atmospheric lepton flux calcu-

lations require beam energies up to and beyond 10® GeV. The parton distribution functions

are needed at very small parton momentum fraction z, outside of the measured regime [27].
We have addressed the following theoretical issues:

e the effect of next-to-leading order corrections on the cross section and charmed particle
energy distribution,

e charmed quark mass dependence,
e factorization and renormalization scale dependence,

e the consequences of the small-z behavior of the parton distribution functions on the
interaction Z,. moment, and

e the A dependence of the proton-air charm production cross section.

The next-to-leading order (NLO) total charm cross section has been calculated by Nason,
Dawson and Ellis [28] and by van Neerven and collaborators [29]. The NLO cross section
is a factor of between 2 and 2.5 larger than the leading order cross section. Gluon fusion
dominates the production process. We show the importance of the charm quark mass in
the NLO cross section. We compare the NLO o(pN — c¢cX) as a function of the beam
energy F obtained with the renormalization scale i equal to the factorization scale M equal
to the charm quark mass m. with m, = 1.3 GeV and m,. = 1.5 GeV. The cross sections
are evaluated using the CTEQ3 parton distribution functions [30]. The corresponding value
of AM5 is 239 MeV. We note that the fixed target data from a summary by Frixione et al.
[31] seem to prefer m. = 1.3 GeV. The CTEQ3 parton distribution functions will be our
canonical set, in part because they incorporate global fits to HERA data, and while their
validity is not claimed for parton fraction x below ,,;,, = 107 and Qy = 1.6 GeV, the
program nevertheless provides smooth parton distribution functions below these values.

We study dependence of the total cross section on the scale and parton distribution. We
plot the NLO cross section for different values of p and M: using the CTEQ3 structure
functions, we set p = M = m, (dot-dashed) and p = m., M = 2m, (solid) with m, = 1.3
GeV. The dashed line is the cross section obtained with the MRSD- parton distribution
functions [32] and scales u = m,., M = 2m, with m. = 1.3 GeV. We compare those with the
data.

The MRSD- distribution functions have a small-z behavior that is suggested by the
BFKL approach [33]. In the small-x limit, the parameterization of the gluon (and sea
quark) distribution functions at reference scale @ is

zg(x, Qo) ~ 7 . (26)

The D- distributions have A = 0.5. Typically, global fits such as the MRSA [34], MRSGI35]
and CTEQ3 distributions have A ~ 0.3. By using the D- distributions, we are effectively
setting an upper limit on the perturbative charm cross section, given our choices of m., p
and M. We note that, generally, parton distribution functions begin evolution at () larger
than 1.3 GeV. Consequently, our default factorization scale is M = 2m,. so that we can use
more than the CTEQ3 parameterizations.
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We find that at low energies, the total cross section has weak dependence on the choice
of the scale and the parton distribution function. At high energies, E > 10° GeV, there is
a factor of 1.7-2.1 increase from M = m. to M = 2m,. The D- cross section is a factor of
1.3 larger than the CTEQ3 cross section at £ = 10° GeV, both with M = 2m,. The D-
cross section increases more rapidly because of the steeper small-x behavior of the parton
distribution function and is enhanced by a factor of 2.6 at 10® GeV. This gives an overall
uncertainty of factor of 5.5 at the highest energy of 10® GeV. The MRSA and MRSG cross
sections for M = 2m,. lie between the upper and lower curves.

The total charm cross section in p-Air collisions, o,4—..:(E), can be written as

OpA—ce = AFYO‘pN—wE (27)

We have evaluated the A dependence for charm pair production using a Glauber-Gribov
model of nuclear shadowing [36]. We find that over an energy range of 10? — 10% GeV,
v = 1.0 — 0.8. Since A = 14.5, the shadowing effect is small, so we set v = 1. This is
consistent with recent measurements at £ = 800 GeV [37]. Low energy measurements at
larger zg [38] indicate smaller v values (y ~ 0.75), which would reduce our flux predictions
by an overall factor of 0.5.

