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Abstract

The subject of this thesis is the production of electromagnetic radiations during rel-
ativistic heavy ions collisions. Since they constitute one of the major ways to probe
the presence of a quark-gluon plasma (QGP), their evaluation through theoretical
models is very important. The photon production at low-to intermediate transverse
momentum (pr) is first studied. The photon production rate in a mesonic gas is
evaluated within a massive Yang-Mills (MYM) approach. Earlier calculations are
reexamined with additional constraints, including new production channels and with
the inclusion of form-factors. Adding primordial N-N contribution and existing bary-
onic and QGP production rates, we can reproduce the photon spectra observed at the
Super Proton Synchrotron (SPS). The intermediate to high-pr region is dominated
by the physics of jets. A treatment, complete to leading-order in the strong coupling,
is used to calculate energy loss in the strongly interacting medium. This approach
is convolved with a physical description of the initial spatial distribution of jets and
with an expansion of the emission zone. The role played by jet-plasma interactions
is highlighted, showing that they dominate in the range 2 < pr < 4 GeV, at the
Relativistic Heavy Ion Collider (RHIC). This mechanism has an important impact
on both the total photon yield and the photon azimuthal asymmetry, turning the
coeflicient v, negative. Finally, the dilepton production at high pr is calcultated with
hard-thermal loops (HTL) effects, showing, that in perfect analogy with real photons,
jet-plasma interactions also dominate the dilepton yield around pr = 4 GeV.
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Résumé

Le sujet de cette these est la production de radiations electromagnétiques produites
durant une collision d’ions lourds aux energies relativistiques. Comme les photons
constituent ’un des principaux outils pour sonder la formation d’un plasma quark-
gluon (QGP), leur evaluation a travers des modeles théoriques est fondamentale. La
production de photons ayant un momentum transverse (pr) de faible & intermédiaire,
est d’abord étudiée. La contribution provenant du secteur mésonique est évaluée
dans une approche Yang-Mills massive (MYM). D’anciens calculs sont réexaminés
avec des contraintes additionnelles, incluant des canaux de production et des facteurs
de forme. Ajoutés aux collisions N-N primordiales ainsi qu’a des taux de production
disponibles pour la contribution des baryons et du QGP, les résultats expérimentaux
observés au Super Proton Synchrotron (SPS) sont reproduits avec succes. La région
d’intermédiaire & haut pr est dominée par la physique des jets. Un traitement, com-
plet au premier ordre en la constante de couplage «, est utilisé afin de calculer la perte
d’énergie dans un milieu régit par I'interaction forte. Cette approche est convoluée
avec une description physique de la distribution initiale de jets et avec une expansion
de la zone d’émission. Le role joué par I'interaction jet-plasma est mis en lumiére,
montrant que celle-ci domine dans le domaine 2 < pr < 4 GeV, au Relativistic Heavy
Ion Collider (RHIC). Ce mécanisme a un impact important sur la production totale
de photons, mais aussi sur sa distribution elliptique, rendant le coefficient v, négatif.
Finalement, la production de dileptons a haut pr est calculée avec I'effet des boucles
thermales dures (HTL), montrant, dans une parfaite analogie avec les photons réels,
que l'interaction jet-plasma domine aussi le spectre de dileptons autour de pr = 4
GeV.
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INTRODUCTION

The quest of understanding the behaviour of nuclear matter under extremely high
density and temperature has been one of the main goals of nuclear physicists for
decades. We define ordinary nuclear matter by an infinite ensemble of strongly in-
teracting hadrons and mesons, without surface effects. This field of research is im-
portant for two reasons. First, from a fundamental point of view, it is interesting to
know what happens when ordinary matter is submitted to very high temperatures
and/or densities, and secondly, this knowledge is essential to explain the behaviour
and characteristics of astrophysical bodies, like neutron stars and supernovae, since
their insides are expected to be made of such matter.

In order to reach a deeper understanding of the physics involved in those phe-
nomena, elaboration of theoretical models and their confirmation by experimental
measurements is needed. As the astrophysical bodies are not at hand, being too dis-
tant and too rare, one has to find a substitute on earth, for those phenomena. The

only known candidate is heavy-ions collisions.

1.1 Heavy-Ion Collisions and phase of nuclear matter

A important wealth of information can be obtained by colliding heavy ions at high
energy. During a very short period (less than 100 fm/c ~ 3 x 107?%s), depend-
ing on the beam energy, we expect the overlapping zone to reach states of high
temperature/density. However, as the nuclei have finite extension, we cannot talk

about infinite nuclear matter : surface effect might become important and would
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have to be taken into account. Figure 1.1 indicates some trajectories which relativis-
tic heavy-ion collisions may follow. The collision starts with cold matter and follow a
pre-equilibrium stage (dashed lines) which cannot be mapped on the phase diagram.
The energy deposited is redistributed among the strongly interacting particles, lead-
ing to thermalization at high temperature. Drived by internal pressure, the system
expands and cools, tracing a path (solid lines) in the phase diagram, until a freeze-out
temperature. At this point the distance between the particles is large enough, and
they cease to interact.

.
~ ~-.

T~ | QGP .

160-180 MeV

LHC, Pb+Pb
RHIC, Au+Au
SPS, Pb+Pb

Hadron Resonance
gas :
AGS, p+Au |

-~

Liquid-gas A )
mixed phase.\/ Liquid

1 V4
u B (GGV) @ Cold nuclear matter

Figure 1.1: Nuclear matter phase diagram.

T (MeV)
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super—
conductqr

The trajectory in the phase diagram depends on the size of the ions and on the
beam energy. Symmetric A+A reactions in the Fermi-energy regime (E/A ~ 50
MeV /nucleon) and asymmetric hadron(h)+A reactions at some GeV are the best
candidates for observing a nuclear liquid-gas phase transition [1]. Calculations by
myself [2], based on the Boltzmann transport equation [3] have shown that for such
reactions, the system takes about 60-65 fm/c to thermalize, leaving a state of de-
pleted average density, p/py ~1/4-1/3 for central collisions, and low-to-moderate

excitation energy E*/A < 9 GeV. The approximate energy density at thermalization
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would be € ~0.05 GeV/fm3. Analysis of 6.2-14.6 GeV proton on Au [4] collisions at
the Brookhaven Alternating Gradient Synchrotron (AGS) accelerator, suggest that
above E*/A ~ 5 GeV, the desexcitation mechanism change abruptly from a sequen-
tial emission of fragments (characteristic of a liquid phase), to simultaneous emission.
This simultaneous emission of fragments, the multifragmentation, would be a signa-
ture that the system has entered into the spinodal region, which is an unstable region
in the liquid-gas coexistence zone. The nuclear liquid-phase transition would have a
critical endpoint at a temperature of about 7.5 MeV [5]. At larger baryon density,
lies the color superconductor (CSC) phase [6], induced by quark pairing at the Fermi
surface, and separated from the QGP by a first order phase transition at a tempera-
ture estimated to T' = 30 — 50 MeV. Compact astrophysical bodies like neutron stars,
may be the systems of relevance for the CSC phase [7].

The hadrons are not fundamental particles : they are made of quarks, which inter-
act through gluon exchange. The fundamental theory describing those interactions
is Quantum Chromodynamics (QCD) [8], which predicts the confinement of quarks
inside hadrons at zero temperature. At non-zero temperature, from lattice QCD cal-
culations, there is strong evidence that around a temperature of 170 MeV, or equiva-
lently an energy density of about e=1 GeV/fm?® [9], there should be a phase transition
between an ordinary confined hadronic gas phase and a quark-gluon plasma (QGP),
with an associate change in the relevant degrees of freedom. From Pb-Pb collision
at center of mass energy /s = 17.34 GeV, at the CERN Super Proton Synchrotron
(SPS), results suggest an energy density € ~ 3.5 GeV/fm3 and thermalization time
as small as 1 fm/c. Energy densities as large as 15 GeV/fm® have been achieved at
the Relativistic Heavy Ion Collider (RHIC) [10], in Au-Au collisions at /s = 2004
GeV, and energy densities in the order of 100 GeV/fm? [5] are expected for the future
Large Hadron Collider (LHC) which should begin to run at CERN in 2008. For the
LHC, the system will be Pb-Pb at /s = 5.54 TeV.

Though large energy densities have been claimed to be observed at SPS and RHIC,

it is not enough to conclude on the formation of a QGP. Indeed, this confirmation
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will need much more than just one observable. The quest for the QGP, which is also
the goal of this thesis, is a real challenge, since the QGP is not a final state. Its
evaluated life-time is some fm/c, and its experimental detection involves not directly
the partons (quarks and gluons), but the hadrons produced during and after the phase
transition, when quarks convert to hadrons. However, as we will discuss in the next
section, even if we cannot see directly the QGP, there still exists detectable particles,

which can probe this early phase : the photons.

1.2 Photons as probe of the Quark-Gluon Plasma

The photons, real and virtual, interact only electromagnetically with the surrounding
matter. The coupling constant o which gives the strength of the electromagnetic
interaction is much smaller than the coupling constant for strong interaction : a ~
1/137 while a5 ~ 0.3 for QGP at temperature T' ~ 0.4 GeV [11]. Evidences for an
early thermalization of the strongly interacting medium created during relativistic
heavy-ions collisions appear from ratio of final particles and from their elliptic flow
(see for example Ref. [10] for such discussion at RHIC). No thermalization is however
expected for photons. With « that small, the mean free path A of the photon is much
larger that the lifetime of the QGP, such that the photons produced during a QGP
phase would leave the medium without rescattering. The smallness of « has two
important consequences: first, it allows application of ordinary perturbation theory
for the calculation of the photon production rates, and second, in the absence of
rescattering, the photons spectral emissivity will reflect directly the property of the
medium. This is why the photon is probably the most important tool for probing the
QGP.

We have to be aware, however, that photons experimentally detected come from
each phase of the collision. First of all, photons may be produced during the early
phase: during the overlap of the two nuclei and during a pre-equilibrium phase, i.e.
after collisions of nuclei but before thermalization is reached. Thereafter, in a scenario

with formation of QGP at thermalization, photons will be produce by collisions at the
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partonic level, such as ¢+ g — g+, for example. In the subsequent hadronic phase,
photons are produced by inelastic collisions of surrounding hadrons, like 7+p — 7+
and 7 + N — N + ~. Finally, after freeze-out, decay of neutral mesons like 7° and
n will also contribute to the photon yield. We will see later in this thesis that each
contributing phase has its own features : some phase will be dominant at low-pr, and
another at intermediate or high-py, where pr is the photon momentum transverse
to the beam axis. Thus, the shape of the total photon yield measured in heavy-ions

collisions can gives priceless clues about the QGP existence.

1.3 High pr suppression

At present, one of the most striking measurements in support of the creation of hot
and dense matter at RHIC is the discovery of high pr suppression in central Au-Au
collisions. This phenomenon is observed in single hadron spectra [12, 13] and in the
disappearance of back-to-back correlations of high pr hadrons [14].

There are a number of factors that can potentially influence the spectrum of high

pr partons in heavy ion collisions, compared to that in hadron-hadron collisions:

(i) A difference between the parton distribution functions of a proton and a heavy
nucleus. This can be both depletion (shadowing) or excess (anti-shadowing)

depending on the value of momentum fraction z.

(ii) The initial state multiple-scattering effect. This is the well known Cronin effect
caused by multiple soft scatterings a parton may suffer before it makes a hard
collision. This can, of course, only be significant in interactions involving at

least one nucleus.

(iii) Final state energy loss. This is due to the interaction between the produced

hard parton and the hot and dense environment.

Our kinematical range of application in this work is mainly mid-rapidity. There,

initial state effects cannot explain high pr suppression, as otherwise such suppression
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should also be observed in d-Au collisions, which is not the case [15]. High pr suppres-
sion has to arise from a final state effect: jet energy loss[16]. On top of experimental
evidence for the suppression cited above, it has also been proposed [17, 18] that az-
imuthal anisotropy at high pr could also be explained by jet energy loss. Induced
gluon bremsstrahlung, rather than elastic parton scattering, has been identified to be
the dominant mechanism for jet energy loss [19, 20]. In the thermal medium, a coher-
ence effect, the Landau-Pomeranchuk-Migdal (LPM) [21] effect, controls the strength
of the bremsstrahlung emission. Several models of jet quenching through gluon
bremsstrahlung have been elaborated by many different authors: Baier-Dokshitzer-
Mueller-Peigné-Schiff (BDMPS) [22, 23], Gyulassy-Levai-Vitev (GLV) [24], Kovner-
Wiedemann (KW) [25] and Zakharov [26]. There have also been phenomenological
studies where different energy loss mechanisms were added onto Monte Carlo jet
models [27, 28, 29] (see also [30] for a recent review).

