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1 Overview

The nuclear theory group at Duke University includes five faculty members: Steffen Bass (assistant profes-
sor), Shailesh Chandrasekharan (associate professor), Thomas Mehen (assistant professor), Berndt Mueller
(professor), and Roxanne Springer (associate professor). The research interests of the group members now
focus on three areas: relativistic heavy ion collisions and nuclear matter at extreme energy density, ap-
plications of effective field theory to nuclear and hadronic physics, and numerical methods for solving the
fermionic many-body problem.

In addition to research activities, our grant has provided support for the Triangle Nuclear Theory (TNT)
Colloquium, a collectively organized seminar series of the nuclear theory groups at Duke University, NC
State Univesity (Raleigh), and the University of North Carolina (Chapel Hill), which has been in existence
since 1992.

In recent years our group has supported between two and four postdoctoral fellows. Postdoctoral re-
searchers during the report period include: Rainer Fries, Chiho Nonaka, James Osborn, Thorsten Renk,
Jörg Ruppert, Carlos Schat, Costas Strouthos, and Brian Tiburzi. Fries, Renk, and Ruppert held Lynen
fellowships from the Alexander von Humboldt Foundation.

The group operates a Beowulf class PC cluster, which was acquired with funds obtained from the De-
partment of Energy and the Intel Corporation.

In the following, we describe the completed research activities during the final report period, grouped
into the main three research areas.

2 Research Activities

2.1 HADRONS AND EFFECTIVE FIELD THEORY

2.1.1 The Search for Doubly Heavy Baryons: SU(3) Symmetries and Breaking Effects.

Fermilab expects to observe doubly heavy baryons, including those with two b-quarks, at RunIIb. At the
request of Chris Quigg and experimentalists at FNAL we have used SU(3) flavor symmetry to enumerate
discovery modes for such particles. As we know from the charm system, SU(3) breaking effects may be
substantial. We addressed this in two ways. First, we included so-called linear SU(3) breaking terms,
meaning that we extended terms in the transition Hamiltonian to include a strange quark mass. Group
theoretically, this actually saturates more than including simple linear breaking terms. Second, we expressed
the possible physical amplitudes of our decay modes in terms of a group theory basis. This illuminates the
SU(3) multiplet and isospin content of these decays. We can then relate the linear breaking predictions to
the “group theoretic basis” to see which part of the full SU(3) breaking is saturated.

For instance, one of the most promising discovery modes for the lowest mass triplet of hadrons with two
b–quarks, Ξ0

bb,Ξ
−

bb, and Ω−

bb (valence quark content bbu, bbd, bbs) involves a J/Ψ in the final state. The four-
quark operators inducing this decay, which come from matching onto the weak standard model lagrangian,
have flavor quantum numbers (bc)(cs), (bc)(cd), and (bu)(ud), neglecting triply Cabbibo suppressed opera-
tors. The first two transform as pieces of an SU(3) triplet and the last decomposes into a 15, a 6, and a 3.
Including a linear breaking term enlarges the first two operators to an additional 15, while the last operator
enlarges to give nonzero elements of a 42, a 24, and another 15. We find the following relationships for
unbroken SU(3):

Γ
(

Ξ0
bb → Ξ0

b2J/Ψ
)

= Γ
(

Ξ−

bb → Ξ−

b2J/Ψ
)

=
1

2
Γ

(

Ω−

bb → Ω−

b J/Ψ
)

,

Γ
(

Ξ0
bb → Σ−

b J/Ψ
)

= 2 Γ
(

Ω−

bb → Ξ−

b2J/Ψ
)

, (1)

while only the first equality survives when linear breaking terms are included.
In [60] we have enumerated twelve different decay paths and generated tables of relationships for each.

This will hopefully aid experimentalists searching for new particles, and also allow a study of SU(3) symmetry
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violation in b–hadron decays. The relationships are also valid for the analogous bcq decays if the b–quark
decays first. (q is a light quark.)

2.1.2 Large Nc and Excited Baryons

The large Nc expansion has been successfully used to understand masses and decays of ground state as well
as excited baryons. Between 1600 MeV and 2100 MeV there are a set of positive parity baryons which could
be in the [56,2+] representation of SU(6) ⊗ O(3), where SU(6) is the spin-flavor group and O(3) classifies
orbital excitations. In Ref. [76], the mass spectrum of the [56,2+] baryons is computed in the large Nc

expansion up to and including O(1/Nc) effects with SU(3) symmetry breaking implemented to first order.
A total of eighteen mass relations result, several of which are tested with available data and agree quite well.
Our analysis shows that the breaking of spin-flavor symmetry is dominated by hyperfine interactions, while
spin-orbit effects are found to be small.

The nonstrange L = 1 orbitally excited baryons are studied in Ref. [107]. In the large Nc limit, the mass
spectrum of the L = 1 orbitally excited N ∗ baryons has a very simple structure, with a degenerate pair of
states with J = 1/2 and 3/2 and another degenerate pair with J = 3/2 and 5/2. These states correspond
to an irreducible representation of the contracted SU(4)c symmetry group which emerges in the large Nc

limit of QCD. The mixing angles are completely determined in this limit. Using a mass operator approach,
we study 1/Nc corrections to this picture, pointing out a four-fold ambiguity in the correspondence of the
observed baryons with the large Nc states. For each of the four possible assignments, we fit the coefficients of
the quark operators contributing to the mass spectrum to O(1/Nc). For one possible assignment, the 1/Nc

corrections are small and the near degeneracy of the N1/2(1535) and N3/2(1520) as well as the N3/2(1700)
and N5/2(1675) can be understood as a consequence of an approximate SU(4)c symmetry. However, the ∆∗

splittings in this scenario are only marginally consistent with data. The large ∆∗ splittings prefer another
solution with larger 1/Nc corrections that produces masses and mixing angles among the N ∗,∆∗ that are
consistent with a quark model based on Goldstone Boson exchange. Future data from JLAB on excited
baryons may resolve this ambiguity and elucidate the nature of these states.

2.1.3 Determining Pentaquark Quantum Numbers from Strong Decays

In the last year, evidence has emerged for the existence of a narrow baryon with S = 1 at 1540 GeV called the
Θ+. The Θ+ is the first known example of a manifestly exotic hadron. More recently, the NA49 collaboration
has reported seeing an exotic Ξ−− with a mass of approximately 1860 MeV as well as evidence for a Ξ0

with nearly the same mass. The Θ+ is interpreted as a (uudds̄) pentaquark while the Ξ−− is interpreted
as a (ddssū) pentaquark. The bounds on the widths of the Θ+ and Ξ are quite small for strongly decaying
hadronic resonances. These hadrons provide a new arena in which to test and improve our understanding
of low energy QCD.

The nonobservation of isospin partners of the Θ+ strongly suggests that it is a member of the 10 of
SU(3). There is also some evidence that the Ξ−− is a member of the 10. However, the spin and parity
quantum numbers of these hadrons are presently unknown. In Ref. [88], the Θ+ and Ξ−− are assumed
to be members of the 10 and decays to ground state baryons and mesons are calculated using an effective
Lagrangian which incorporates chiral and SU(3) symmetry. We consider the possible quantum number
assignments JΠ = 1/2

±
, 3/2

±
and calculate ratios of partial widths. The branching ratios of exotic cascades

can be used to discriminate between various spin-parity quantum numbers of pentaquarks.