We have used a comparison between data and theory for the total cross section to show
that m,. = 1.3 GeV is a reasonable choice, and to estimate the range of cross sections, related
to the approximate uncertainty in the flux. To evaluate Z,., we need the energy distribution
of the charmed particle. We discuss the energy distribution of charm quarks in NLO QCD.

NLO single differential distributions in charm quark production have been evaluated Na-
son, Dawson and Ellis [39] and incorporated into a computer program, which also calculates
double differential distributions, by Mangano, Nason and Ridolfi [40]. The program is time
consuming, so we have incorporated NLO corrections to do/dzp by rescaling the leading
order distribution. The zg distributions at next-to-leading order are well fit by a K-factor
rescaling which is a function of xg, where K is defined by

_ do(NLO)/dzg
K= 0 Lo Jdrs (28)

where “LO” means taking the leading order matrix element squared, but using the two-loop
as(p?) and the NLO parton distribution functions. K defined this way shows the effects of
the NLO matrix element corrections.

Using the NLO computer program with the CTEQ3 parton distribution functions, we
evaluate K (E, zg) for E = 10% and 2K (E,xg) for E = 105 GeV. K can be parameterized
as

K(E,zp) = 136+ 0.42In(In(E/GeV)) (29)
+(3.40 + 18.7(E/GeV) ™% — 0.079 In(E/GeV)) -
for y = m. and M = 2m,.
Using the zg and energy dependent K-factor, we find the charm quark xg distribution

for E = 10* GeV, 10° GeV and 10° GeV. The distributions fall rapidly with xp. The
convolution of the differential distribution with the ratio of proton fluxes and interaction
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lengths, integrated over xg at fixed outgoing charm quark energy, is what is required for the
Z-moment.

In the context of perturbative hard scattering production of charm pairs, the average g
value in the evaluation of Z,. is 0.15-0.2. More than 80% of the cross section comes from
charm transverse momenta below a value of 2m.. In the low transverse momentum limit,
xp ~ xp. Fixed target experiments measure do/dxp. The measured charmed meson zp
distributions are consistent with the perturbative NLO QCD calculations for charm quark
production, without any fragmentation corrections that would soften the xp distributions
[41]. Fragmentation calculations are applicable at large transverse momentum. For the
calculation of Z,., we are in the low transverse momentum regime, so we do not need
fragmentation.

The proton flux falls like £~27 — £~3. The charm production Z-moments increase with
energy. We put in the low energy DT meson flux and evaluate the Zp+, moment. All of
the other low energy decay moments can be obtained by branching fraction rescaling. For
the high energy moments, we take Z,; ~ E%*? for the D- distributions and Z,, ~ E%% for
CTEQ3, with ¢ ~ Zpp(E)¢,(E).

We present our results for the prompt atmospheric flux scaled by E3 for two parton
distributions and factorization scale choices. The highest flux at E = 10% GeV is with the
D- distribution and M = 2u = 2m, (dashed). The CTEQ3 distributions with the same
choice of scale are represented by the solid line, while the dot-dashed line shows the result
when M = pu = m,.. For reference, we show the vertical conventional and prompt flux
calculated and parameterized by TIG in Ref. [14]. The fluxes directly reflect the interaction
Z-moments. We emphasize that the prompt flux is isotropic except at the highest energies,
while the conventional flux is not.

We have also estimated the flux due to pion-air interactions creating charm pairs. The
effect is to increase the prompt flux by ~ 30% at 102 GeV and by ~ 15% at 10° GeV. This
is a small effect, so we neglect pion contributions to charm production.

The prompt lepton flux evaluated using perturbative QCD can be parameterized as

logyo (E3¢5(E)/(Gev2/cm2 ssr)) =—-A+Br+Ca®?—D2a’ (30)

where z = log,,(F/GeV).