We will see later that jets do not only support QGP creation by their suppression,
but also by the photons they produce when they scatter in the QGP.

1.4 Structure and Originality of the Thesis

The following work is divided into 6 chapters. It starts with chapter 2, which dis-
cuss the production of real photons at low to intermediate pr (pr < 4 GeV). Low
pr photons are emitted principally during the latter phase of the reaction, when the
temperature is lower, while hotter phase of the reaction shift photons toward higher
pr. In this chapter, we are mostly concerned with hadron gas emission, improving
previous analysis in several respects. 7pa,-meson gas rates are revisited and extended,
including strangeness reactions. The physics involved in hadron interactions can not
be complete without the inclusion of form-factors, which takes care of finite-size ef-
fects. Adjusting consistently the coupling constants and form-factors with measured
values of meson masses and widths, we highlight for the first time the importance
of t-channel exchange of the w(782), which constitutes the major contribution in the

hadronic sector for pr > 2 GeV. Those new hadronic photon production rate calcula-
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tions, done by myself, have been added to existing baryonic and QGP contributions,
and evolved in space-time through a fireball model, by one of our collaborators, Ralf
Rapp. Our results have been published in Physical Review C 69 014903 (2004). Our
results also appeared in the proceedings of the Montreal-Rochester-Syracuse-Toronto
meeting (MRSTO04) : Int. J. Mod. Phys. A 19, 5351 (2004).

In chapter 3, we present the formalism developed by Arnold, Moore and Yaffe
(AMY) [31], which correctly treats the induced gluon bremsstrahlung, with the LPM
effect (up to O(ygs) corrections). Though this doesn’t constitute my own work, this
section is important since this model for the parton energy loss will be used in all
following chapters. It also constitutes one of the first practical applications of this
formalism.

In chapter 4, we confront for the first time, the AMY formalism to high-pr sup-
pression data, such as 7° momentum distribution. In has been proposed in Ref. [32]
that jets crossing the QGP can also produce photons by its Compton scattering or
annihilation with a thermal parton from the medium. In this process, the photon
takes all the momentum of the incoming jet, so that we can talk of a jet-photon
conversion. We calculate for the first time the impact of the energy loss of jets, in the
jet-photon production, and find that while the effect of energy loss is non-negligible,
reducing the yield by a factor ~ 1.4, the jet-photon conversion is still the single most
important source of photons around pr=4 GeV at RHIC. To this, we add the photon
bremsstrahlung induced by the jets in the medium, mechanism that was absent in
Ref. [32], and all other major sources of photons, in order to have a complete picture
of the total photon yield. This work has been published in Physical Review C 72
014906 (2005).

Chapter 5 discuss the production of photons and pions in peripherical collisions.
At non-zero impact parameter, the zone formed by the hot matter is asymmetric in
the transverse plane of the collision. Since the strength of the suppression depends of
the amount of matter crossed by the jet, the number of pions and photons produced

will depends on their azimuthal angle. It is generally observe that high-pr pions are
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produced in smaller quantities in the direction where the medium is thicker. One
observable which describe this feature is v2, the second coefficient in the Fourier de-
composition of particles angular distribution. For pions, v2 is observed to be positive.
We have calculated for the first time, the coefficient v2 for high-pr photons. We find
that due to the dominant jet-photon conversion around pr-4 GeV, photons produced
in the direction where the medium is thicker are more important, i.e. v2 is negative.
Those new results have been published in Physical Review Letter 96 032303 (2006).

While the previous chapters were related to real photon production, chapter 6
calculates the high-pr production of virtual photons, which produce leptons pairs
(ete” or ptu~). The leading order interaction of a jet with QGP (¢ +q — ~+*) is
revisited, including this time the effect of jet energy-loss. Hard thermal loop (HTL)
corrections are also included for the first time in dilepton production from incoming
jets. We find that HTL corrections turn out to be even more important for incoming
jet than usual incoming thermal parton. With this inclusion, the jet production
of dileptons is as important as Drell-Yan at RHIC, for low value of invariant mass
M. This work has been submitted to Physical Review C (hep-ph/0601042). Finally,
chapter 7 contains the thesis summary and related discussion.

All chapters in this thesis include complicated multi-dimensional integrals, which
we have carried out using computers. The convergence of all numerical calculations
has been verified by varying the number of iterations and the number of calls to the

integrated functions.

1.5 Useful definitions

Before studying photon production, it is important to define a quantity that is often

used, the rapidity:

== — == ) 1.1
Y 2ln (E——p) ln( ) ()
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With this definition, the particle energy F and its projection momentum p,, along

the beam direction, can be written as

E = \/p% + M2coshy, p,=/p%+ M3sinhy. (1.2)

where pr is the transverse momentum, and M the particle mass. Under a boost § in
the z-direction, the rapidity changes according to
! E—ﬂpz+pz—ﬁE> 1 <1+ﬂ>
=y ==ln =y—=ln|{—— 1.3
o= = g () <o g (15 (-3

This is why the rapidity is useful, since it follows an addition rule under a Lorentz

transformation. Also, for a massless particle (v = 1), the speed projection is given by

v, = cosfl, where 0 is the angle between 7 and the beam direction 2. It follows that

1. (1+ cosf ¢

In the present study, photons and pions will be calculated at midrapidity, y = 0,
which corresponds to particles emitted in the transverse direction (f = 7/2). Finally,
the particle production is often written with the differential element d®p/E, where

d®p = prdprd¢dp,. We can write this differential element as a function of the rapidity:
dprdedp, = Jdprdédy . (1.5)

The Jacobian for the relation is simply

Ip.
J = ’ oy |~ Pk + M2coshy = E. (1.6)
This gives
d3
P _ prdprdédy = d*prdy . (1.7)

E
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PRODUCTION OF LOW AND INTERMEDIATE pr PHOTONS

In this chapter, we study the thermal emission of photons from hot and dense hadronic
matter at temperatures close to the expected phase transition to the Quark-Gluon
Plasma (QGP). Earlier calculations of photon radiation from ensembles of interacting
mesons are re-examined with additional constraints, including new production chan-
nels as well as an assessment of hadronic form factor effects. Whereas strangeness-
induced photon yields turn out to be moderate, the hitherto not considered t-channel
exchange of w-mesons is found to contribute appreciably for photon energies above
~ 1.5 GeV. The role of baryonic effects is assessed using existing many-body cal-
culations of lepton pair production. We argue that our combined results constitute
a rather realistic emission rate, appropriate for applications in relativistic heavy-ion
collisions. Supplemented with recent evaluations of QGP emission, and an estimate

for primordial (hard) production, we compute pr photon spectra at SPS energy.

2.1 Thermal photons emission

Within the thermal field theory framework, the differential photon emission rate from

an equilibrated system can be written as [33]

dR ImITf, g

Pogsp = (2m)3(1 — ero/T)

(2.1)

R

where ImIT 7, is the retarded photon self-energy at finite temperature. An equivalent

formula exist for the production rate of dileptons through the production of a virtual

10
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photon:

dRe e 2¢2 ImII®
E' E_ — n_ v v o uy . uv
AR P Il [ s p_)4(p+p_+p_p+ 9P+ =) eyt =1
(2.2)

p=ps+p_,po = +/|T|?+ M2, M are respectively the dilepton momentum, energy
and invariant mass. For real photon, we have simply po = |P|. The derivation of
Eq. 2.2 will be done in Chap. 6. In this formalism, in-medium effects and higher
topologies are included in ImII%,. It has been shown in Ref. [34] that taking the
imaginary part of the photon self-energy corresponds to integrating the square of the
scattering amplitudes M over the phase-space of the reaction. This is illustrated in
Fig. 2.1, where the scattering 7+ p — 7+ can be extracted from cutting a two-loops

photon self-energy with 7 and p mesons.

T /I 2
Y Y P T
(o™ — |7
N\ n v
ST —>—I Ay

Figure 2.1: Picture of the 7 + p — 7 + - coming from cutting a two-loops photon self-energy.

So, an alternative to using Eq. 2.1, one may use relativistic kinetic theory. For a

given reaction 1 + 2 — 3 + v, the pertinent rate becomes (see appendix B)

dR d*py d®p, d’ps 2 o
PGy = | 3B ry 2B, erp 2By 2 M
8*(p1 + p2 — ps — p) F(EL) f (E2)(1 F f(E3)) (2.3)

where the f’s are the Fermi-Dirac (Bose-Einstein) distribution functions for fermions
(bosons), and 1 F f(Fj3) is the suppression (enhancement) factor for the particle 3 in
the final state. There is no such factor for the photon as we assume the hot matter’s
volume small enough so that electromagnetic radiations leave the medium without

rescatterings. It also corresponds to assuming that the phase-space distribution of
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photons is low. Then (1 + f(po)) = (1 + (27)3dN7/d3zd®p) ~ 1. After some time,
the photons could come to equilibrium under the electromagnetic interactions with
the plasma: then the photons yield should be given by a black body spectrum at
temperature 7. But the photon equilibration time is far much greater than the QGP
and the hadron gas phase together. The evaluation of the equilibration time and
mean free path of photons can be found in appendix A.

As the scattering amplitude is usually expressed in term of the Mandelstam vari-
ables s, t, u, it is natural to integrate over those variables. After some algebric ma-

nipulations, the photon production rate can be written as

dR | e e oo ppes
e [T 4 / at [~ dE / dE, |M?
bo d3p 16(27{')7170 /smin 5 min EInin 1 Eém’n 2 |M|
1
FE) f(E)(1F f(Ey + E2 — po)) (2.4)
VaE3 +2bE; + ¢

The derivation of this equation, with the coefficients a,b,c, can be found in ap-
pendix B.
In quantum field theory, the scattering amplitude is obtained by evolving an initial

state |p;, po) up to a final state |ps, p), through the time ordered operator T [8]:

T
iM(27r)254(p1 +p2—p3s—p) = 711_{{.10 (0(1’3,P|T(efﬂp[i /_T dt Eint])lplap2>o>
(2.5)

where all diagrams retained have to be connected and amputated. The external states
in 2.5 are eigenstates of the Hamiltonian in unperturbed theory. This is however more
difficult to justify for finite temperature interacting systems, since there is no properly
defined asymptotic states. The term inside the exponential, is the interacting part of

the Lagrangian : this is the function from which all scatterings will be derived.
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2.2 Mesonic contribution

2.2.1 Effective Chiral Lagrangians

In this section, we consider 1 + 2 — 3 + « scattering with mesons in the initial and
final state, using the relativistic kinetic theory framework (Eq. 2.4). We don’t include
1+2 — 3+ 4+ processes as the phase-space for the emitted photon is considerably
reduced. Such processes usually contribute only in the limit p — 0 [35]. Reactions
like 1 4+ 2+ 3 — 4 -+ v are also disfavoured because the particles density is not high
enough to allow in large quantity, reactions with more that two particles in the initial
state.

The interaction of mesons is not perturbative in a QCD context, such that M
cannot be obtained from a finite number of Feynman diagrams involving quarks and
gluons. Effective theory is rather used, with mesons as degrees of freedom. It is
essential that such a theory respects the symmetries of QCD. The Chiral Symmetry
(see Ref. [36] for a review) is perfectly respected in QCD with massless quarks. We
know however that quarks are not massless (light quarks are about 5-10 MeV), but
since the relevant energy scale is given by Agcp ~ 200 MeV, we expect the chiral
currents to be approximately conserved.

At low temperature, hadronic matter can be approximated by a pion gas and its
chiral partner, the ¢ meson. The potential, which generates the vacuum expectation
value < o >; of the o field , has to be chirally invariant. The simplest choice is
V o (7% + 0% — f%)?) where f; =< 0 >.