2.1.4 Even-Parity Excited Charmed Strange Mesons

The discovery of the Ds0(2317) and Ds1(2460) resonances has generated renewed interest in the charmed
meson system. The masses of these even parity states were expected by lattice and potential model con-
siderations to be 100-150 MeV higher than they were actually observed. Because of the low masses of
these resonances, decays to ground state D(D∗) mesons and kaons are not kinematically allowed. Instead,
transitions to the lowest lying charmed mesons are either isospin-violating strong decays or electromagnetic
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decays, which makes the resonances quite narrow. There have been attempts to understand the properties
of these hadrons by modeling them as conventional cs̄ P -wave quark model states, exotic tetraquark states,
and molecular bound states of D mesons and kaons.

In Ref. [89], heavy-hadron chiral perturbation theory (HHχPT) is applied to the decays of the even-parity
charmed mesons. Heavy-quark spin symmetry predicts the branching fractions for the three electromagnetic
decays of the charmed strange resonances to the ground states Ds and D∗

s in terms of a single parameter.
The resulting predictions for two of the branching fractions are significantly higher than current upper limits
from the CLEO experiment. However, this is not unexpected given that corrections to a heavy-quark spin-
symmetry prediction may be on the order of thirty percent. To get more accurate predictions we calculate
the next-to-leading order corrections to the branching ratios from chiral loop diagrams and spin-symmetry
violating operators in the HHχPT Lagrangian. At present there are still a number of unknown parameters
in this prediction. We can only say that the current experimental limits are consistent with the prediction
with parameter choices of natural size. Finally, we consider the proposal that the Ds0(2317) (Ds1(2460)) is
a hadronic bound state of a D(D∗) meson and a kaon is considered. (This is one explanation for the narrow
width of the resonances.) Assuming that the even parity resonances are indeed such bound states we use
HHχPT to predict the leading electromagnetic branching ratios in this molecular scenario. The results, even
allowing for expected corrections due to chiral loops and spin-symmetry violating effects, are inconsistent
with experiment. We conclude that the proposal that the even–parity resonances are dominately bound
states of lower mass mesons is unlikely.

We also computed one loop corrections to even- and odd-parity heavy mesons in HHχPT, including all
O(1/mc) counterterms. Our work showed that including the counterterms is critical for fitting the current
data on charm mesons. We also found that certain parameter relations in the parity doubling model are
not renormalized at one loop, providing a natural explanation for the equality of the hyperfine splittings of
ground state and excited doublets [90].

2.1.5 Soft-Collinear Effective Theory

Soft-Collinear Effective Theory (SCET) is a new tool for studying QCD processes with highly energetic
particles. Factorization theorems for hard QCD processes can be easily derived using SCET. The first proof
of factorization in the decay B → Dπ was performed using SCET, and the derivation of many classic QCD
factorization theorems is greatly simplified in this approach. Renormalization group equations of SCET
operators provide a convenient way of resumming Sudakov logarithms which commonly arise in higher order
QCD calculations. SCET has been used to resum logarithms in b→ sγ and quarkonium decays. Furthermore,
SCET allows one to perform an expansion in ΛQCD/Q for any hard process characterized by a hard scale Q.
Therefore, SCET can be used to systematically study nonperturbative corrections to factorization theorems.
Nonperturbative corrections to processes like DIS and e+e− → hadrons can be classified using the operator
product expansion, but a systematic treatment of nonperturbative corrections to less inclusive processes like
jet cross sections is lacking. SCET may eventually provide a rigorous framework in which to address this
problem.

SCET is organized as an expansion in a parameter λ which scales as
√

ΛQCD/Q or ΛQCD/Q depending
on the process under consideration. To derive the SCET Lagrangian, one decomposes the momentum of
energetic particles into large components that scale as O(1) or O(λ) and residual components which are
O(λ2). The large components of the momentum are treated as labels on collinear fields while derivatives
acting on these fields are proportional to the residual momentum. This procedure makes counting powers
of λ straightforward but breaks the Lorentz invariance of the underlying QCD theory. Lorentz invariance
is restored in SCET by demanding invariance under the decomposition of large and small components.
This symmetry, called reparametrization invariance (RPI), places important constraints on the form of the
Lagrangian and on the coefficients of operators in matching calculations in the effective theory. Since RPI
relates different orders in the λ expansion, it is important for understanding the structure of nonperturbative
corrections. Ref. [84] derives the RPI transformations for SCET fields, and uses RPI to prove the uniqueness
of the leading order collinear Lagrangian. It is also demonstrated that there are an infinite number of higher
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order corrections to the collinear Lagrangian related to the leading order Lagrangian by RPI that are not
renormalized to any order in the strong coupling. These results are important for establishing the validity
of proofs of factorization as well as for understanding nonperturbative corrections in SCET.

SCET is applied to J/ψ production in e+e− collisions in Ref. [61]. Recent observations of the spectrum of
J/ψ produced in e+e− collisions at the Υ(4S) resonance are in conflict with fixed-order calculations using the
NRQCD factorization formalism for quarkonium production. One problem is that leading order color-octet
mechanisms predict an enhancement of the cross section for J/ψ with maximal energy that is not observed
in the data. However, in this region of phase space large perturbative corrections (Sudakov logarithms) as
well as enhanced nonperturbative effects are important. In Ref. [61] we use SCET to systematically include
these effects. These corrections significantly broaden the color-octet contribution to the J/ψ spectrum in a
manner that is consistent with the observed momentum spectrum.

2.1.6 Charm Production Asymmetries and Heavy-Quark Recombination

Fixed-target hadroproduction and photoproduction experiments observe significant asymmetries in the pro-
duction of charmed particles and their antiparticles. In hadroproduction the asymmetries are known as
the “leading particle effect”. Cross sections for charmed particles sharing a valence quark with the beam
hadron are enhanced in the forward direction of the beam. Photoproduction experiments observe smaller
asymmetries which are associated with flavor content of the target rather than the beam.

The QCD factorization theorem for heavy particle production states that the cross section for a heavy
meson can be written as a convolution of a partonic cross section and a fragmentation function for a charm
quark to hadronize into the D. This formula receives corrections which are suppressed by powers of ΛQCD/p⊥
and ΛQCD/mc. The asymmetry is zero at leading order in perturbative QCD since the gluon fusion cross
section is symmetric under c ↔ c and the fragmentation functions for D and D are identical due to charge
conjugation. NLO corrections produce asymmetries that are an order of magnitude smaller than experimental
observations. Thus, charm asymmetries are interesting since they probe power corrections to the QCD
factorization theorem.

Charm asymmetries are conventionally explained by nonperturbative models of hadronization. These
models suffer from a lack of predictive power, since they depend on a number of nonperturbative functions,
such as the distribution of spectator quarks in hadron remnants. Furthermore, the models make no con-
nection between the observed asymmetries and power corrections to the QCD factorization theorem. A
commonly used model is the Lund string fragmentation model which can be implemented using PYTHIA.
These models can be tuned to fit the data but this can require an unusually large charm quark mass and
large intrinsic transverse momentum for the partons in the incoming hadrons. The PYTHIA Monte Carlo
with default parameters rarely predicts the asymmetries correctly and in the case of Λc asymmetries in πN
collisions gets the sign of the asymmetry wrong.