Several experiments show an excess in muon flux above ~ 10 TeV [7, 8, 9]. Following
Rhode in Ref. [7], we consider the quantity E*%¢,(E), where ¢, represents the sum of the
prompt and vertical conventional flux. Also shown are the data from Ref. [7]. The energy
scale factor mostly accounts for the rapidly falling conventional flux [43]. When we add
the prompt fluxes to the TIG vertical conventional flux, one sees an enhancement at muon
energies above 10° GeV, at a higher energy than the experimental excess shown by data
points.

In Ref. [44], we have shown that it is possible to enhance the prompt flux sufficiently to
account for some of the observed muon excess at a few TeV. This is accomplished by extrap-
olating the charm cross section at 1 TeV with a faster growth in energy than predicted by
perturbative QCD. The 2z dependence was taken as do/dxg ~ (1 — zg)*. The inputs are
consistent with fixed target data below 1 TeV beam energies. We found that the predicted
prompt flux made significant contributions in the region of the observed excess of muons,

60



but it does not fully describe the Fréjus data [7]. These inputs are not consistent with per-
turbative QCD. The experimental excess of muons cannot be accounted for by perturbative
QCD production of charm.

We find that the perturbative charm contributions to lepton fluxes are significantly larger
than the recent TIG calculation. The prompt muon flux becomes larger than the conventional
muon flux from pion and kaon decays at energies above ~ 10° GeV. We set values of the
charmed quark mass, renormalization scale and factorization scale by fitting the charm
production cross section to low-energy data, then we extrapolate to higher energies. We find
that the NLO corrections give a correction of more than a factor of two which is weakly
energy and zg dependent. Nuclear shadowing corrections are small for all energies, due to
the air nucleus being relatively light. The main uncertainty in the perturbative calculation
of the prompt flux, given fixed charm mass, factorization scale and renormalization scale,
is the small-z behavior of the parton distribution functions. Different choices of scales and
distribution functions, extrapolated to low x with the same power law dependence as for
x > 107°, yield as much as a factor of ~ 10 discrepancy in the prompt flux at £ = 10® GeV.

We conclude that the prompt muon flux calculated in the context of perturbative QCD
cannot explain the observed excess of muons in the TeV region [7, 8, 9], independent of the
theoretical uncertainties associated with small parton x. However, prompt fluxes calculated
using non-perturbative models of charm production such as discussed in Refs. [44] could
provide a muon excess in that energy range. Measurements of the atmospheric flux in
the 100 TeV range would help pin down the charm cross section at energies above those
currently accessible using accelerators and would provide valuable information about the
small-z behavior of the gluon distribution function.

Even though the prompt contributions to the lepton fluxes change the energy behavior of
the differential fluxes by a factor of E, the atmospheric neutrino fluxes do not compete with
neutrino fluxes from extragalactic sources above 10 TeV [45]. Possible oscillations of muon
neutrinos as indicated by the Super-Kamiokande experiment [2] do not affect our results due
to the extremely small oscillation probability for the energies of interest.
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Particle Production in Galactic and Extragalactic Astrophysical Sources

(S. Markoff, F. Melia and 1. Sarcevic, Astrophys. J. (Letters) 47, 489 (1997);
Astrophys. J. 522, 870 (1999).

Recent detection of a y-ray flux from the direction of the Galactic center by EGRET on
the Compton GRO raises the question of whether this is a point source or whether the emitter
is diffuse. Using the latest experimental particle physics data and theoretical hadronic cross-
sections, we have examined in detail the y-ray spectrum produced by synchrotron, inverse
Compton scattering and mesonic decay resulting from the interaction of relativistic protons
with hydrogen accreting onto a point-like object. Such a population of high-energy baryons
may be expected to form within an accretion shock as the inflowing gas becomes supersonic.
This scenario is motivated by hydrodynamic studies of Bondi-Hoyle accretion onto Sgr A*,
which indicate that many of its radiative characteristics may ultimately be associated with
energy liberated as this plasma descends down into the deep potential well. Earlier attempts
at analyzing this process concluded that the EGRET data are inconsistent with a massive
point-like object. We demonstrate that a more careful treatment of the physics of p-p
scattering suggests that a ~ 10% M, black hole may indeed be contributing to this high-
energy emission.