In the non-linear sigma model (NLSM), the o degree of freedom is eliminated by
sending its mass to infinity. This confines the dynamics to the chiral circle, defined

by the minimum of the potential : 72 + ¢? = f2. The usual parametrization is given

by

Uy=e"Tr (2.6)
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with 7; being the Pauli matrices, such that

%tr[UgUz] = (r +0?) (2.7)

JE
The kinetic term for the pseudoscalar mesons is given by

2
S0u00%0 + S0, TOT = %tr[@nga"UQ] (2.8)

At this point, we have a chirally global SU(2), x SU(2)g symmetry. This can be
generalized to higher flavor number Ny, such that for SU(3) x SU(3)g, we have

=0 = g [ ]

with F; = V/2f,, and ), are the Gell-Mann matrices. 9 is the pseudoscalar octet:

p[2r¥] (2.9)

Y= - —% + % K (2.10)
—_ 7\ 2
K R -

To describe photon production in a gas consisting of light pseudo-scalar, vector
and axial vector mesons (, K, p, K*,a;) we employ the massive Yang-Mills (MYM)
approach [37], which is capable of yielding adequate hadronic phenomenology at tree
level with a rather limited set of adjustable parameters. Vector and axial vector fields

are implemented as massive gauge fields into the covariant derivative:
8,U = DU = 8,U — igoALU + igeU AR
Al =1/2(V, + A,)
A =1/2(V, - A,) (2.11)
where V), = %X’Vu’l and 4, = —\};A“AZ are the vector and axial vector meson matrices

respectively. Under global SU(3), x SU(3) transformation, U and AL transform
like

U—LUR', AL —LALL', Af— RAIR' (2.12)
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with L'L = 1 and RTR = 1. The complete chiral Lagrangian can be written as [37, 38]:

L= LiF2TtD,UDUt + LF2TeM (U + Ut - 2)
—3Tr (FLFM™ 4+ FRFR™) 4+ m3Tr (ALAY" + ARARY) 4+ yTrFL U FRe Ut
—i¢Tr (D UD,U' P + D,U'D,UFF) . (2.13)

In the above,

FLE =9, ALR — 9, ALR — igy [AL®, ALE]

2 1 2
M= [mi 4 §m3,] = (i = mi)s (2.14)

In Eq. 2.13, the second term is introduced to explicitly break chiral symmetry by giv-
ing mass to pseudoscalar mesons. The third and fourth terms represent respectively
the kinetic and mass terms of the massive gauge fields. Finally, the last two terms
are added for phenomenological considerations. It can be verified that each term in
Eq. 2.13, except the second one , are invariant under the chiral transformations 2.12.

Electromagnetism is introduced through a U(1) transformation [38, 39]
U = i€[Q, U]
, 1
SAL®) = j€[Q, AL 4 %Qaue (2.15)

where @@ = A3/2 + Ag/\/ﬁzdiag(%-, —3,—3) is the quark charge matrix. When we

apply this transformation on £, they are all invariant except the mass term of the

left- and right- handed vector fields, such that

52 = m2Tr(Q(AL + Af)]%aue. (2.16)
We then add three additional terms
L1+ Lo+ Ly = ‘2;m3 TY[Q(AL + AR)] - %(aﬂBV ~ 8,B*)% + 26;;”’3 B,B*Tr[Q?)
O (2.17)

where e is the electric charge. The electromagnetic field B, transform under U(1)

like

5B, = ~0,¢ (2.18)
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making the total Lagrangian £ + £; + L, + L3 invariant under U(1). This imply
that the electric charge and current density have to be conserved. But the final
shape of the Lagrangian is not yet fixed. Indeed, when we expand £ in terms of
pseudoscalar, vector and axial vector fields, we find a mixing term ~ 9,y A* coming

from TrD,UDHUT. We can get rid of this term with the redefinitions:

Vi
Vi — =

A F.r. - i§
PG TR L [aﬂw—g[vﬂ,w

v —
g = T
Z = 1—‘72@, FF:—FE:135M6V
4mi A
my = 1”27 mAzz\/mlfO?L_7 (2.19)

z/;,f/u and flu are the physical fields, while my and m4 are the physical vector and

axial vector mass. With this diagonalization, the new term £; becomes

—2em? . —2em? po ws
L= VB, Tr[QVH = VB, | = + — 2.20
= g, mieve = g, [ 2 220

In the ideal mixing [40], we have wg = \/—L\%ﬂé’ and the electromagnetic Lagrangian

—V2e mg ﬂmid)ﬂ}
3

Lem=£L1=— mf,pg + T‘”w“

= —B, [C,m2pf + Cym2wh + Cym2gh] (2.21)

By,

has the same form that the Vector Meson Dominance (VMD) model [41]. In principle,
the C'’s coefficients are determined from ey/2/§, but we can rather take advantage of
available experimental data to fix them and constrain the theory. As we will show
latter in this chapter, C,, and Cy4 are much smaller than C,, so that for our study, we

consider only the p — v coupling. Coming back to Eq. 2.17, £, is the usual kinetic
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term for photons and L3 prevents the photons from getting a mass [41]. Indeed, from

the terms L, Lo and L3, the propagator for a photon of momentum p is:

1 1 1-C?
D(p) = ~ ~ £ 2.22
(p) p2 . CszZI_zﬂ p2(1 + Cg) p2 ( )
pt—mi

for p?,C, — 0. This leads to a charge renormalization &> = (1 — C?). At this
point, we have all the ingredients to find the parts of the Lagrangian responsible for
the 1 + 2 — 3 + ~ scatterings. By expanding £, we can find the cubic and quartic

interacting terms:
Lyap = %Tr (8.4, — 8,4,)(0"7*,4]] + Tzl—gTr (0.7, — 8, V)[4, 8"9]] ;

o~ B o ""5 - ~ ~ ~
Lroe = 5T V05, 91] + 5 T (0,7 - ,7,)9"909]

my,

[,vvv = %TI‘ [(B,JZ, - GUVH)V“V”] y
N T B AR S,
T e e -~ 1 4
‘C’VVIW g Tr [[Vw"v/}] } + 4m%/Tr [[V;u Vu]a 1/)3 7/)]
~2
g% - o\ (1 T e TG
I 0.V, — 0,V,) ([V*, 910" + 0“9V, )] )
§°Cy
2

Tr [0,V — B,V )p(*VY — VM) — (8,V, — 8,V,) 9% , (2.23)

GgF, [1—~ 4£22
Mmoo\ 1vy T Ry
_§F [1+y 4y
P15 T Ragio

where

6:1_22_ 2Z4£g
(1-23)y1—7’
GF?2 (1 2
Cr=9 1<+7>— S . B— (2.24)
16my \1—v my(l—7)  §F2(1-7)

The Lagrangians described above contain only processes involving conservation of
intrinsic parity [42, 43]. For example, only reactions with (_1)sz = (—1)N}b , are
included, where Ni’/’ and N}/’ are the number of pseudoscalar mesons in the initial

and final state respectively. Anomalous reactions can by included via Wess-Zumino
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terms [42]. For our purpose, we need only terms connecting two vector mesons and

one pseudoscalar meson :
Evvw = ngeumgTr[a”V"a“V%], (2_25)

where €,,44 is the Levi-Civita tensor.

2.2.2 Symmetries and conservation laws

The construction of Feynman diagrams, describing the different processes producing
photons, is now possible. Eq. 2.5 is thus needed as well as the Lagrangians we
have seen. However, each process must fulfil certain symmetries and conservation
laws: conservation of electromagnetic current, G-parity, conservation of isospin and

strangeness.
Electromagnetic current conservation
By definition, the interacting term of a photon with surrounding matter is writing
by [8, 41]

Ly = Bujgu (2.26)
where jgpr is the electromagnetic current density. The scattering amplitude for a

process ¢ — f + v is:

M* = (fliEr (p)13) (2.27)

for any initial and final states ¢ and f. After contracting with the external photon of

momentum p, we get

DM =, \ias (D)10) = (Flppitns (D)) = i [ d'ae™® (F10, s () i) = 0
(2.28)

for conserved current (8,j%, = 0). The relation p,M* = 0 is also known as Ward
identity. The conservation of the electromagnetic current also implies the conservation
of charge at each vertex. Examples of Ward identity verifications can be seen in

appendix C.
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G-parity
The quantum number G is defined for hadrons made of up and down quarks only. Its

quantum operator is given by [44]
G=C- e (2.29)

where C' is the electric charge conjugation operator, changing up to a phase factor, a
particle to its antiparticle state. I is the second component of the isospin operator
7, and 7 is the angle by which we rotate the state. Since the strong interaction
is assumed to be isospin and C invariant, it means that the G quantum number is
conserved for strong interactions. The importance of G lies in its commutativity with
?, G, 7] = 0, because it has for consequence that all members of an isospin multiplet
have the same G-quantum number. For instance, the G-parities of the 7, p,w and
a; mesons are respectively —1,+1,—1 and —1. That means for example, that the

process a; — p + 7 is allowed because Gi, = G4, = Gowr = G, X G = —1.

Isospin and strangeness conservation

The 7, p,w and a; mesons all have three charges state of approximately the same
mass. Then they all have isospin I = 1, with the positive, negative and neutral
charge states associated to I3 = 1, —1, 0 respectively. The w meson has only a neutral
charge state, so that I = 0. Since the strong interaction is isospin invariant, isospin
must be conserved at each vertex involving mesons. Usually, taking care of charge
conservation already involve isospin conservation. However, there is a particular case
where charge can be conserved but not the isospin : a — p®+7%. All the mesons here
have I =1 and I3 = 0. While the charge is conserved, the Clebsh-Gordan coefficient
(I§ IT|I$* I° )14 for this process is zero.

Strangeness is another conserved quantum number during strong interactions. The
K+, K° K**, K* mesons have S = 1 while the K=, K% K*°, K*~ mesons have S =
—1. All mesons made of up and down quarks have S = 0. Strangeness is an additive

quantum number.
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2.2.3 Adjustment of coupling constants and hadronic form factor

The chiral Lagrangian model that we have shown contains six unknown parameters:
mo, & v, §, Cp and gyyy. The constants C, can immediately be fixed with the
electromagnetic decay of the p: p — v followed by v — e*e™, where the Quantum
Electrodynamic (QED) Lagrangian will be used for the latter transition. The theo-
retical definition of the width for a decay process 1 — 2+ 3+ ... + f, in the frame of
particle 1, is [8]

r _ 1 &’py ’ps d’py (2m)*
- 2 4
lMl1—>2+3+...+f6 (pr = P2 = ps = ..py) (2.30)

For the p — ete™ transition, this gives

aC?m,
3

(2.31)

I--‘p—n'a"'e‘ =

From the experimental value for the decay width, I'j.+.- = 6.85 £ 0.11 keV,
we get C, = 0.059. With the experimental values I'j,_,¢+.- = 0.6 = 0.02 keV and
Issete- = 1.2 £ 0.1 keV, it implies that C? and C’; are respectively smaller than
Cg by a factor ~ 11 and ~ 7, and this is why we keep only the p — v coupling in
Eq 2.21. The parameters my, &, v, § can be adjusted from the masses and widths of

the p(m,, [ porr) and ai(mg,, e, rp), allowing for two possible solutions:

(I):  §=10.3063, v =0.3405, £ = 0.4473, my = 0.6253 GeV ;
(I):  §=6.4483, v = —0.2913, £ = 0.0585, mq = 0.875 GeV .  (2.32)

In the absence of additional empirical constraints, the use of one set over another
is difficult to justify. However, in Ref. [45] it has been suggested to invoke the ex-
perimental determination of D- to S-wave content in the final state of the a; — prm

decay.
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D-to S-wave content

The decay width for the transition a; — mp is related to

o 3= [(@prle™ 160 )|

(2.33)

P Y /dQ‘MmamP

m(sz7m3
where m,’s are the spin projections in the third axis, H is the Hamiltonian and
dS2 = dsin 6 d¢. The wave functions for a, in the initial state and pm in the final state

are

l¢a1>: |J:1amg75:17l:0>a
|¢p,,):a[f5|J:1,m‘s’,S:1,l=0>+fD|J=l,m‘s‘,Szl,l:Q)] ) (2'34)

with [ the orbital angular momentum which has to be even from parity conservation,

and « some common factor. This gives
2
2
=¥ [

> [(Gonle™ (g0, ) p

a
LU me,mb

i fs 0 Yo (Q) +14 fp (1, 2,mf, mi|1,m) Y2 ()

my

(2.35)

where Y are spherical harmonics. In the a; center of mass, we fixe the p momentum

along the z axis, giving § = 0, so that ¥;2 (§ = 0) = 0 unless m; = 0. We thus have:

M=, = js_(s:;;g vifo) > - (1,2,m8, 0]1, m2)3g (2.36)

The more general shape the vertex for the a¥(¢) — p”(p) + 7 (r) decay can have is
Vw=—tWgu—1Xpuq (2.37)

where W and X are functions of p and ¢q. Then the decay amplitude can also be

expressed as

M"” = —iWepe - €pp =1 XD €ma @+ €y

amf

= —i o™ [W (—-ﬂéo — Opma — O ) m‘“ |?| 5%] . (2.38)
8 mp 3
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€ represents the polarization vector for an external particles. Comparing Eqgs. 2.36

and 2.38, we find that

2 _ f_D — /9 (W(m, - E,) - Xma1|7|2)

= = . 2.39
S fs (W(2m, + E,) + X mqa, | T[?) (2:39)

For the two parameter sets given above, Eq. 2.32, one finds
(I):D/S =036, (II):D/S = —-0.099. (2.40)

The result with set II agrees well with the experimental value —0.107+ 0.016 [46].
Finally, the last coupling constant, gyy, can be fixed by the decay w — 7+ . In
our model, this process goes via the wpm vertex, and the p° couples to the photon

via 2.21. As the p here is off-shell, by convention, a form-factor should be introduced.