Ref. [32] introduces a novel mechanism for generating charm asymmetries called “heavy-quark recom-
bination”. In heavy-quark recombination, a light anti-quark, q, from the incident hadron participates in
a hard-scattering process which produces a c and c quark. Following the hard scattering the q and the c
recombine to form a D meson. Heavy-quark recombination is an O(ΛQCDmc/p

2
⊥
) power correction to the

QCD factorization formula which is calculable up to a multiplicative nonperturbative constant related to
the probability for the q and c to bind. The short distance cross section is strongly peaked in the forward
direction of the q, naturally leading to an asymmetric cross section. Heavy-quark recombination can account
for the D+/D− asymmetry observed by E791 [34] as well as D meson asymmetries observed in photoproduc-
tion [33]. The calculations of these asymmetries involve only one free parameter, and the value extracted from
photoproduction and hadroproduction is consistent within errors. Thus heavy-quark recombination provides
an economical explanation for charm asymmetries in fixed-target experiments. This mechanism was recently
extended to charm baryons in Ref. [35] where it was successfully applied to the Λ+

c /Λ
−
c asymmetries measured

in πN and pN collisions. Charm production asymmetries and the heavy-quark recombination mechanism
are reviewed in the Strange Quark Matter 2003 conference proceedings [86], where preliminary results of a
global analysis of charm meson and baryon asymmetries were presented. Available data on asymmetries on
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D mesons and Λc baryons are well-described with a minimal set of universal nonperturbative parameters.

2.1.7 Isospin Violation in Υ(4S) → BB

The dominant production mechanism for B production in e+e− colliders is Υ(4S) → BB. The ratio

R+0 ≡ Γ(Υ(4S) → B+B−)/Γ(Υ(4S) → B0B
0
) deviates from unity due to isospin violating electromagnetic

and strong interaction effects. In the absence of strong interactions, R+0 = 1.19. It is believed that
corrections from strong interactions can be very large making the theoretical prediction for R+0 highly
uncertain. In Ref. [79], we show that strong interaction effects including isospin violation can be described
using heavy-hadron chiral perturbation theory. The dominant strong interaction corrections can be calculated
by solving the Schrødinger equation for B mesons in a potential due to one-pion exchange. The energy
dependence of R+0 is calculable in terms of one parameter which can be extracted from D∗ decays using
heavy quark symmetry.

2.1.8 Beyond The Standard Model Cosmology

Tachyons appear in string theory whenever there is no space-time supersymmetry. Recently, Sen has proposed
studying the cosmological implications of tachyon fields. The tachyon has a time-dependent equation of state
that interpolates between vacuum energy at early times and nonrelativistic matter at late times. Thus it
has been investigated as a candidate for the inflaton, quintessence and cold dark matter. In Ref. [85], we
generalize a proposed action for a tachyonic non-BPS brane to include transverse scalars and gauge fields,
then derive the equations of motion for these fields in an FRW cosmology with a time dependent tachyon
background. We find the equations of motion of the gauge and scalar fields receive large corrections at late
times due to the time dependence of the tachyon. In addition, the equations of state for these fields resemble
those of nonrelativstic fields at late times rather than those of ordinary massless fields. Finally the effective
gauge coupling grows rapidly with time. For these reasons, gauge fields and scalars living on the decaying
brane cannot be identified with the Standard Model gauge fields in these scenarios.

2.1.9 Weak and Strong Decays of the Octet and Decuplet of Baryons

The relevant degrees of freedom in heavy baryon chiral perturbation theory (HBχPT) are the hadrons.
At low enough energies, the internal structures of these particles remain hidden. The baryon fields are
defined in a velocity-dependent way so as to deal with their relatively large mass terms. In this manner,
the perturbative expansion can be done in the small residual masses and external momenta of the hadrons
instead of in the strong force coupling constant, which is large for low energies.

The Lagrange density governing HBχPT is constructed to include the most general interactions possible
that adhere to the symmetries of QCD. For the processes we consider involving the lowest lying octet of
baryons, decuplet of baryons, and octet of pseudo-Goldone bosons, there exist, to the order considered, eight
low energy constants (LECs) that serve as the coupling strengths for the various terms. To ensure that
HBχPT is a consistent and predictive theory of QCD at low energy, these LECs must be calculated to high
certainty. We calculate several cross-sections and compare the results to data in an effort to find the LECs.

The cross-sections calculated can be grouped into four types of processes. They are: weak non-leptonic
s- wave hyperon decay, weak decuplet decay, strong decuplet decay, and the octet axial currents. Weak
s-wave non-leptonic hyperon decay involves the decay of an octet baryon into another octet baryon and a
pion which involves a change in strangeness between initial and final states. Weak decuplet decay concerns
scattering in which the initial state is an omega-minus particle and the final state is an octet baryon and
a meson. The omega-minus is chosen because it is the only one of the decuplet baryons in the theory that
decays primarily via the weak interaction. Strong decuplet decay is similar to weak decuplet decay with the
exception that the initial state is a baryon that is not the omega-minus. Finally, the axial current cross-
section is a semi-leptonic decay in which an octet baryon decays into another octet baryon, an electron,
and an anti-neutrino. In previous work, the investigators took the calculations to one-loop order. (To go to
two-loop order would involve many more unknown LECs.) Also, they took the mass of the pion as zero and
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also neglected any difference in the mass of the octet baryons and decuplet baryons. My work focuses on
lifting these two restrictions. The result makes both the calculational and fitting procedures more difficult,
but the result should be a great improvement on the limits of the LECs. To date, the ”full” calculation is
complete on the strong decays of the decuplet and the octet axial currents. It is expected that the second
two will be complete by October, and that the fitting procedure should begin immediately thereafter. Work
to date has been discussed in talks by Brian Bunton.

2.2 RELATIVISTIC HEAVY ION COLLISIONS

The reporting period has been extremely productive, in part due to the extraordinary opportunities in
phenomenology opened up by the data from the RHIC experimental program. Our group (S. A. Bass,
R. J. Fries, B. Mueller, C. Nonaka, T. Renk, and D. K. Srivastava, who visited for six months in 2002)
completed work on 40 journal articles, six of which appeared in Physical Review Letters. Several publications
from this reporting period are already widely cited, foremost our two original articles on quark recombination.

In 2003 S. A. Bass was awarded an Outstanding Junior Investigator award from the DOE. The projects
and research done by Bass after June 1, 2003, have to be divided into projects covered by the OJI award
and projects covered by this research grant. For the period of June 2003 to March 2004, the OJI funded
S.A. Bass’ activities on parton recombination as well as 50% of Chiho Nonaka’s activities in that domain
(note that the remaining 50% of Nonaka’s salary are covered by the group grant). All of Bass’ activities on
the parton cascade model during this time period are covered by the group grant.

For the period of May 2004 onward the OJI award will cover Bass’ research on a novel 3D hydro+micro
hybrid approach as well as 50% of Nonaka’s contribution to that project. All other research is covered by
the group grant and detailed below.

S. A. Bass and B. Mueller received the award of an international travel grant from the NSF for collabo-
ration with M. Asakawa (Osaka University, Japan). The grant supports three visits by Duke researchers to
Japan per year, for three years beginning in 2004. Asakawa has obtained a partner grant from the Japanese
agency (Mombusho) for visits to Duke University.

Within the wide area of RHIC phenomenology, our research focused on two primary goals: (i) to develop
a comprehensive understanding of the mechanisms of hadron emission at intermediate to large transverse
momenta (pT ≥ 2 GeV/c) and (ii) to develop a corrected and improved parton cascade code and apply it to
a variety of phenomena observed in nuclear collisions at RHIC. We also completed research on a variety of
specialized topics.