Several high-energy instruments have detected X-ray and 7-ray emission from the di-
rection of the Galactic Center. The implications for the radio point source Sgr A* are
rather interesting, since the X-ray luminosity is not as large as what is expected based on
X-ray observations of other, smaller black hole candidates. Of critical importance to our
understanding of the high-energy emissivity of this source, in conjunction with the global
high-energy properties of the inner 50 pc region of the Galaxy, is the more recent detection
by EGRET on board the Compton GRO of a central (< 1°) ~ 30 MeV - 30 GeV continuum
source with luminosity & 5 x 10%% ergs s™!). The Sgr* spectrum observed appears to be well
represented by a hard power-law with a cut-off at tens of GeV, which is significantly different
from that of the Galactic diffuse emission, but may resemble the spectra of v-ray pulsars.
At lower energies, COMPTEL’s limited angular resolution does not permit us to distinguish
between a point source and a continuum emission from the Galactic center molecular arm,
but the COMPTEL data do provide useful upper limits. The compiled data set yields a
photon spectral index v = —1.74 +0.09 (S = Spe?).

These ~-rays may originate either (1) close to the massive black hole, possibly from the
action of relativistic particles accelerated by a shock within the accreting plasma, or (2) in
more extended features where relativistic particles are known to be present, including the
Galactic center Arc. Recombination lines detected from the Sickle, which is a component
of the Arc, suggest the existence of thermal material there, while the detection of polarized
emission from the straight filaments of the Arc and the absence of recombination lines show
the dominance of synchrotron radiation from this component.

In the case of shock acceleration of protons in the vicinity of the black hole, who in
addition considered a thermal distribution of hot protons), the v-rays may result from the
decay of pions produced via p-p collisions by relativistic protons energized at an accretion
shock. Although the multiplicity of pion production (i.e., the number of pions produced per
collision) is a strong function of energy, in all previous calculations it was approximated with

64



a constant value of 3. The fact that it can change by orders of magnitude at higher energy
clearly has an impact on the ensuing photon distribution. In addition, ignoring the role of
cascading protons (as was done earlier) is not a valid approximation when the energy carried
away by the exiting channel products is as high as 0.5 of the incoming proton energy. Our
goal was to examine the hypothesis of a black hole origin for the y-rays employing the most
up-to-date data for the energy-dependent cross-sections, inelasticity, and pion multiplicity,
together with a self-consistent treatment of the particle cascade.

It is not unreasonable to suppose that a fraction of the particles (mostly electrons and
protons for cosmic abundance) are accelerated to very high energy by the shock. However,
the greater synchrotron and inverse Compton efficiency of the electrons compared to that of
the protons limits the maximum attainable Lorentz factor of the former by several orders of
magnitude compared to that of the latter, and so for reasons we discuss more fully below,
the (accelerated) electron contribution to the radiation field is negligible. The relativistic
protons are injected through the shock region with a rate p,(E,) = p,E,* cm™® s~' GeV .
In steady state, this generally leads to a power-law distribution with proton index z typically
in the range 2.0 — 2.4. In our case, the value of z is determined in part by the proton cooling
processes and the particle cascade, and as we shall see, z ~ z.

These relativistic particles interact with the ambient particles and the magnetic field,
producing photons via synchrotron, inverse Compton scatterings and the decay of mesons
created during p-p collisions. Because the injected protons are ultrarelativistic, the leading
order nucleons produced in the scattering events also contribute to the spectrum via multiple
collisions in an ensuing cascade, until they lose most of their energy and rejoin the ambient
plasma. The main products in these collisions are pions, which then decay either to photons
(7% — 47) or leptons (7% — p*v,, with u* — e*r,1,). The latter also provides an influx
of relativistic cascade electrons.

Particle Cascade

The relativistic protons undergo a series of interactions that we may summarize as pN —
pN M, Myy, where N is either a proton or a neutron, M, represents the multiplicity of
pions, and My is the multiplicity of nucleon/anti-nucleon pairs (both increasing functions
of energy). The other possible interactions are py — pr%y, py — nw'y, py — ete p and
pe — NM,.