Form-factors

Form-factors (FF) are introduced to reflect the finite-extent of the fields that appear
in the effective vertex. The FF is obtained by the Fourier-transform of the distribution

of charges inside hadrons

F(q) = /d% e % (). (2.41)

If the charge distribution was narrow, p(z) = 6%(x), we would get F(q) = 1. How-
ever, since hadrons are made of quarks, their finite extension may be probed when
the exchanged momentum is large. Form-factors are usually parameterized as F(q) =
F(0)/(1 — ¢2/A2)" in the spacelike region (¢2 < 0), where the powers n = 1,2 corre-
spond to monopole and dipole respectively, and A is the pole mass, which is in the
order of the heavier hadrons (A ~ 1—2 GeV). Since hadron interactions depend on F'
their dynamics are sensitive to the ¢ behaviour of F. In principle, the strong inter-
action of the constituents quarks and gluons should fix this ¢> dependence. However,
in the low-energy QCD regime, a nonperturbative treatment of QCD is necessary,
and such method like QCD sum rules or lattice gauge theory are at present still

inconclusive.
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Here, we assume a dipole parametrization for the FF, in order to be consistent with
the dilepton yield calculations using the in-medium p(770) spectral function [47, 48],

discussed latter in Sec. 2.3. In the timelike region, for a process R — X +Y, we have
2

2A% + m,

Fe :
2A2 + (\/m§( + qRay + MY + q%M>

(2.42)

where q¢as is the particle momentum in the center of mass of R. F is normalized to 1
when the particles go on-shell, and A = 1 GeV. This FF has been used in Ref. [48] to
successfully describe the decay of many p induced mesonic resonances R with masses

mp < 1300 MeV. The form-factor is introduced in an effective vertex V¢ simply by:

~

Vers(@) = V(g) x F(q), (2.43)

where V(q) is the bare vertex. The width for the w — 77 decay is then

_ |M|2QCMF2

FOJ—HI’"/ - 87rm2
w

(2.44)

The experimental value for the width is 0.7174 MeV, giving g, = \/ingp =226
GeV~'. If one rather set F' = 1, we would get g,z, = 11.93 GeV~L. The a; radiative

decay 'y, r+, contains also an off-shell strong vertex. Using F, we get
(I) Taisnqy =22 MeV, (II) : Ty, 24y = 0.033 MeV . (2.45)

Neither set I nor set Il reproduce the experimental value 0.64+ 0.246 MeV. For the

sake of quantitative analyse, another set is defined as
(III) : §=>5.834, y=—-0.464, £ = 0.1157, my = 0.847 GeV ,  (2.46)
leading to

Me, = 1.4 GeV, m, = 0.7 GeV, T', = 0.17 GeV (2.47)
T, = 0.3 GeV, D/S = —0.49, Ta_rs, = 0.44 MeV (2.48)

All features of the three sets are summarized in table 2.1
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Observables set I set 11 set III exp. values
m, 0.77 GeV | 0.77 GeV | 0.7 GeV | 0.7758+ 0.0005 GeV

Mg, 1.26 GeV | 1.26 GeV | 1.4 GeV 1.23+£ 0.04 GeV

| - 150.7 MeV | 150.7 MeV | 170 MeV 150.3+ 1.6 MeV

| AP, 400 MeV | 400 MeV | 300 MeV 400£175 MeV
Coiomy 2.2 MeV | 0.033 MeV | 0.44 MeV 0.64+ 0.25 MeV
D/S 0.36 -0.099 -0.49 -0.107x 0.016

Table 2.1: Fixing parameters and predictions for three sets of parameters.

To be consistent with this procedure, all our processes in the mesonic sector should
now include form-factors. It’s important to include FF in a way which doesn’t violate
the Ward identity. For this reason, and because photon produced in the range pyg > 1.5
GeV are dominated by ¢-channel exchange, we will assume the same dipole form for
each hadronic vertex appearing in the amplitudes. Thus, for a ¢t-channel exchange

(spacelike region), we take the FF to be

272 1\’

where in the limit of low exchange momentum, the finite extension of the hadrons
cannot be probed, and F' — 1. We then approximate the four-momentum transfer in

a given t-channel exchange of meson X by its average ¢ according to

1 \?( 247 \° L/‘lps dt(2A2)8 (2.50)
m% —t) \2A2—t) 4ptlo  (m% —t)2(2A2 —t)® '

The averaging procedure allows to factorize form factors and amplitudes which much

facilitates the task of rendering the final expression gauge-invariant, since we can then
simply multiply the rate parametrizations with F(£)4. We get the 4th-power because
in a 2 — 2 scattering amplitudes, there is two vertices, so that each vertex bring a
FF, and since the production is related to the square the scattering amplitudes, the
production rate including vertex will be given

deith FF =p ano FF
Do —'———dg,p 0 Bp

x F(f)* (2.51)
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Figure 2.2: The effect of hadronic form factors on a typical photon-producing reaction in a nonstrange
meson gas, 7p —q,xp— Ty (set II), for 3 different temperatures. Solid and dashed lines are without
and with the inclusion of F(Z,)*, respectively.

The range of the strong interaction between mesons is determined by the light-

est exchanged particle X. Eq. 2.50 is solved numerically; for X = 7,w, K, we get

respectively

tr = 34.5096p0 " — 67.557p) "> + 32.858p) ™%,
t, = —61.595p5 ™™ + 28.592py %™ + 37.738pg T — 5.282p°%%

T = —76.424p05% 4 36.944p0%6% 1 39,0448p25873 (2.52)

where pg is the photon energy. The impact of the form factors is indicated by the
difference of solid and dashed curves in Fig. 2.2, which should still be considered as
a conservative estimate of the suppression effect. The reduction of the rate in the
2-3 GeV region amounts to a factor of ~4, which is quite in line with the earlier

estimates of Ref. [49].
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2.2.4 Production rates

The role of the a, pseudovector

-3
|0§ T T T T T T 10°E T .,,.,,..y,.VVV|.vv-3
i T+ — T+ ]
ok T+p — T+Y P Vo ]
3 0°E — amp, setll
q,> . o b _alnp,setIII
- 10°F 3 > 10’k -—a,setl o
] F F -] E 1
YE YO -~ a,set 11
[ ’
= 0% - LE 5] / ~ " set I
= E E =10 7 - S ~
o E MQ. 7 4 ~
2 I fes) ,’ S
g,k — anp, set] a? , ~ S~
k-] E ) o~
e -~ amp,setlll = 0F 4 T=200MeV .
cm AP, setll ) A
8 1 ~ v
WE ... mp, Ka ] REYE sl ~
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Figure 2.3: Left panel: 7 + p — 7 + 7 from mpa; intermediate states added coherently, at a
temperature T=200 MeV for the three sets discussed in section I. The dashed-double dot curve
represents the result from Ref. [49]. Right panel: a; and a;#p contribution to 7 + p — 7 + <. No
form factors are included here.

Figure 2.3 shows the reaction m + p — 7 + 7y for the three sets of parameters.
The ordering of those rates is the same as the ordering of a; radiative decays : larger
radiative decay gives larger results for 7 + p — 7 + 7. Importantly, we point-out
that getting a radiative decay n-time bigger does not imply a © + p — 7 +  rate
bigger by the same factor. This statement is accurate for the pure a; contribution to
7+ p — m+ (right panel of Fig. 2.3), but the total 7 + p — 7+ rate is given by a
coherent sum of diagrams containing virtual a; and other meson species. Therefore,
even if the photon yield from the a; diagrams with set I is considerably larger than the
corresponding contribution of set II (right panel Fig. 2.3), once we coherently add the
other contributions, the result for set I becomes about four times the result of set II.
Still considering m + p — 7 + +, note that set II, which reproduces well the hadronic
phenomenology of the a;, could perhaps be interpreted as a slightly conservative
estimate, as it under-predicts the radiative decay. To quantify this further, when
parameters are adjusted to reproduce the a; electromagnetic width, (set III), the new

photon rate for m + p — 7 + «v is bigger than that of set II by a factor less than two.
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To have a rough estimate of the error associated with those rates, one can simply
consider the range spanned by the results with II (good D/S, wrong I'y, ,z4,) and
those with set III (wrong D/S, good I'g,r4+,). The consequence of this exercise is
that set II is used here, and that we regard the uncertainty relative to its use to be
within a factor of two. For the sake of comparison, around pg=3 GeV, the result from

set II is a factor 2 larger than those Ref. [49], where the a; was not included.

The role of the w vector

The Feynman diagrams with w exchanges, in the process 7+ p — 7+, are shown in
Figs. C.1.4, C.1.5 and C.1.6 in Appendix C. However, as we will discuss in section 2.3,
the s-channel exchanges are already included in the in-medium p calculations. In
order to avoid double counting, we include here only the ¢-channel contributions. This
procedure is correct when coherence effects between s and ¢ channels can be neglected.
We can see in Fig. 2.4 that this is indeed the case: adding the pertinent amplitudes
coherently (long-dashed line) or incoherently (dotted line) gives essentially identical
results. Then, it is possible to absorb the w s channel in the in-medium p spectral
function, and add the ¢ channel separately. The Ward identity is also preserved, since
the s and ¢ channels respect gauge invariance individually, as shown in Appendix C.

The left panel of Fig. 2.4 furthermore shows that when g,r, is fixed without FF
(short-dashed line), w t-channel exchange is not the prevalent contribution at high
energy. When the larger value of g, is employed (solid line), w t-channel exchange
(without FF) is substantially enhanced. However, as argued above, a complete cal-
culation requires a consistent treatment of FFs, not only in the fits for coupling
constants. The pertinent results are summarized iﬁ the right panel of Fig. 2.4: both
w exchange and other mpa; contributions are reduced, but the former (solid line)
becomes dominant at high energy. After the publication of our results in PRC 69,
014903 (2005), the importance of the w t-channel exchange has been challenged in
Ref. [53]. However, these authors intentionally omit the insertion of FFs to “un-

derstand the relative importance of w and a; exchange processes”. In view of the
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discussion above, in the scenario with no FF, it is right that the w t-channel exchange
is not the single most important contribution, but this conclusion changes when FFs

are introduced (and they have to be) to take care of the finite extent of the mesons.

w0 ———————7———7 77— 10-5""l""[‘"'I""l""l""g
F  No overall FF ' I ' E ]
wp  T=200MeV T+p — THY w'f T=00Mev TP TR
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Figure 2.4: Left panel: 7 4+ p = 7 + v at T=200 MeV for a;7mp (dot-dashed line), w t-ch with g, r,
fixed without FF (short dashed line), w t-ch with g, fixed with FF (solid line), w diagrams added
coherently (long dashed) and incoherently (dotted line). No overall form-factor. Right panel: Effect
of an overal FF.
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Figure 2.5: Effect of the w as exchange particle at a temperature T=150 MeV. The solid, dot-dashed
and dashed lines show respectively 74+p — 7+v,7+7 — p++yand p = 7+ 7+~ with w exchanged.
The dotted line show 7 + p — 7y with w exchanged in the t-channel only.