2.2.1 Hadron Production at RHIC

Maybe the most exciting of our recent results is the new insight that hadron production in Au+Au collisions
at RHIC at transverse momenta below about 5 GeV/c is dominated by parton recombination from a rapidly
expanding thermal quark phase [70, 71, 72, 103]. With only two very well constrained parameters (the
blue-shifted temperature Teff of the expanding source and the emission volume), the recombination model
describes all measured hadron spectra above a transverse momentum of 2 GeV/c. The low-momentum cut-
off is due our intent to minimize the specific model dependence of our results; others have shown that the
recombination mechanism can also describe the observations quantitatively at lower momenta, albeit at the
expense of specific modeling assumptions.

Our calculations show that recombination always dominates over fragmentation for an exponentially
falling parton spectrum, but that fragmentation wins out eventually at high momenta, when the spectrum
takes the form of a power law, as it is the case in QCD. We have found that the competition between
recombination and fragmentation of partons as hadronization mechanisms explains several surprising features
of the published data. In particular, the baryon excess at intermediate momenta, the different nuclear
suppression observed in pion and proton spectra, and the different saturation thresholds in the elliptic flow
can be consistently explained. We predict that all baryon spectra will exhibit a rapid transition around 5
GeV/c to a domain dominated by parton fragmentation. First indications of this transition have been seen
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in the hyperon spectrum measured by STAR, and we expect that the data from RHIC Run 4 will provide
conclusive evidence for this unanticipated phenomenon.

One of the most salient aspects of the recombination mechanism is the universality of the elliptic flow
curve v2(pT ) when plotted in terms of the constituent quark momentum pT = PT /n, where PT is the hadron
momentum and n = 2, 3 the number of valence quarks in the hadron. Since the elliptic flow of the quarks is
also 1/n of the hadronic flow, the elliptic flow per quark saturates at a value vq

2 ≈ 0.08 in good agreement
with calculations of the angular asymmetry of the parton energy loss in semiperipheral collisions. We have
pointed out that this effect can be used to determine whether hadronic resonances, such as the φ-meson, are
produced directly in the hadronzation, or whether they are the products of secondary interactions among
stable hadrons, such as KK̄ → φ.

Our scenario is a direct consequence of the presence of a thermalized partonic phase characterized by an
exponential momentum spectrum and without strong multi-parton correlations. We have argued that this
provides maybe the most conclusive evidence yet for the formation of a deconfined state of matter in Au+Au
collisions, or in other words, a quark-gluon plasma. B. Mueller was invited to present these arguments in
the context of a survey of soft hadronic probes at the “New Discoveries at RHIC” workshop at Brookhaven
in May 2004.

Recently we have begun to address an experimental observation, which has been considered by some
as a critical argument against the recombination mechanism. Data from PHENIX and STAR clearly show
that angular correlations among hadrons, similar to those seen in jets, persist in the momentum range (2
GeV/c < PT < 5 GeV/c) where recombination is thought to dominate over fragmentation. If it these
hadrons came from a truly thermal plasma of quarks, such correlations should be absent. We have shown
that recombination amplifies any existing momentum correlations among quarks, just as it amplifiies the
elliptic flow. A small amount of momentum correlations among thermal quarks, as it is expected to arise in
the wake of dissipated minijets, suffices to explain the observations.

We also developed a semi-analytical treatment of jet quenching, which makes it possible to show in detail
how the energy loss effectively leads to the dominant emission of high-pT hadrons from the outer layer of
the hot matter [93] (“corona” or “skin” effect). The calculations also showed that the measured suppression
factors are not in good agreement with the predictions of energy loss in QCD below hadron momenta of
5−6 GeV/c. In particular, the observed elliptic flow is much too large. This problem has now been resolved
by the recognition of the recombination mechanism. At higher pT the predictions of the perturbative QCD
theory of the medium induced energy loss are found to work generally well within the presently covered
kinematic range.

2.2.2 Parton Cascade Model

In 2001 we began work on a systematic overhaul of the parton cascade code VNI published by Klaus Kinder-
Geiger, which had been orphaned by his death in a tragic accident. Much of our work on the program was
carried out during a six-month stay of D. K. Srivastava (VECC, Kolkata) at Duke, which was supported by
grant funds. Our updated and corrected version of the code, nicknamed VNI/BMS, has fewer features than
the original — e.g. we eliminated the hadronization algorithm and other subroutines describing processes
not calculable in perturbtive QCD — but has been extensively tested. We intend to make the code public,
as soon as we have implemented a consistent scheme for treating emission and absorption of gluons in a
way that respects detailed balance. We have developed the theoretical foundations of such an algorithm and
begun to implement it, but still need to fully test its properties.

The results from our new version of the parton cascade program (VNI/BMS) have been published in a
series of articles [14, 15, 16, 17, 19]. The most noteworthy results are:

• The parton cascade model naturally explains the amount of net baryon excess measured at mid-
rapidity in Au+Au collisions at RHIC without the need for new baryon stopping processes [17]. Two
mechanisms are driving this excess: One is the presence of a net baryon density in the initial state
parton distributions at Bjorken-x around 0.01, reflecting the size of the valence quark component in
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this range of x. The other important factor is the rescattering among partons, which transports more
partons, and hence additional net baryon number, to mid-rapidity.

• In a follow-up study we have investigated the transverse momentum distribution of net baryons in
Au+Au collisions at RHIC. Rescattering and fragmentation of partons is seen to lead to a substantial
difference in the slopes of these distributions at central and forward rapidities, in qualitative agreement
with the data [19].

• We have used the parton cascade to explore the significance of a novel direct photon production
mechanism at RHIC, parton-to-photon conversion [67]. If observed, this process would yield a direct
measurement of the parton density of the medium through which jets propagate. We calculated the
production of high energy photons from Compton and annihilation processes as well as fragmentation
off quarks. The multiple scattering of partons is seen to lead to a substantial production of high energy
photons, which rises further when parton multiplication due to final state radiation is included. The
photon yield is found to be proportional to the number of collisions among the cascading partons [15].
The analogous calculation for lepton-pair production was also published [117].

• We have calculated the HBT correlations among photons expected in Au+Au collisions at RHIC
[74]. Our calculation includes the direct and prequilibrium emission described by perturbative parton
interaction (from VNI/BMS) as well as the thermal emission from the quark-gluon plasma (using a
hydro code and thermal rates). We find that the longitudinal correlation function C(qlong) represents
a very sensitive probe of the contribution of pre-thermal emission.

• We compared the contribution of pQCD based semi-hard parton scattering and rescattering to the
reaction dynamics of relativistic heavy-ion collisions at different energies [16]. While such processes
are found to able to account for the measured yield of high momentum direct photons at SPS energies,
the conditions necessary for jet-quenching are not fulfilled at the SPS, due to the diluteness of the
perturbative medium. The situation changes dramatically at the higher energies available at the
RHIC.

We are currently engaged in additional tests of VNI/BMS. In particular, we are studying multiplicity
distributions and production of heavier flavors under the various options (time-like branching, LPM sup-
pression, etc.) currently implemented in the program. Our goal is to determine which combination of model
options is compatible with a wide range of data and yields the most consistent treatment of parton transport.

In parallel, B. Mueller worked with G. R. Shin (sabbatical visitor from Andong, South Korea, with partial
support from the grant) on a relativistic parton cascade that avoids violations of causality. We devised a
formulation of two-parton collisions based on the concept of retarded interactions [112]. The model presently
includes gluon emission with LPM suppression, but not gluon absorption, and thus does not maintain detailed
balance. We used the code to explore the conditions for an approach to kinetic equilibrium among partons
at RHIC energies [113].