The high-energy cutoff for the injected proton distribution is set by determining the
Lorentz factor above which the combined energy loss rate due to synchrotron emission,
inverse Compton scattering and hadronic collisions exceeds the rate of energy gain due to
shock acceleration. This transition energy depends in large measure on the functional form of
the inelasticity and the fraction of power transferred to the pions during the p-p collisions.
In our calculations, the proton synchrotron and inverse Compton spectra are determined
from the steady state proton distribution with the imposition of this high-energy cutoff.

Using the energy-dependent pion multiplicity measured at several center-of-momentum
(CM) energies, it is straightforward to determine the pion injection rate from the proton
distribution and the physical characteristics of the ambient medium. From here the parti-
cle cascade continues with the emission of v-rays and leptonic decays. The electrons and
positrons produced in this fashion themselves constitute an energetic population and one
must assess their contribution to the overall spectrum via synchrotron emission and inverse
Compton scattering.
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For the conditions in Sgr A*, the p-p collisions dominate over all other pion production
modes. The relevant energy (E,) range is bounded at the low end by the pion production
threshold and at the high end by the maximum attainable Lorentz factor, as discussed above.
Using logarithmic bins, and assuming time independence, we first calculate the steady state
proton distribution p,(E,) using the space independent diffusion loss equation. In the p-
p CM frame, we use inelasticity, K,, = 1.35s %! for /s > 62GeV, and K,, = 0.5 for
Vs < 62GeV, where the higher energy slope is from Alner et al. (1986), normalized to
match the approximately constant low energy value. In this frame, then, \/s = (1 — K,,)\/5,
with s = 2m,(E, +m,).

The cross section o, is taken as a function of energy from the most current particle
physics data . Unfortunately, the highest energy achieved in modern colliders is orders of
magnitude below the values attained in our system. However, the data for s > 100 GeV
have a log-linear form which makes it possible to extrapolate up to much higher E,. For the
entire range, this is within the Froissart upper bound, which states that at extremely high
energy, o,, o x (In s)?.

From our steady state relativistic proton distribution we calculate the synchrotron and
inverse Compton scattering spectra, following Rybicki & Lightman (1979). This distribution
can also be used to determine the rate, R,, = n,0,,(E,) cp,(E,) em™3s71GeV ™!, of p-p
collisions. For each of these collisions, a multiplicity M, of pions is produced, with a ratio
of charged to neutral particles of roughly 2:1. These have a distribution in transverse (to
the beam in experiments, in our case to the direction of the boost back to the lab frame)
momentum dN, /dp, , which is measured as a function of /s at collider experiments. In order
to find the energy of the pions in the CM frame, we also need the parallel component of the
momentum, pj, which we extract from the pion distribution as a function of the rapidity, y.
In the CM frame, y = (1/2) In[(E: + py)/(E: — py)], and y = — In[tan(#/2)] for relativistic
energies, where cosf = pj/ | p |. At lower energy (/s > 200 GeV), dN,/dy is Gaussian in
shape, the top of which widens gradually into a plateau with increasing energy. The width
and the height of this plateau can be fit to functional forms in s.

The charged pions decay to leptons, which can themselves be a source of radiation from
synchrotron and Compton processes. We follow a procedure for the e* completely analogous
to that developed above. As with the protons, we use the diffusion loss equation to find the
steady state et distribution.

In all, there are five spectral components resulting from the interaction of relativistic
protons with the ambient medium near Sgr A* that may be contributing to the EGRET ~-ray
source 2EGJ1746-2852. These are: proton synchrotron, proton inverse Compton scattering,
e® synchrotron, e* inverse Compton scattering, and pion decay. In attempting to fit the
EGRET data we find that, for a reasonable efficiency (i.e., n ~ 10%), the proton synchrotron
spectrum dominates over that of the photons from 7° decay as long as the proton injection
index x ~ 2.2. We consider all five of these components for the cas