We can also study the effect of the w exchange in 7 +7 — p+~vyand p > 7+7+7

processes, obtained from 7 4 p — 7+ by crossing symmetry [8]. Fig. 2.5 shows the
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w contribution in the 7 — p collision, with the s and ¢ channels added coherently (solid
line), and also the reactions obtained from crossing symmetry : 7 — 7 (dot-dashed
line) and p decay (dashed line). Surprisingly, the 7 — 7 contribution is not much
smaller than m — p, as one would have expected. Usually, the total energy is shared
between the photon and the mesons in the final state. The mass difference between
the final state of 7+7 = p+vyand 7+ p = 7+ v is (m, — m,) ~0.63 GeV, so that
we expect the photon distribution in the latter process, to be shifted up by ~ 0.63
GeV relatively to the former process. We can see that this is indeed the case in the
left panel of Fig. 2.6. This reasoning is correct when s channels are included, which is
not the case for m — 7 collisions with w exchange : only ¢ and u channels are present.
At high energy, the ¢ — 0 limit dominates and there is some direct exchange between
one incoming 7 and the emitted photon, reducing the effect of the large p mass in

the final state.

Strange and non-strange sectors

From here on, we employ parameter set II. We proceed with a systematic evaluation
of all processes generating photons based on the interaction vertices contained in
Eq. (2.13). The explicit reactions considered include all possible s-, t- and u-channel
(Born-) graphs for the reactions: X +Y - Z++v, p > Y +Z+ v and K* —
Y +Z+ . For X, Y, Z we have each combination of p, 7, K*, K mesons which
respect the conservation of charge, isospin, strangeness and G-parity defined for non-
strange mesons. The axial a; meson has been considered as exchange particle only
(the a; — 7y decay is automatically incorporated via s-channel 7p scattering). The
Feynman diagrams for the processes and their corresponding scattering amplitudes
are in Appendix C. Using Eq. 2.4, the thermal photon production rates are readily
obtained from the coherently-summed matrix elements in each channel. For practical
purposes, we quote below parametrizations of our resulting photon production rates.
In the following, the photon energy py and the temperature 7 are both in GeV. The

units of the production rates are (fm~*GeV~2). Parametrization for K* — K+ +~
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and K+ K — p+y do not appear because their rates have been found to be negligible.

ARt psa, vpsmty —(1.4617230% 4 0, 727) 1.4004 Po
Pt ~ T Ur) op A + (0.566740% — 0.9957) 22
ABrips inoriry (L8657 — 2.6) | s Po
Do d3tp 3 ea?p (2T pe)0e2 + (3.053T"° — 1.038)?
dR7T+7T—> (e Pty 9 314T- 0.584 — 5. 328) 0.721 Do
o1 = 3189772 _ 0.8998) 22
P ) eap T (03189 0.8998) 7
ARy, yormimtny 354597112 1 18.827) Do
Po Id;p = ezp 2Tp0 )(—LA4TOT24:0.0996) - L 21?
dR, K*>K+y _ 0.35 0.03435 Do
Do o T 3 75 e:cp 2Tp0 105 + (2.3894T —3.222) = T
Wrskokty _ —(5.4018T~0%5% _ 1.51)(2Tpo)*%" — 0.912°
" e:cp 51)(2Tpo)™™ — 0.91 7
dRp+K—>K+"/ F4 tK O 9386T1 551 + 0. 634) 0.5397 Do
Do 7 = 33 exp 2Tp0 101 + (0.568T — 1.164)7
AR+ 1ksnsy  FiEx) [ —(6.096T58 4 1.0299)
Do &p = Tp-s7 P (2T po) (~ 1613772 4+0.975) 096?

(2.53)

The parametrizations for the nonstrange reaction channels in the present work
differ from the ones quoted in Ref. [51], which are based on Ref. [38], in two respects.
First, in the latter article the amplitudes in two channels, as written, violate the
Ward identity [52]. Second, the choice of parameters underlying Ref. [51] yields an
D/S ratio which is at variance with the experimental value. This is corrected here,
together with amplitudes which have been verified for current conservation. As in
Ref. [38], parameter set (1I) yields smaller emission rates than set (I) for the (leading)
mp — 7y process at high energies. In addition, our results using set II are another
~40% smaller than the corresponding ones in Ref. [38].

Rather little attention has been paid in the literature so far to the calculation of
photon emission rates involving strange particles, mostly because existing analyses
have found them to be quantitatively suppressed. In Ref. [50], the channel K; — Ky

was investigated and shown to be appreciable relative to non-strange sources only
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in a limited kinematical domain. Here, we seek to quantify the latter relative to
the mpa; emissivities within the same effective Lagrangian framework as encoded
in the SU(3) extension implicit in Eq. (2.13). To optimally reproduce the (mea-
sured) hadronic phenomenology, we are, however, lead to decouple the non-strange
axial vector meson (a;) from the strangeness sector. This allows to simultaneously
satisfy the (electromagnetic) Ward identities and fix both the strange vector mass,
mg+-=895 MeV, independent of the p mass, and the universal coupling constant as
to match the empirical value [46] of the K* width, I'(K* — K7)~50 MeV, giving
gr = 9.2.

The results for the strange and non-strange sectors, with form-factors, are summa-
rized in Fig. 2.6 for a temperature 7=200 MeV. Above py=1 GeV, production rates
are dominated by m + p — m + v reactions, especially by the w t-channel exchange.
Below 1 GeV, m+7 — p+ v and p = 7 + 7 + v are the dominant mechanisms. In
the strange sector, the main emission source is 7 + K* — K + 1, in complete analogy
to the m + p — 7 + v reaction in the non-strange sector. Overall, the total strange
contribution accounts for ~ 25% of the net contribution around py = 1 GeV, while

this reduces to ~ 15% at pp=3 GeV (right panel of Fig. 2.6).
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Figure 2.6: Strange and non-strange meson contributions to the production rate of photons at T=200
MeV.
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2.3 Baryonic contributions

It is important to realize that thermal emission rates of dileptons and photons are
intimately connected, both being based on the e.m. current-current correlator, al-
beit evaluated in distinct kinematical domains, i.e. timelike (M? = pg — p* > 0)
vs. lightlike (M? = 0),.respectively. We recall that baryonic sources are very im-
portant [54, 55] for understanding the observed excess in low-mass (M < 1 GeV)
dilepton production in (semi-) central Pb-Au collisions at both full (160 AGeV) [56]
and lower (40 AGeV) [57] SPS energies. It is therefore mandatory to scrutinize the
role of baryons in photon production, especially since most investigations have thus
far not revealed substantial contributions [58, 59, 60].

We here make use of the hadronic many-body calculations of the in-medium p(770)
spectral function [47, 61, 62, 63, 48], which, when evaluated for M? — 0, directly yield
pertinent photon emission rates via Eq. (2.1). Within the vector dominance model

(VDM), one has (schematically)

4
Imlen = Y. =4ImDy (2.54)
V=pw,¢ gV

(my, gy and ImDy: vector-meson masses, coupling constants and spectral functions,
respectively). In the following we focus on contributions arising from the p-meson,
which are dominant since gf,/ g2~10. Three different contributions to the p self-
energy are shown in Fig. 2.7. Diagram (a) shows the decay of the p meson into two
thermal pions, ¥, surrounded by hot nuclear matter. This contribution has been
calculated by Urban et al. in Ref. [63]. Diagrams (b) and (c) show the medium
modifications through resonant p-meson scattering off baryons (X,g), calculated by
Rapp, Chanfray and Wambach, in Ref. [47], and mesons (£,y/), calculated by Rapp
and Gale in Ref. [48]. The p-h (h=n,K,p, N,A,...) interactions are incorporated
through self-energy expressions of type [64]
3
005 T) = [ e

where the isospin averaged p scattering amplitude M, is integrated over the thermal

[ (wi(a)) — £ (walg) + po)] Mby(p, q) , (2.55)
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distribution f"(wp(q)) = [exp(wn(q))/T & 1]7! of the corresponding hadron species
h with wp(q) = \/m The advantage of writing the self-energy in terms of the
forward scattering amplitude (s-channel) is that in-medium resonance widths, ac-
counting for higher order effects in temperature and density, are readily implemented
without facing problems of double-counting. All of the resonances used in construct-
ing the p self-energy are enumerated in Refs. [62, 48], along with the details on how

the interactions are constrained by hadronic phenomenology.

-1

n N T
ERRRR1 hARRRE ' k
B W M
(a) () (©)

Figure 2.7: Different contributions to p self-energy. (a) Decay into two pions; (b) excitation of
baryonic resonances; (c) excitation of mesonic resonances in 7p scattering.
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Figure 2.8: Thermal photon production rate in the hadronic many-body approach of Refs. [63, 47, 48]
based of an in-medium p spectral function. The temperature and the baryon chemical potential are
T =200 Mev and pp=220 MeV.

The results from the hadronic many-body approach are compiled in Fig. 2.8 for a

temperature-density value characteristic for meson-to-baryon ratios at full CERN-SPS
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energy (160 AGeV). The solid curve is the net photon spectrum obtained by taking
the full (p-meson) spectral density to the photon point, whereas the long-dashed
curve represents the non-baryonic (sub-) component. One observes that the low-
energy regime, pp S 1 GeV, of the photon emissivity is dominated by baryonic effects
(quite reminiscent to what has been found for low-mass dileptons). These are mostly
due to direct pN resonances such as A(1232), N(1520), as well as A(1232)N~! and
NN-! excitations in the two-pion cloud of the p (which, to leading order in density,
correspond to t-channel one-pion exchange (OPE) in processes of type 1N — vN).
These contributions should be rather reliable for baryon densities up to at least normal
nuclear matter density, py = 0.16 fm—3, being constrained by photo-absorption spectra
on nucleons and nuclei [61].

Beyond ~ 1 GeV, mesonic (resonance) states become the dominant source of pho-
tons in the many-body approach, which includes radiative decays of w(782), h;(1170),
a;(1260), f1(1285), 7(1300), a2(1320), w(1420), w(1650), K*(892) and K;(1270). In
particular, the w — 7y decay exhibits an appreciable low-energy strength, consistent
with the early results of Ref. [49]. Note that all hadronic vertices carry (dipole) form
factors with typical cutoff parameters of around 1 GeV, as extracted from an optimal
fit to measured hadronic and radiative branching ratios within VDM [48]; ¢-channel
exchange processes between mesons as discussed in Sec. 2.2.4 (e.g., a;-exchange in
mp — my) are not implicit in the spectral densities leading to the the results of
Fig. 2.8. They are mostly relevant at photon energies beyond 1 GeV and therefore
do not significantly figure into bulk (low-mass) dilepton production, the latter being
dominated by (transverse) momenta pr < M.

We finally have to address the question of how to combine the various hadronic
sources, computed in two different frameworks, into the total emission rate. Two
issues arise when simply adding all of the emission rates shown in Figs. 2.6 and 2.8:
double-counting and coherence. The a; s-channel graph is present in both p spectral
function and the MYM framework. We remove it from the former, where it plays a

minor role, whereas it induces significant interference effects in the mpa; complex. If
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coherence is unimportant, ¢-channel contributions can be evaluated separately. It was
verified that this was the case for the w exchange (see Fig. 2.4), so that the incoherent
addition of the ¢-channel contribution is justified. We believe that it is fair to say
that the enumeration of hadronic photons sources given in the mesonic and baryonic
sections, together with form factor inclusions, currently represents the most realistic

evaluation of the full hadron gas emissivity.

2.4 QGP contribution

The in-medium annihilation of a quark with an antiquark (¢ + § — ¢ + ) and the
Compton scattering of a quark with a gluon (¢+g — ¢+ v,7+ g — g+ ) have
already been calculated by Kapusta et al. in Ref. [49]. We show here the approach
followed by Wong, in Ref. [65]. The cross-section for the ¢ +§ — g + -y process is [§]

dogg->gv _ <€_f>2 8T (T-a~)2 m2 N m2 \2 N m2 N m2
dt e/ s(s—4m?)> " t—m?  u—m? t—m?2  u—m?