2.2.3 Other RHIC Phenomenology

S. A. Bass, together with several collaborators, investigated the predictions of various widely used models
for the production of Ω hyperons in relativistic heavy-ion collisions and showed that the yield ratio Ω/Ω
provides for a very sensitive test of these models. In their analysis, the Ω/Ω ratio originating from Lund
string decays is predicted to be larger than unity in proton-proton interaction at SPS energies (Elab = 160
GeV). The Ω dominance grows with decreasing beam energy. This surprising behavior is caused by the
combinatorics of quark-antiquark production in small and low-mass strings. This behavior is not found in a
statistical description of hadron yields in proton-proton collisions, where the baryon excess always results in
a larger Ω yield. Thus, this ratio may serve as a key observable to probe the hadronization mechanism in
such collisions [30, 31]. The analysis of SPS data by the NA49 collaboration, which was motivated by this
work, confirmed the statistical model predictions and confirmed the failure of the Lund string model.
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Gaussian radius parameters of the pion-emitting source in high energy heavy ion collisions at RHIC and
SPS energies have been thought to be sensitive to the QGP equations of state, in particular the hadronization
(critical) temperature Tc and the latent heat of the transition. A few years ago, Bass and collaborators
had calculated these radius parameters for pions with a novel and more realistic hybrid (“macroscopic
– microscopic”) transport model, assuming a first order phase transition from a thermalized quark-gluon
plasma (QGP) to a gas of hadrons. Such a model leads to a very long-lived dissipative hadronic rescattering
phase which dominates the properties of the two-pion correlation functions. The radii were found to depend
only weakly on the thermalization time τi, the critical temperature Tc (and thus the latent heat), and the
specific entropy of the QGP. The dissipative hadronic stage enforced large variations of the pion emission
times around the mean. Therefore, the model calculations suggested a rapid increase of Rout/Rside as a
function of kT when a thermalized QGP is formed.

However, current RHIC data have shown a rather flat kT dependence of the radius parameters, very
different from these model predictions – giving rise to the so-called “HBT-puzzle” at RHIC. In an effort to
gain insight into the unexpected behavior of the Rout/Rside ratio and in order to increase the sensitivity of
this observable to the QGP equation of state, Bass and collaborators focused on the analysis of kaons, because
these are less distorted by decays of (long-living) resonances and the predicted increase in the Rout/Rside

ratio with KT is rather moderate compared to pions. At high transverse momenta KT ∼ 1 GeV/c direct
emission from the phase boundary becomes important, the emission duration signal, i.e., the Rout/Rside

ratio, and its sensitivity to Tc (and thus to the latent heat of the phase transition) are significantly enlarged.
This work has been published in [114, 115, 116].

Lynen fellow T. Renk extended the comprehensive analysis of multiple probes of dense matter, which
he had developed in his thesis for collisions at the SPS, to RHIC energies. His analysis starts with a
parametrized description of the space-time evolution of the collective flow and the entropy density and uses
a realistic equation of state to determine the quantities required for the calculation of observables like hadron
spectra, HBT correlations, photons, lepton pairs, or charmonium. The parameters of the model are then
adjusted to obtain an optimal simultaneous description of all observables. The goal is to determine to which
part of the evolution the various probes are most sensitive, and to pin down in as much detail as possible,
how the fireball evolves. Renk summarized his results for SPS energies in a self-contained review [109].

The extension of this approach to RHIC energies required a number of modifications including a rela-
tivistic treatment of longitudinal and transverse flow. The evolution model, which describes tha data best,
has the nuclei partially stop initially, followed by a modest reacceleration in the longitudinal direction. This
corresponds to a case in between the extremes of the Bjorken and Landau scenarios, not in contradiction to
other recent studies, but emphasizing the urgent need for a fully three-dimensional hydrodynamical treatment
of the collision. Two surprises emerged from these studies [110]. First, the HBT data can be successfully
described, but only when the accelerated longitudinal expansion and the influence of baryons on the cooling
curve of the fireball are taken into account properly. Second, because of the larger transverse flow at RHIC,
the quark-gluon plasma phase contributes less to the direct photon spectrum than at SPS energies, and never
dominates over the highly blue-shifted yield from the hadron phase. Studies of charmonium suppression and
jet quenching in this model are in progress.

In collaboration with A. Schäfer, B. Mueller considered the problem of entropy production in the earliest
phase of a heavy-ion collision. The RHIC data suggest that a large amount of entropy (and hence pressure) is
produced very quickly, within less than 1 fm/c after the onset of the collision. We showed that this is a natural
consequence of the decoherence of the classical color fields contained in the colliding nuclei. For example, it
is possible to show that the decoherence of a coherent, i. e. quasiclassical, state of a harmonic oscillator with
moderate occupation number generates more than 80% of the entropy at full thermal equilibrium. Applied
to the model of saturated random glue fields (“color glass condensate”) decoherence alone generates between
1/3 and 1/2 of the observed final entropy [95].

R. J. Fries contributed to two chapters of the comprehensive CERN Report on “Hard probes in heavy
ion collisions at the LHC” [1, 2], in which he reviewed higher twist effects in p+A collisions and Drell-Yan
pair production. He derived a gauge invariant resummation of terms with arbitrary twist contributing to
Drell-Yan pair production in p+A collisions at leading and next-to-leading order in αs [68]. Fries made a
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numerical analysis of these effects at LHC energies and also extended the calulations of quark recombination
to heavy ion collisions at the LHC [73].

Fries also worked on the flavor asymmetry ∆ū − ∆d̄ in the polarized sea of the nucleon, which will be
measured in the RHIC spin program. Predictions for this quantity differ by sign and by orders of magnitude.
Fries and collaborators resolved this conundrum by including interference terms in the framework of the
meson cloud model. These terms change the sign and size of the result drastically and restore the picture of
quark-hadron duality [66].

In collaboration with T. Biró [27], B. Mueller showed that an effective “temperature” can arise by multiple
recombination processes, causing a power-law distribution at the parton level to change into an exponential
distribution for hadrons. The mechanism is closely related to the transition from a nonextensive (Tsallis)
statistics to the usual Gibbs statistics. Remarkably, the emergent effective temperature describes the hadron
spectra measured at RHIC quite well.

In collaboration with M. Asakawa and H. Minakata, B. Mueller showed that the coherent action of
the chiral anomaly in strong electromagnetic fields can lead to a negative elliptic flow velocity v2 for low-
momentum neutral pions in semiperipheral heavy ion collisions [8]. The negative v2 is also detectable in the
inclusive photon spectrum.

2.2.4 Chaotic Quantization

B. Mueller continued the collaboration with T. Biró (Eötvös U., Budapest, Hungary) on the chaotic quanti-
zation of gauge fields [23]. The basic idea is that the intrinsic chaos of classical gauge field theories at finite
temperature in D+1 dimensions provides a physical mechanism for the stochastic quantization of the theory
in the vacuum sector in D dimensions. The Planck’s constant of the lower dimensional euclidean quantum
field theory is connected to the temperature T and the spatial short-distance cutoff a of the classical theory
by the relation h̄ = Ta. We have given a detailed description of this mechanism in workshop lectures [24, 25]
and estimated the size of deviations from ideal quantum mechanics expected from the underlying chaotic
dynamics. We have also completed the first numerical realization for the mechanism in D = 4 dimensions
for the compact abelian U(1) gauge theory, demonstrating that the higher dimensional classical theory and
the lower dimensional quantum theory yield the same value of the Polyakov line, when the correspondence
h̄ = Ta is imposed [26].