1/t—m? u—m?
_Z(u—m2+t—m2)}’ (2.56)

where m, e; are the mass and charge of the quarks, and 7T}’; is the generator of the

T¢. = 4). For py > m and py > T, we have that s > m?2.

,7,a — 1,7

strong interaction (3
The cross-section is then dominated by the terms with ¢ — m? and u — m?. We have
that t — m? = —2p,(E, — |Pj|cosh,,), where E,, b are the energy and momentum of

the incoming quark. From a Taylor expansion around 6,, = 0, we get

1 1 ___ 04|74 ~ 1 (2.57)
— — — o2 S
t—m?  2po(Bq = [Bgl)  2p0(Be = B2 im2 (@’% + 9%)

Thus, for |p;| > m, the angular distribution of 1/(t—m?) is very narrow around 6., =
0, which implies that P 172,. So, the differential cross-section can be approximated

by

d0gq— O\S5)q3— -
2, TN (55 (5 )+ 60 (7 - i) (259



2: PRODUCTION OF LOW AND INTERMEDIATE py PHOTONS 36

where 0 ()44 is given by

do 2 droa s
Gusgn(s) = [ @ ( )(:1;‘3)2 : [111(—)—1]. (2.59)

m?2

In this approximation, as the emitted photon get the direction and the momentum
of the incoming quark, we can speak of quark-photon conversion. A similar result is

obtained for Compton scattering:

do
D i (5) g (7~ T3) (2:60)
with
er\? e \2 200 s 1
0 (8)qg—ay ~ (_e]:) (Ti,j)2 S [ln (7”71—2) + 5] . (2.61)

In the relativistic kinetic theory framework, the photon production rate will be

given by

IR _ [ Ay dp
d3 /(27r) 3 (27)3

d _
[0 — vg (2N, +1)2 3 po—ti2ey
frirsa d’p

d3p, d3
+ 2/ (2:‘13 2:;3fF(Eq)fB(Eg)(l — fw(E,+ E, — po))

d
lvg — vl 2N, +1)* ¥ o U"g*” (2.62)
fiida

5 fr(Eg) fr(Eg)(1 + fa(Eq + Ef — po))

where fr, fp are respectively the Fermi-Dirac and Bose-Einstein distribution function,
and the factor (2N, +1) is the spin degeneracy. The factor 2 in the second term takes
care of both gg — ¢y and gg — Gvy. After some algebric manipulations, the photon

production rate is finally expressed as

dR [ 2 T2asa 4 T
d3 =2 (?f) An? Jr(po) [2 ln( izz ) — Cuann — Ccom (2.63)
f

with Cynn = 1.91613 and Ceyn = 0.41613. In the massless quarks limit, we get a

singularity. However, it has been shown in Ref. [49] that when one accounts for hard-
thermal loops resummation (HTL), defined latter in Chapter 6, it corresponds to sub-

stitute the vacuum mass by the effective thermal mass : m — 2mp = T\/4ras/3.
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In order to verify the validity of the quark-photon conversion, we have to substitute
in 2.62 the exact definition of the differential cross-section:

d0.1+2—>3+'r 1

d3p3 5t

do
- —ps—p)ams? (2.64
d3p Ey Eylv; — vy)(27)2 Es (p1+p2—ps —p)—7s* ( )

Do p

For massless quarks, the cross-sections have singularities at ¢ = 0 and v = 0. Follow-
ing Kapusta et al. [49], we can delete the region of phase space causing the divergence

by introducing a regulator k., such that
—s+kI<t<—kE, 2K <s< o0 (2.65)

while for ¢ > —k?, we add the HTL photon self-energy, that will be calculated in
Chapter 6. Then, the exact result for the photon production rate in the QGP from
2 — 2 processes becomes

+ lim
ts_kg M—0

1423+

dRexact _ do

Po—H(0m = —
1,2,3

3rM2dRete
d3p d3p

20 dp

(2.66)

t>—k2

where the integral in the first term corresponds to the phase-space of the incoming
and outgoing partons, while the HTL dilepton production rate dRe" e /d*p is from
Eq. 6.38. The exact results, for k, = v/2mp, are shown by the solid lines in Fig. 2.9,
while the quark-photon conversion are shown by the dashed lines. Then, above py = 1
GeV, i.e. in the region where py > T, we can observe the validity of the quark-photon
conversion approximation.

The bremsstrahlung (¢ + ¢ — ¢ + ¢ + ) and annihilation (¢ +g+ g — g + 7)
photon production rate have been calculated by Arnold, Moore and Yaffe in Ref. [31].
Their model, which include the Landau-Pomeranchuk-Migdal (LPM) effect, will be
presented in Chapter 3. Here, we take advantage of an available parametrization of
their result [66], which, after added to the quark-photon conversion 2.63, is illustrated
by the dashed-dotted line in Fig. 2.10. The observation that this QGP contribution is
similar to the full hadronic result (sum of solid and dashed curves) within a factor ~2
over essentially all energy below 3 GeV might not be a mere coincidence. A similar

behaviour has been found for dilepton production rates [62], perhaps suggesting a type
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Figure 2.9: Production rate of photon in the QGP by leading annihilation and Compton scattering,
using the exact differential cross-section (solid lines) and the quark-photon conversion (dashed lines)
for two different temperatures.

of “quark-hadron duality” for e.m. emission close to the expected phase boundary.
Finally, our result for the mesonic sector, including a,7pw exchange and the strange
sector, with consistent form-factors, are an overall factor ~ 2 higher that the results

shown in Ref. [49], for mp exchange without FF.

2.5 Space-time evolution

For a realistic comparison with direct photon spectra as extracted in heavy-ion col-
lisions, the thermal rates of the previous sections have to be convoluted over the
space-time history of the reaction. Assuming that thermal equilibrium can be es-
tablished and maintained, hydrodynamic simulations are the method of choice (see
Ref. [67]). Here we employ a more simple fireball model {62, 68, 69], which incor-
porates essential elements of hydrodynamic calculations. The fireball evolution is
started at a "formation” (or thermalization) time to < 1 fm/c, which relates to the
initial longitudinal extent of the firecylinder as Az ~ Ayty with Ay ~ 1.8 corre-

sponding to the approximate rapidity coverage of a thermal distribution. The fireball
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Figure 2.10: Comparison of HG and QGP photon production rates at T=200 MeV. Solid line:
hadronic many-body approach of Refs. [47, 62, 48], dashed line: mesonic contribution including
hadronic form factors, dotted line: result from Kapusta et al. [49] for 7p exchanges without form
factors, dashed-dotted line: complete leading-order QGP emission [66].

is placed at a rapidity yo, adjusted to the rapidity window of the observed parti-
cles. The subsequent volume expansion, Vrpg(t), is carried through QGP, mixed and

hadronic phases until ”thermal” freezeout at T7,=100-120 MeV, where hadrons cease

to interact. Cylindrical volume expansion is assumed:

1 1
VFB(t) = 2(20 + v, + Eaz t2)7r(7'0 + iaj_ t2)2 (267)

with ro = 1.2A4/3 for central collisions. The parameters v,, a, and a, are adjusted to
the finally observed flow velocities.

The equations of state (EoS) for QGP and HG are modelled via thermal quasipar-
ticles and a resonance gas (including about 50 species), respectively. Based on the
conservation of net baryon-number, N, and total entropy, S, one is able to extract
the temperature and baryon chemical potential at any given (proper) time, thereby
defining a trajectory in the up-T plane. The transition from the QGP to HG phase is
placed at ” chemical freezeout” points extracted from hadron ratios in experiment [70].

Consequently, in the HG evolution from chemical to thermal freezeout, hadrons sta-
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ble under strong interactions (pions, kaons, etc.) have to be conserved explicitly by
introducing associate chemical potentials (u,, ug, etc.). This has not been done in
previous calculations of thermal photon production [67, 71, 72], and induces a sig-
nificantly faster cooling in the hadronic phases [73]. In addition, at collider energies
(RHIC and LHC), the conservation of the observed antibaryon-to-baryon ratio (which
at midrapidities is no longer small) in the hadronic evolution becomes important [74].
An accordingly introduced (effective) chemical potential for antibaryons has been
shown to impact the chemistry at later stages appreciably [74]. For each collision
energy, the value of the specific entropy, S/Np, is fixed to reproduce observed hadron

abundances. The total yield of thermal photons in an A-A collision then follows as

dNthermal 1 Ymazx dR
PO—ZF,p (pr) = @y/ dy/dt Vig(t) (p()%(po = prcosh(y — yo))> ,

(2.68)

averaged over a rapidity interval, [Ymin, Ymaz) according to the experimental coverage
(AY = Ymaz—Ymin). To incorporate transverse expansion in the spectra, in the thermal
rest frame isotropic photon momentum distributions are boosted into the laboratory
(lab) frame using an average of about 70% of the time-dependent transverse (surface)
expansion velocity at each moment in the fireball evolution. The mesons chimical
potentials are introduced as multiplicative fugacity factors, so that each initial mesons
x receive a exp(u,/T] factor. For example, the production rate for # +7 — p + v
will be multiplied by exp[2u,/T] while the production rate for 7 + p — 7 + v will

received a exp[3u, /T factor, since the p — 77 decay gives p, = 2u,.

2.6 Non-thermal photons

Second, an additional contribution to direct photon spectra arises from prompt pho-
tons in primordial N-N collisions. The minimal baseline for a heavy-ion reaction con-
stitutes the collision-number scaled expectation from proton-nucleon collisions. An

accurate description at SPS is still a matter of debate [75], so that we here employ
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empirical scaling relations in z; = 2pr/./syn, extracted from fits to data in Ref. [76].
For z; 2 0.1, corresponding to center of mass energy in the nucleon-nucleon system
VSnvny S 50 GeV and photon transverse momenta pp above 2 GeV, the cross section

fit (at midrapidity, y=0) reads

ol (vEwn)**  pb
T = 2.
P~y 575 (pr)°1%  Gev? '’ (2.69)

We supplement this with a smooth cutoff for py < 2GeV, where the parametrization

(2.69) is no longer reliable. We assume the following cutoff function

5
1.25
F=|——]| forpr<2GeV, F=1forpr>2GeV (2.70)
1+ 7z
The "regulated” p-p cross-section is now
dtr (v3n)**] _pb
T = F x |575 2.71
Po d3p X [ (pr)*H4 GeV2 '’ ( )

The naive extrapolation to a collision of two nuclei A and B at impact parameter

b predicts the prompt photon spectrum to be

d Nprompt 3 ~pp

o}
5 : — 0 /3 —
P (b; pryy = 0;v/5) = po d3; ABT4p(b)
d*6PP N, )
= LA 2.72
Po d3p oin ( )

pp

with T'4p as the nuclear overlap function, N.,; as the number of primordial N-N colli-
sions, and o;’; as the inelastic N-N cross section. The lack of a consistent microscopic
description of photon production in p-p complicates the task to assess nuclear correc-
tions, such as shadowing or intrinsic kr broadening (Cronin effect), see e.g. Ref. [77]
for a recent discussion. As a substitute for a more rigorous calculation, we here adopt
the following strategy: since the intrinsic kr effects at the N-N level are in principle
contained in the parametrization, Eq.(2.69), the nuclear effect is approximated by
fitting an additional (nuclear) kr-smearing to p-A data. The latter is modelled by

folding the parameterized spectrum over a Gaussian distribution

__ L rnar
fl(kT)_ﬂ_<Ak%> e~rr/\k) (2.73)
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Here, f; represents the transverse momentum distribution of an incoming partons,

and is normalized to

/ Phrfi(kr) = 1. (2.74)
The total transverse momentum distribution of a system of two incoming partons
would be
2
—1 =1 - 1 x5
falkr) = /ko%rfl(l ke fillkr— Kr|) = WGQ(MT) : (2.75)

Within this model, the prompt photon in A-B collision will be given by

d Nprompt 3 pp

po—ggp (b pr,y = 0; v/5) = et /koTf? kT)p"

(I Er - Trl) (276)
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Figure 2.11: Direct photon data in proton-Carbon collisions, scaled to central Pb-Pb collisions at
SPS energies (see text for details). The curves show the effect of the broadening of the primordial
photon spectrum generated by the nuclear medium. The data are from Refs. [79] (E629) and [80]
(NA3).