2.3 LATTICE FIELD THEORY

One of the outstanding fundamental problems in nuclear physics is to understand the structure and inter-
actions of hadrons within the framework of QCD. Since QCD is a difficult non-perturbative quantum field
theory, today one can only solve it numerically by formulating it on the lattice. There are two main out-
standing problems in the field: 1) to calculate quantities taking into account the complete dynamics of the
light quark degrees of freedom and 2) to be able to calculate the physics of finite baryon densities. Solutions
to both these problems need fresh ideas before a breakthrough can be achieved. One of the goals of our
group (S. Chandrasekharan, C. Strouthos(postdoc),F.-J. Jiang and D. J.Cecile) is to make tangible progress
towards this goal.

Building on past experience, during this project period our group has made substantial progress in the
field. We have written 21 articles (including proceedings), out of which three have been published as (Rapid
Communications in Physical Review D and one in Physical Review Letters). Recently Chandrasekharan has
written a review article in collaboration with U.-J. Wiese titled “Chiral Symmetry on the Lattice”.

One of our main contributions has been the discovery of cluster algorithms for strong coupling Lattice
QCD with staggered fermions which is also efficient in the chiral limit [6]. This allows, for the first time,
to do precision calculations with light quark masses. Based on this work Chandrasekharan was awarded
an Outstanding Junior Investigator Award in 2003 by the DOE. The projects and research done by Chan-
drasekharan after June 1st, 2003, have to be divided into projects covered by the OJI award and projects
covered by this research grant.
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Since the beginning of June 2003, the Chandrasekharan’s OJI funds were used to cover 100% of Jiang’s
activities and (two months of) Strouthos’ activities. Strouthos was also partially covered (for travel) by
the group grant and by University funds. All the work of Chandrasekharan with Jiang and the work with
Strouthos on “Connecting Lattice QCD with Chiral Perturbation Theory” was covered by the OJI. The
remainder of the work described below, was funded by this grant.

2.3.1 Strong Coupling QCD

Lattice QCD contains roughly three mass scales: the cutoff (or inverse lattice spacing) a−1, the confinement
scale ΛQCD, and the pion mass mπ. Most conventional Monte Carlo algorithms for QCD become inefficient in
two regimes: when ΛQCD becomes small compared to a−1 and when mπ becomes small compared to ΛQCD.
The former can be largely controlled by perturbation theory thanks to asymptotic freedom. The latter is
more difficult since chiral extrapolations are typically non-analytic and can be unreliable if the calculations
are not done at sufficiently small quark masses. For this reason it has been difficult to compute quantities
close to the chiral limit.

The difficulty to approach the chiral limit in QCD is related to the problem of finding efficient algorithms
in fermionic field theories. Our research over the past six years has been focused on developing a new
approach to the subject. We have discovered that there exist novel ways to solve sign problems in fermionic
theories [43] using cluster algorithm techniques. See [46] for a recent review of our new approach. During
the past funding period we had applied our new approach to models that show superconductivity and chiral
symmetry breaking [42, 44].

During this funding period our efforts have focused on extending these techniques to QCD. In order to
make progress we focused on the strong coupling limit, where one can integrate over the gauge degrees of
freedom and thus simplify the problem. In this limit ΛQCD ∼ a−1 but we can still have mπ << ΛQCD when
quarks become light. Thus, the infrared physics in these lattice theories can still be interesting. Further,
conventional algorithms have not been able to approach the chiral limit in this simplified limit.

Although our first work on the subject, published in [47] resulted in an inefficient algorithm, we have
since discovered a very efficient cluster algorithm for strongly coupled lattice QCD with staggered fermions
close to the chiral limit [6]. We have been using and extending our new algorithm to address a series of
physics questions as described below.

• Chiral Phase Transition in Strongly Coupled QCD

Lattice QCD calculations in the past have tried to determine the the universality class of the finite
temperature chiral phase transition in QCD. Unfortunately, today the answer remains unclear. This
is particularly true with staggered fermions, where there is a remnant U(1) chiral symmetry. Since
the symmetry properties do not change with the gauge coupling, one expects that the phase transition
belongs to the O(2) universality class in the strong coupling limit also. Using our algorithm we have
shown this with unprecedented precision. In this calculation we worked with U(3) gauge fields instead
of SU(3) since it is algorithmically simpler and the difference is expected to be unimportant. Thanks
to our new algorithm we could work directly in the chiral limit and perform calculations at spatial
volumes as large as 1923. Our work has been published as a rapid communications [52].

• Kosterlitz-Thouless Universality Class in 2+1 Dimensions

Since the relevant chiral symmetry in strong coupling QCD with staggered fermions is U(1), theoretical
arguments would suggest that in 2+1 dimensions the chiral transition should belong to the Kosterlitz-
Thouless universality class. We found that this is indeed true. Apart from building confidence in
universality arguments, this extension to lower dimensions is of interest to the condensed matter
physics community in the context of models of high Tc superconductivity. Our work was published in
[50].

• Connecting Lattice QCD with Chiral Perturbation Theory
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Most calculations of lattice QCD are performed at heavy and unrealistic quark masses. In order to
extract physically meaningful quantities, the results from these calculations have to be extrapolated
to small quark masses using Chiral Perturbation Theory (ChPT). One of the difficulties has been that
the non-analytic singularities that ChPT predicts are not seen in the calculations. Thus, it is not clear
if ChPT is valid in the range where extrapolations are being performed.

At strong couplings, lattice QCD with staggered fermions has a chirally broken phase where the low
energy physics of the Goldstone bosons must be described by ChPT. Since, using the new algorithm
we can compute quantities at small quark masses, we can learn about the difficulties associated with
chiral extrapolations.

We have studied this question recently. We focused at ChPT at finite temperatures since the chiral
singularities are power-like and it is possible to avoid lattice artifacts in the chiral expansion by working
close to the second order chiral phase transition. We discovered that results are indeed consistent with
the predictions of ChPT, however quark masses required much smaller than those reachable with
conventional algorithms. This study makes it clear that it is important to continue to develop better
algorithms to approach the chiral limit of QCD. Our work was published as a rapid communications
in [55].

• Strongly Coupled Two Color QCD

We have extended our algorithm also to study two color QCD with SU(2) gauge group with staggered
fermions at strong couplings. Although this theory is quite different from QCD, it contains a richer
symmetry and a complex low energy theory. Recently, this theory has attracted much attention since
it can also be studied in the presence of a finite density of baryons.

At zero baryon density the theory contains a SUB(2)×Uχ(1) symmetry which breaks down to UB(1) at
low temperatures. We have used our algorithm to study the finite temperature phase transition in this
model with four time slices. Our results show clear evidence that the transition is weakly first order.
Lattices as large as 2563 are necessary before this can be inferred. Interestingly, due to the symmetry
structure, the normal-planar transition in superfluid 3He may be related to this transition. There are
recent claims that this transition can be second order. We wonder if our weak first order transition is
due to the presence of a second order critical point close by. We plan to change the number of time
slices to study this transition.

The zero temperature phase transition as a function of the baryon density is second order transition
in the mean field universality class.

This topic is Fu-Jiun Jiang’s thesis topic and he has been working on it along with Chandrasekharan.
Since this topic was funded by the OJI grant, we will review the progress more thoroughly in the
progress report of that grant.

• Non-Mean Field Behavior at Large N

It is usually believed that Strong Coupling Lattice QCD with a large number of colors is governed by
mean field theory. In fact there are many calculations that are performed using this assumption. We
have discovered that although this is true at zero temperatures, the finite temperature chiral phase
transition in this theory is not governed by mean field theory. As discussed above, strong coupling
lattice QCD with staggered fermions, undergoes a second order phase transition in the O(2) universality
class. We have found that the critical region, where the O(2) critical exponents are seen, does not
shrink with N , as one might expect from arguments of Kogut,Stephanov and Strouthos. Since the
result is new and controvertial Chandrasekharan and Strouthos were able to publish their findings in
Physical Review Results [58].

• Monomer-Dimer-Plaquette Models

At strong couplings lattice QCD with staggered fermions reduces to monomer-dimer models. This is
because quarks are always confined into mesons which are represented by Monomers and Dimers. Away
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from strong couplings the quarks may be allowed to propagate for some distance before being confined.
As a first step, one might explore the effects of allowing the quarks to be confined in plaquettes,
rather than monomers and dimers alone. This leads to an interesting model of monomer,dimers and
plaquettes. Thus, it would be interesting to check if the weights of the plaquette mimic a gauge
coupling. Further, the model is sufficiently different that one has to develop a new algorithm to update
and measure quantities.

We (Chandrasekharan and Cecile) have developed an algorithm for the simplest dimer-plaquette model
in two dimensions. Using the algorithm we were able to explore lattices as large as 1024 × 1024 and
have studied the effects of the plaquette coupling which mimics the gauge field. We find that the power
law correlations of the theory in the absence of the plaquette terms (stroun couplings) continue for
all couplings. This is consistent with what one expects in the lattice Schwinger model with staggered
fermions. However this leads to a puzzle as explained below.

Interestingly, the dimer-plaquette model has a U(1) chiral symmetry like the lattice Schwinger model
with staggered fermions. One might assume that the low energy physics of the model may be described
by the well known XY model. However, this suggests that there will be a Kosterlitz-Thouless type
phase transition in the model. The absence of this transition leads to a puzzle.

We think the puzzle can be resolved if we assume that the model does not contain any vortex type
excitations. This is a new and interesting result which has not been appreciated before. We are
currently in the process of writing these results up.

• Four Point Correlations

The focus of most lattice QCD calculations is usually on calculating hadron masses and various hadronic
matrix elements. Very little effort goes into computing scattering properties of hadrons. One important
quantity in this class of observables is the width of resonances (or decay time of particles that are
unstable). A classic example in QCD is the decay properties of the rho meson.

A long time ago Lüscher showed us how one can compute scattering properties using finite size tech-
niques. He argued that in order to understand π − π scattering, one has to compute several energy
levels in the two-pion channel in a finite box L. The scattering phase shifts can be obtained by studying
the dependence of these levels as a function of L. The phase shifts in turn give information on the
resonances in the π−π channel. Although the method is clear it has not yet been used, except in some
bosonic toy models.

The main difficulty in applying Lüscher’s method to compute the resonant properties of the rho meson
in realistic calculations has been the lack of good algorithms in the range of parameters where the
rho meson can decay. On the other hand, in the strong coupling limit, we now have very efficient
algorithms to study light pions. Thus, perhaps we can make progress at least in the strong coupling
limit.

We have already demonstrated, in a series of articles, the power of the new algorithm in computing
two point correlation functions. We wish to explore if our new approach allows us to compute four
point correlation functions which are necessary to compute two-pion energy levels and hence compute
scattering and resonance physics. Although in principle this is possible with the new algorithm, some
work was necessary. We (Chandrasekharan and Cecile) have since shown that we can measure two
point correlation functions accurately in the background of two fixed sources using earlier techniques.
This can now be used to to measure four point functions. We now plan to use this new technique to
study scattering of pions on the lattice.

2.3.2 D-Theory Approach to Field Theory

D-theory is an alternative non-perturbative approach to quantum field theory formulated in terms of discrete
quantized variables instead of classical fields. Classical scalar fields are replaced by generalized quantum spins
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and classical gauge fields are replaced by quantum links. The classical fields of a d-dimensional quantum
field theory reappear as low-energy effective degrees of freedom of the discrete variables, provided the (d+1)-
dimensional D-theory is massless. When the extent of the extra Euclidean dimension becomes small in units
of the correlation length, an ordinary d-dimensional quantum field theory emerges by dimensional reduction.
In this work we have constructed explicitly the D-theory formulation of scalar field theories with various
global symmetries and of gauge theories with various gauge groups explicitly and we have investigated the
mechanism of dimensional reduction. This work has been published in [40].

The D-theory approach allows us to do some new calculations which were impossible with the usual
formulation of lattice field theories. For example in certain cases introducing a chemical potential into a
theory makes the action in the conventional approach complex and hence causes sign problems. On the
other hand in the D-theory formulation it is possible to formulate the problem without sign problems. We
have demonstrated this recently in the O(3) non-linear sigma model. The conventional formulation of the
non-linear O(3) model based on the classical spins cannot be studied in the presence of a chemical potential,
while the same model can be studied using the D-theory formulation with efficient cluster algorithms. More
details of our work can be found in [45].

2.3.3 Non-linear realization of Chiral Symmetry on the Lattice

Formulating chiral symmetry on the lattice is known to be notoriously difficult. The main problem is that
a fermionic mass term breaks chiral symmetry. However, it is well known from the literature that fermionic
mass terms do not violate chiral symmetry if the symmetry is realized non-linearly on the fermionic fields.
Recently we have adopted this strategy and have formulated this symmetry exactly on the lattice.

Ofcourse the nonlinear realization is natural only in the chirally broken phase of QCD. This means that
our approach will be more helpful in understanding QCD as an effective field theory. For example many
non-perturbative questions remain in the old chiral quark model of QCD formulated originally by Georgi
and Manohar. Our lattice approach will help shed light on this. Further, recently there have been efforts
in studying physics of many nucleons in the effective field theory framework. Our approach may also be of
interest in such studies. More details of our work can be found in [49].

2.3.4 QCD at Fixed Topology

Since present Monte Carlo algorithms for lattice QCD may become trapped in a fixed topological charge
sector, it is important to understand the effect of calculating at fixed topology. We have recently shown that
although the restriction to a fixed topological sector becomes irrelevant in the infinite volume limit, it gives
rise to characteristic finite size effects due to contributions from all θ-vacua. These finite size effects can be
calculated and used to extract physical results from numerical data obtained at fixed topology as discussed
in our recent work found in [38, 39].
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3 SERVICE AND ORGANIZATIONAL ACTIVITIES

Several members of our research group were engaged in various service activities during the reporting period,
including work on agency committees and conference organization:

• S. A. Bass and B. Mueller co-organized the 7th International Conference on Strangeness in Quark
Matter in Atlantic Beach, NC, 12-17 Mar 2003, which brought together about 150 physicists interested
in strangeness as a probe of dense hadron and quark matter [20].

• S.A. Bass served on the organizing committee of the RIKEN-BNL workshop on Collective Flow and
QGP Properties at Brookhaven National Laboratory, Upton, NY, November 17-19, 2003.

• S. A. Bass served as co-organizer for a Mini-workshop on Quark Recombination at the Institute for
Nuclear Theory, University of Washington, Seattle, WA, December 8-9, 2003.

• S. A. Bass co-organized a conference for young researcers in the field of relativistic heavy ion physics
(“Hot Quarks 2004”) in Taos, New Mexico, July 18-24, 2004, which was attended by about 75 physicsts.

• T. Mehen co-organized the INT Program, ”Effective Field Theory, QCD, and Heavy Hadrons”, Uni-
versity of Washington, Seattle, WA, March 21 - June 10, 2005.