The result, together with proton-nucleus data on photon production is shown in
Fig. 2.11. The data have been scaled to the 10% central Pb-Pb cross section at
158 AGeV according to the procedure used in Ref. [78]. Fitting the p-A single photon
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data in this fashion, an adequate reproduction of the experimental measurements
emerges with (Ak2)~0.1-0.2 GeV?.

In principle, there is a third source of photons corresponding to emission after
initial nuclear impact, but before the formation time 7y (the ”pre-equilibrium” con-
tribution). It is difficult to assess both theoretically and experimentally; a rough (but
uncontrolled) estimate might be had by choosing a somewhat smaller formation time.
Note that, in principle, the modelling of those contributions is accessible to ab-initio

simulations [81].

2.7 Results

2.7.1 SPS

In this section we compute transverse momentum spectra at midrapidities from 10%
central Pb(158AGeV)+Pb collisions for which photon spectra have been measured by
WA9S8 [78]. Let us first focus on thermal emission; QGP radiation is always calculated
with the complete leading-order result [31], and hadronic radiation as the sum of the
hadronic many-body [62, 48], mpK*K gas (within MYM) and w ¢-channel exchange
contributions with form factors as discussed in Sec. 2.2.

In Fig. 2.12 we display results for a rather standard fireball evolution with initial
2p=1.8 fm (corresponding to 79 ~ 1 fm/c and initial temperature T; = 205 MeV) and
final temperature Ty,~ 110 MeV reached after a total lifetime of ~ 13 fin/c. Due
to transverse expansion, the total hadron gas yield outshines QGP emission at all
momenta. This is in close reminiscence to the calculations of intermediate dilepton
spectra within the same framework [68], where QGP radiation was found to con-
stitute about 30% of the thermal component that was able to reproduce the excess
observed by the NA50 collaboration [82] (see also Ref. [83]). As expected, photons of
baryonic origin prevail in the spectrum for pr < 1 GeV; this region is thus intimately
related to the low-mass (and low-transverse momentum) dilepton enhancement ob-

served by CERES/NA45 [56]. The same feature has been found [84] when compar-
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ing the hadronic many-body contributions to the upper limits in S(200AGeV)+Au
by WAS0 [85]. In the right panel of Fig. 2.12 we illustrate the sensitivity of the
hadronic thermal emission to properties of the fireball evolution. When increasing
the thermal freezeout time from our (SPS) default value of 106 MeV to 135 MeV,
the yield at pr<1GeV is reduced by up to 30%, whereas it is essentially unchanged
beyond pr~2 GeV, thus reflecting emission close to 7,. On the contrary, if the addi-
tional boost on the photons due to the transverse expansion is neglected, the high-
momentum spectrum is reduced appreciably (by a factor of ~3 already at pr=2 GeV),
whereas the low-momentum region is only mildly affected. The critical temperature
has been set to T, =175 MeV, but the total thermal contribution (HG + QGP) should
not really depends on this value, as we have seen from Fig. 2.10 that the hadronic

and QGP production rates were close to each other around T' = T,.
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Figure 2.12: Integrated photon emission from various thermal sources in an expanding fireball model
for central Pb+Pb collisions at SPS. Left panel: hadronic emission (' < T,=175 MeV) from the
meson gas component (dashed line) and the in-medium p spectral function (solid line) compared
to QGP emission (T, < T < T;=205 MeV) (dashed-dotted line). Right panel: Sensitivity of the
total HG yield to thermal freezeout (long-dashed line: 74,=13 fm/c corresponding to T5,=106 MeV,
dotted line: 77,=9 fm/c corresponding to T,=135 MeV) and transverse flow (dashed-dotted line:
Tfo=13 fm/c with no transverse boost of the emission source).

As is well-known, high-energy (-mass) photon (dilepton) emission is rather sensi-
tive to initial temperatures in heavy-ion reactions, due to the large (negative) expo-

nents in the thermal factors. This is confirmed by our results for the QGP contribution
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in Fig. 2.13 when decreasing the formation time from 1 to 0.56 fin/c, the latter im-

plying T;=250 MeV. Another effect that has been ignored in available hydrodynamic
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Figure 2.13: Sensitivity of the QGP photon emission yield within an expanding fireball model for
central Pb+ Pb collisions at SPS.

calculations so far is associated with corrections to the QGP equation of state. The
standard assumption is that of an ideal (massless) gas with an effective number of
flavours Ny = 2.5 corresponding to a total degeneracy doep=(10.5N;+16)=42 (in
our default calculations we use dggp=40). However, lattice gauge theory results [86]
indicate ~20% smaller values than the ideal gas for the thermodynamic state variables
in the for SPS energies relevant temperature region T=1-2 T,. Implementing such a
reduction into the entropy density (which is the relevant quantity for the fireball evo-
lution) by using dogp=32 yields an increase of the initial temperature from 250 MeV
to 270 MeV without decrease in initial volume [73, 87]. The resulting thermal photon
spectrum from QGP radiation shows appreciable sensitivity to this modification at
high energies, cf. solid vs. dotted curve in Fig. 2.13. This sensitivity does not persist
into the low-energy region pr < 1 GeV, and thus does not affect low-mass dilepton

production [55].
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Let us now turn to a comparison with the recent measurements of WA98 [78].

Our baseline scenario consists of thermal emission (hadronic and QGP) from the ex-
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Figure 2.14: Thermal plus prompt photon spectra compared to data from WA98 [78] for central
Pb+ Pb collisions at SPS .

panding fireball with 7;=205 MeV, supplemented by prompt (pQCD) photons from
primordial N-N collisions without any nuclear effects, cf. Fig. 2.14. Up to trans-
verse momenta of about 1.5 GeV the data (upper limits) are essentially saturated
by thermal radiation from the hadronic phase. This is important to note since this
regime, as discussed above, is directly related to the low-mass dilepton excess ob-
served by CERES/NA45 [56, 57], which can be successfully described within the
same approach [62]. Beyond 3 GeV, prompt photons dominate, but do not seem
to provide enough yield to account for the data. Since the hadron gas emission is
essentially fixed and describes well the low-energy regime, three possibilities are left
for the origin of discrepancies above pr~2 GeV: (i) modifications of the prompt yield,

(ii) pre-equilibrium emission, (iii) larger QGP radiation. In the following, cases (i)
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and (iii) (or a combination thereof) will be investigated.

First, we study the effects of the initial temperature on the photon spectrum. The
exercise in the right panel of Fig. 2.12 is repeated adding all sources discussed here,
cf. Fig. 2.15. Clearly, when going to (for SPS conditions) rather short formation
times of 79 =~ 0.5 fm/c, coupled with non-perturbative (suppression) effects in the
QGP EoS, a rather good reproduction of the entire spectrum can be achieved. This

statement agrees with the hydrodynamic analyses of Refs. [72, 67].
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Figure 2.15: Effects of various initial temperatures on the total photon spectra in Pb+Pb collisions
at SPS, compared to data from WA9S8 [78].

The second possibility relates to the nuclear Cronin enhancement, which we im-
plement as outlined in the previous Section. The usual assumption to extrapolate

nuclear broadening effects on e.g. 7 or v spectra is that
(AkEYaa = N{AKZ)pa , (2.77)

with N=2 [88]. Alternatively, based on a careful analysis of the target (A) depen-
dence in p-A collisions, it has been suggested in Ref. [89] that the Cronin effect is due
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to no more than one semi-hard collision prior to the hard scattering, and therefore
saturating as a function of the N-NN collision number. In this eventuality, NV < 2. Re-
calling that, from Fig. 2.11, (Ak2)=0.1-0.2 GeV? gives a reasonable description of the
7 spectra in p-C, (AkZ)-values between 0.2 and 0.3 GeV? seem appropriate for central
Pb-Pb collisions. One should also note that the pertinent spectral enhancement in
the pr~3 GeV region amounts to a factor of around 3, which is quite consistent with
the nuclear enhancement in 7° production observed in the same experiment [90]. In
Fig. 2.16 we have combined the baseline thermal yield (7g=1 fm/c, i.e. T;=205 MeV)
with 3 values for the nuclear kr-broadening, i.e. (Ak%)=0, 0.2 and 0.3 GeV?. The
thermal plus Cronin-enhanced pQCD spectra provide good description of the WA98
data, even with an initial temperature as low as T;=205 MeV. This constitutes one
of the main results of our work: the photon spectrum in nucleus-nucleus collisions at
SPS energies is perfectly compatible with “moderate” initial temperatures. It also
complements, within a common thermal framework, earlier descriptions of low- and
intermediate-mass dilepton spectra [62, 68].

It is also of interest to quote the values of the transverse momentum where the
pQCD yield exceeds the total thermal one; these are pr=2.55, 1.7 and 1.55 GeV,
corresponding to (Ak%)=0, 0.2 and 0.3 GeV?, respectively. Again, this compares well
with the calculation of intermediate-mass dileptons in Ref. [68], where the Drell-Yan

contribution was found to exceed the thermal one at M,,~2 GeV.

2.7.2 RHIC and LHC

At collider energies the space-time evolution of the expanding QGP and hadronic
fireball is expected to change in several respects. First, higher energies entail larger
charged particle multiplicities per unit rapidity, dN.,/dy. In central Au+Au colli-
sions at full RHIC energy (1/s = 200 AGeV) experiments have found [91, 92] about
a factor of 2 increase as compared to maximum SPS energy (/s = 17.3 AGeV). Ex-
trapolations into the LHC regime (/s = 5500 AGeV) suggest another factor of up to

~4 enhancement over the RHIC results.
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Figure 2.16: Effects of the nuclear broadening of the primordial photon spectrum on the measured
spectrum. All the sources discussed in this paper are included in the space-time evolution.

Second, the net baryon content at midrapidity decreases, implying small baryon
chemical potentials at chemical freezeout, e.g. up ~ 25 MeV at RHIC-200. At the
same time, the observed production of baryon-antibaryon pairs strongly rises, result-
ing in total rapidity densities for baryons at RHIC that are quite reminiscent of the
situation at SPS energies [93]. This observation not only necessitates the explicit
conservation of antibaryon-number between chemical and thermal freezeout [74] (see
above), but also requires to evaluate baryonic photon sources with the sum of the
baryon and antibaryon density.

Third, the transverse expansion (i.e. flow velocity) increases by about 20% from
SPS to RHIC (presumably further at LHC), whereas the total fireball lifetime does
not appear to change much. The latter, however, is likely to increase at LHC, due
the significantly larger system sizes towards thermal freezeout.

All these features are readily implemented [69, 74] into the thermal fireball descrip-
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tion employed for SPS energies above. Our thermal photon predictions for full RHIC
energy are summarized in Fig. 2.17. The thermal component has been evaluated with
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Figure 2.17: Integrated photon emission spectra from central Au+Au collisions at RHIC. Dashed-
dotted line: thermal QGP radiation; dashed line: thermal meson gas emission; solid line: in-medium
p spectral function contribution.

a typical formation time, 79 = 1/3 fm/c, as used before in dilepton [69] application (it
is also consistent with hydrodynamic approaches that correctly reproduce the elliptic
flow measurements which are particularly sensitive to the early phases, see Ref. [94]
for a recent review). Again, at low energies, po<1 GeV, the major source are still
thermal hadrons included in the in-medium p spectral function, whereas the range
po > 1GeV appears to be a promising window to be sensitive for thermal QGP ra-
diation. The latter has been calculated assuming chemically equilibrated quark- and
gluon-densities throughout. It is conceivable, however, that the early QGP phases are
gluon-dominated, i.e. with quark fugacities much smaller than one (even the gluon
fugacities could be reduced). In this case, on the one hand, the photon emissivities
at given temperature are severely suppressed. On the other hand, if most of the total
entropy is produced sufficiently early, smaller fugacities imply larger temperatures,

thus increasing the photon yield. The interplay of these effects has been studied for



2: PRODUCTION OF LOW AND INTERMEDIATE py PHOTONS 51

dilepton production in Ref. [69], where it has been found that the net effect consists
of a slight hardening of the QGP emission spectrum with a pivot point at M~3 GeV.
The prompt photon contribution will be calculated later in Chapter 4, with others

high-pr reactions.
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Figure 2.18: Integrated photon emission from various thermal sources in central Pb+Pb collisions
at the LHC,; line identification as in Fig. 2.17.