• B. Mueller served as chair of the NSAC subcommittee on Nuclear Theory during 2003. The subcom-
mittee completed a report entitled “A Vision for Nuclear Theory” [41], which was accepted by NSAC
and transmitted to the DOE and NSF.

• B. Mueller co-organized workshops (with H. M. Fried and C. I. Tan) on Nonperturbative Quantum
Chromodynamics in Paris (5-9 June 2001 [62]), Villefranche (6-10 January 2003 [63]), and again Paris
(7-11 June 2004 [120]).

16



4 TNT Colloquia

The Triangle Nuclear Theory Colloquium (TNT), which has been funded by the grant is jointly organized
and held at Duke University, the University of North Carolina at Chapel Hill (UNC) and the North Carolina
State University (NC-State).

The Colloquium is regularly attend by the members of the nuclear and particle theory groups of the three
institutions and, depending on the topic, by local experimentalists. Speakers are always asked to start with
a fairly general introduction into the topic appropriate for the non-experts in the audience but then may go
into as much detail concerning their current research as is suitable for a nuclear theory seminar. Attendance
varies between 15 and 25 or more depending on the subject and speaker.

09/11/01 Terry Leung (University of Delaware)
An effective-operator guide to models of neutrino mass

09/24/01 Bugra Borasoy (TU Muenchen, Germany)
The effective field theory of the strong interaction: chiral perturbation theory

10/02/01 Peter Kolb (The Ohio State University)
Indications for hydrodynamic expansion in ultrarelativistic heavy ion collision

10/30/01 Carlos Bertulani (Brookhaven National Laboratory)
Shining Light on Relativistic Heavy Ions

11/13/01 Calvin Johnson (Lousiana State Univ.)
Order from Chaos in the Nuclear Shell Model

11/16/01 Stefan Sint (CERN Theory Division)
A non-perturbative determination of the charm quark’s mass

11/20/01 Jürgen Schaffner-Bielich (Columbia University)
High-density QCD for neutron stars

01/15/02 Ben Bakker (Vrije Universiteit, Amsterdam)
Structure of bound States in Light-Front Dynamics

01/22/02 Andrew Steiner (SUNY Stony Brook)
Quarks in Proto-Neutron Stars

01/29/02 Kerstin Paech (J.W. Goethe University, Frankfurt, Germany)
Chiral symmetry breaking out of equilibrium

01/30/02 Stefan Hofmann (J.W. Goethe University, Frankfurt, Germany)
High PT Suppression of Jets at Future Colliders

02/05/02 Emmanuel Petitgirard (Ohio State University)
Self-consistent Approximations for Scalar and QCD Thermodynamics

02/12/02 Larry McLerran (Brookhaven National Laboratory)
What have we learned from RHIC?

02/19/02 Xin-Nian Wang (Lawrence Berkeley National Laboratory)
Jet Tomography of Dense and Nuclear Matter

02/26/02 Bira van Kolck (University of Arizona)
Three-Nucleon Forces in Effective Field Theory
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03/19/02 Richard Furnstahl (Ohio State University)
DFT and EFT for Nuclei

04/02/02 R. Scharenberg (Purdue University)
Evidence for hadronic deconfinement in proton-antiproton collisions at 1.8 TeV

04/03/02 Michael Lisa (Ohio State University)
Dynamical timescales from STAR/RHIC year-1 results

04/16/02 Lisa Randall (Harvard University)
New Dimensions to Einstein’s Gravity

04/23/02 Dam Thanh Son (INT Seattle)
Low-energy degrees of freedom in color superconductivity

04/30/02 Xiandong Ji (University of Maryland)
Tracking the orbital motion of quarks in the proton

05/07/02 Lubomir Martinovic (Bratislava, Slovakia)
Spontaneous symmetry breaking in scalar light front field theories

05/10/02 Christian Weiss (Regensburg, Germany)
What do we know about generalized parton distributions?

05/27/02 Helmut Kroger (Laval University)
Monte Carlo Hamiltonian - a new way to compute thermodynamics

07/02/02 Chiho Nonaka (RIKEN, Waco, Japan)
Study of the Finite Density State based on SU(2) Lattice QCD

09/03/02 Adrian Dumitru (Brookhaven National Laboratory)
The deconfined phase of QCD near Tc

09/10/02 Nicole Bell (Fermilab)
Do neutrinos decay?

09/17/02 Carl Carlson (College of William and Mary)
Phenomenolgy from field theories in noncommutative space-time

10/01/02 Carl Shakin (Brooklyn College of CUNY)
Applications of a Generalized Nambu-Jona-Lasinio Model with Confinement

10/15/02 Anatoly Radyushkin (Old Dominion Univ. and Jefferson Lab)
Generalized Parton Distributions

10/29/02 Andrew MacFadyen (Caltech)
Collapsars: GRBs from Massive Stars

11/26/02 Jonathan Lenaghan (University of Virginia, Charlottesville)
Gluon Saturation and Pion Production in Proton-Nucleus Collisions

12/10/02 Krishna Rajagopal (MIT)
The Condensed Matter Physics of QCD

01/21/03 Peter Steinberg (Brookhaven National Lab)
Universal Aspects of Particle Production in Heavy Ion Collisions
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01/28/03 Felipe Llanes-Estrada (Madrid, Spain)
Pion-Pion scattering at low energy and temperature

02/04/03 Charles Gale (McGill University, Montreal)
Beacons in the storm: photons and lepton pairs in relativistic nuclear collisions

02/05/03 Chung-Wen Kao (University of Manchester)
What can we learn from low energy Compton scattering?

02/11/03 Jörg Ruppert (Frankfurt, Germany)
Chiral symmetry restoration in linear sigma models with different numbers of quark flavors

02/18/03 Jason Pruet (Lawrence Livermore National Laboratory)
Nucleosynthesis Associated with Gamma Ray Bursts

02/25/03 Carsten Vogt (Nordita and Jefferson Lab)
Large transverse size effects in hard photo-production of vector mesons

03/18/03 Ralph Hix (Oak Ridge National Laboratory)
Supernovae: Understanding the Deaths of Massive Stars

04/01/03 Micheal Ramsey-Musolf (CALTECH)
Precision Electroweak Measurements and Supersymmetry

04/15/03 Sangyong Jeon (McGill University, Montreal)
Limiting Fragmentation in Heavy Ion Collisions

04/22/03 Stan Brodsky (SLAC)
The unexpected effects of final state interactions in QCD

04/29/03 Jaebeom Yoo (University of Pittsburgh)
Unquenched QCD with Light Quarks

05/13/03 Jungil Lee (Argonne National Lab)
Exclusive double-charmonium production in e+e− annihilation

06/04/03 Silas Beane (INT Seattle)
A conjecture about hadrons

06/11/03 Sabine Hossenfelder (J.W. Goethe University, Frankfurt)
Probing Trans Planckian Physics in the Lab

07/07/03 Christian Weiss (University of Regensburg)
Instantons, constituent quarks and structure functions at low Q2

07/29/03 Judith McGovern (Manchester University)
Nucleon polarisabilities: the role of chiral perturbation theory

08/18/03 Asmita Mukherjee (University of Dortmund)
GPDs in Light-Front Hamiltonian QCD

08/26/03 Dipankar Chakrabarti (Saha Institute)
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[27] T. S. Biró and B. Müller, Almost exponential transverse spectra from power law spectra, Phys. Lett. B
578, 78 (2004) [arXiv:hep-ph/0309052].
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