We finally turn to the LHC, in Fig. 2.18. According to our estimates, assuming
a formation time of 0.11 fm/c (translating into T;~850 MeV for dN.,/dy~3000),
the QGP domination in the window pr > 1 GeV is significantly enhanced relatively
to RHIC conditions, although this feature is sensitive to the formation time and
a possible chemical undersaturation of the QGP. The transition from HG to QGP

dominated emission occurs again close to pr=1 GeV.

2.8 Summary

In the present chapter we have attempted an improved evaluation of hadronic ther-
mal emission rates for real photons, suitable for realistic applications in relativistic
heavy-ion collisions. In the summary below, the aspects that have been done by our

collaborator are: the evaluation of photon production in the baryonic sector, and the
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insertion of the thermal rates into the space-time evolution like fireball model. These
were done by Professor Ralf Rapp. In what we think is a more complete treatment

than all of the previous ones, our main findings are:

(i) Revisited meson gas emissivities built upon an effective Lagrangian of the mas-
sive Yang-Mills type lead to about 40% reduced rates in a mpa; gas as com-
pared to previous analyses. An inclusion of strangeness-bearing channels has
revealed that the latter contribute at the 20% level. A quantitative evaluation
of hadronic form factors has been performed throughout, which is mandatory

for applications.

(ii) Photon rates from the baryonic sector have been obtained from a limiting pro-
cedure where in-medium p spectral densities were carried to the light cone. This
procedure makes consistent the real photon analysis with that of low invariant
mass dileptons, thereby elucidating the role of baryons in photon emission dur-
ing nuclear collisions. Their contributions have been shown to be substantial

for photon energies po<1 GeV.

(i) As the single most important process at high energies we have identified w #-
channel exchange in the wp — 7 reaction, which had not been considered

before.

The total hadronic emissivity has been compared to a recent complete leading-
order (in strong and electromagnetic couplings) QCD calculation for the QGP. In the
vicinity of the expected phase boundary both rates turned out to be very similar, at all
energies of practical relevance. The net rates have been folded over a fireball evolution
of nuclear collisions. This approach, albeit schematic, is consistent with observed
hadrochemistry and hydrodynamic expansion characteristics, as well as dilepton and
charmonium data measured at SPS energies. Using a comprehensive fit of photon
cross sections in p-p and p-p interactions, an estimate of the Cronin effect (nuclear
kp-broadening) in p-A collisions was first extracted, then generalised to central Pb-

Pb collisions to address the WA98 photon measurements at the SPS. Combining the



2: PRODUCTION OF LOW AND INTERMEDIATE pr PHOTONS 93

complete set of hadronic rates with QGP emission and our Cronin-effect estimates
on the primordial photon component, we are able to reproduce the WA98 data, with
moderate values of initial temperature (7;~200-240 MeV) and transverse momentum

broadening ((Ak2)~0.2-0.3 GeV?).



3

JET ENERGY-LOSS

In this chapter, we present the model for jet energy loss that will be used for pion,
photon and dilepton production in the following chapters. In this approach, derived
by Peter Arnold, Guy Moore and Laurence Yaffe [31], jets loose their energy by
induced gluon bremsstrahlung. We present the basic ingredients for photon emissions
through LPM effect, after which the generalization to gluon emission will be done.
In this model, the strong coupling constant is assumed to be parametrically small,
gs = v4ma,; < 1. Particles with momentum of order T, where T is the temperature,

will be called hard, while particles with momentum of order ¢g,T" will be called soft.

3.1 Photon production through bremsstrahlung and anni-

hilation processes

In Sec. 2.4, we have shown the contribution from 2 — 2 Compton and annihila-
tion processes. From Eq. 2.63, their production rate, up to a log, is O(aa;). The
bremsstrahlung (¢ + ¢(9) — ¢+~ + ¢(g)) and annihilation (¢ + 7+ q(g) — v+ ¢(g))
reactions are shown in Fig. 3.1. Here, the photons and the incoming quarks and anti-
quarks are hard : |?| ~ || ~ T. Naively, one expect those processes to contribute
at O(aa?) to the photon production rate. However, when the exchanged gluon is
soft, |¢| ~ g,T, its propagator 1/¢*> ~ 1/¢*T? gives a large near on-shell enhance-
ment which causes bremsstrahlung and annihilation processes to be as important than

2 — 2 scattering. From energy and momentum conservation, having a soft exchanged

94
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gluon imply a collinearity between the photon and the final quark, or between the
incoming quark and antiquark for the annihilation process. This collinearity means

that the scattering angle is small: 8 ~ g,.

k
p '\’\j\ﬁfe W\\/\/\/\lf\/
q

and q

& &

&

Figure 3.1: Bremsstrahlung and annihilation processes.

The collinearity condition requires that the component of ? transverse to the
incoming quark is O(g,T). In coordinate space, it means that the photon and the
quark overlap in space over a time interval tp ~ 1/¢2T. This is the formation time of
the photon, which turns out to be in the same order that the mean free path for soft
scatterings of quarks with surrounding gluons [31]. Therefore, the incoming quarks
are likely to have more than one soft scattering with gluons before the photon gets
produced. The interference of all those scatterings, known as Laudau-Pomeranchuk-
Migdal (LPM) effect [21], can affect the photon production. Then, to evaluate the
diagrams in Fig. 3.1 is not enough: we need to take care of all possibles quark scat-
terings. From Eq. 2.1, the photon production is related to the imaginary part of the
photon self-energy, which correspond to considering its cuts. This is shown in Fig. 3.2,
where a photon self-energy (ladder diagram), with a given number of soft scatterings,

is cut, leading directly to bremsstrahlung and annihilation process with LPM effects.
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Considering bremsstrahlung for example, this corresponds to the interference of di-
agrams with photon emission before and after the soft scatterings. In Fig. 3.2, the
curly line indicate the gluons propagator. Since the gluons are soft, | ¢| ~ g,T', their
propagator must be resummed, as indicated by the dark circles. This resummation

is performed in the hard thermal loops (HTL) approximation [150].
ol S S — (T -
SIS §

Figure 3.2: Bremsstrahlung and annihilation processes appearing from cutting a photon self-energy
diagram with LPM effect.

The total photon self-energy will involve an infinite number of ladder diagrams,
each with a different number of gluon rungs. AMY have written this total self-energy
in terms of the solution of a linear integral equation, as depicted in Fig. 3.3, which
describes the evolution in time of |p + k) (p, k| for bremsstrahlung and |p, (k — p)) (k|
for annihilation. They find {96]

k derenH—anni _ Z (2)2 3_0( /oo % d2pT fF(pH + kO)[l - fF(pH)]
T @k 7 \e/ 4r? oo 2m J (2m)? 2[py(py + ko))?

x[pf + (p) + ko)*IRe {2pr - £(pripy, K) } (3.1)
where p; and pr are the components of 7 respectively parallel and perpendicular
to ? The sections of the p; integral with py > 0, p; < —k¢ and —ky < py < 0

correspond respectively to bremsstrahlung from quarks, bremsstrahlung from anti-

quarks, and pair annihilation. The integral equation is given by

, 2 d*qr
2pr = 16 E f(pr;py, ko) + ?93/ (o) Clar)T [f(pT;pn, ko) — f(pr — ar; py, ko)] ,
(3.2)
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and the energy difference between the initial and the final states is

PR+ 2m?, ko

SE ,
2 pylko+py)

(3.3)

where v2mp = g¢,T/+/3 is the effective quark thermal mass. Here C(q.) is the
differential rate to exchange transverse (to the parton) momentum q,. In a hot

thermal medium, its value at leading order in «; is [95]

m2 92T2
Clq)= ——2—, m]=Z"(2N~+N;). 3.4
( J-) qi(qi+m]2)) D 6 ( c ) ( )

where mp is the color Debye mass. After solving the integral equation numerically,
AMY have expressed their result for the photon production rate by the following

parametrization [66] as

derem+anni €f 2 TQQO[S k()
e =3 () e B (7 (39)
with
3 [0.5481n(12.28 + 1/x) 0.133
B(z)=4/2 + (3.6)
2 [ ¥/ J1+ x/16.27}

Now, by adding Eq. 3.5 to the quark-photon conversion process, Eq. 2.63, we get a

complete leading order a; result for the photon production rate.

» -

Figure 3.3: Photon self-energy written in terms of the solution to a linear integral equation.
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3.2 Gluon production rate

The gluon production can be evaluated within the same formalism. Indeed, it is still
possible to resum the diagrams by an integral equation similar to that for photon
production rate (see Fig. 3.3). The complication is that gluons, unlike the photons,
can scatter during the formation time ¢f ~ 1/¢g2T. This is pictured in Fig. 3.4, for a
gluon bremsstrahlung process. The corresponding equation for the gluon production
rate, from g(p + k) — q(p) + g(k) and ¢(p) + q(k — p) — g(k), is

dRY 2 © dp [ d’h
ko d3k = 16(2gﬂ)3k3 ;Nsdscs /—oo % WfF(p + kO)[l - fF(p)][l + fB(kO)]

p2 -+ (p + k0)2
p*(p + ko)?

2h - Re F(h,p, ko), (3.7)

where N is the spin-antiparticle degeneracy, and d; is the color degeneracy.

k

p+k p

® & &

Figure 3.4: A typical bremsstrahlung diagram that needs to be resummed.

However, since we want to find the evolution in time of the jet distribution, it is
more convenient to extract the transition rate: %. It represents the probability,
per unit of time and gluon momentum £k, that an initial quark with momentum p
produces a gluon. The gluon production rate can be written in terms of the transition

rate by:

dRS dN9

Number of quark, with mom. p dl'd,(p, k)
Pk = ko X ko

fo Pkd3zdt Zp: Volume dtd®k
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dp p? dQ dl'd,(p, k)

= ZNd / )kodtdde

_ p 2 dlg(p, k)
ZNd / e (3.8)

Hence, the transition rate can easily be obtained from Eq. 3.7 (with p — p — ko)
and Eq. 3.8. As the gluon can also scatter into the medium, the other transitions
g — gg and g — qq have to be evaluated also. The complete expression for all those

transition rate turns out to be

— )2

z3(1—z)2

z2 —_z)2
x4 NeSE e g qq %

1+z4+!1—x)4 g — gg

z3(1—z)3

dl'(p, k)  Csg? 1 1
dkdt — 16mp" 1+ e HT 14+ e-(P-R)/T

X / (‘Qij:)’ 9h-Re F(h,p, k), (3.9)

where the gluon energy has been set to k& to simplify the notation. Here C is the
quadratic Casimir relevant for the process (in QCD, 4/3 for processes involving a
quark and 3 for the pure glue process), and z = k/p is the momentum fraction in
the gluon (or the quark, for the case g — ¢g). The factors 1/(1 + e */T) are Bose
stimulation or Pauli blocking factors for the final states, with — for bosons and +
for fermions. h = p X k determines how non-collinear the final state is; it is taken
as O(gT?) parametrically and therefore small compared to p - k. Therefore it can be
taken as a two-dimensional vector in the transverse space. F(h,p, k) is the solution

of the following integral equation:

oh = 8B (1, p, HF() + o2 [ £EEC(@) { (€. - Ca/2)PM) - Plh—k au)]
HCx/2)[E(h) ~ F(btpay)]
+HCA/2)[P() — Flh—(p—h) au)] }

(3.10)
The energy difference between the final and the initial states is given by
2 2 2
SE(B,pK) = 4 TE Tk T (3.11)

Spk(—F) 2k | 2(p—k)  2p
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where m? are the medium induced thermal masses, equal to m% /2 for a gluon and
C;g2T?/4 = ¢2T?/3 for a quark. For the case of g — qq, (Cs; — Ca/2) should appear
as the prefactor on the term containing F(h — pq,) rather than F(h — kq, ).

One limitation of the current formalism, is that the transition rates are calculated
in momentum space assuming the thermodynamic limit. That is, this approach as-
sumes that the incoming parton experiences a uniform medium on the time scale of
the formation time of the emitted radiation. Hence, this approach is limited to parton
momenta p less than the factorization energy Ej, = pu?L?/Ah [97], where y is the
typical size of the soft momentum exchange, A is the relative size of the mean free
path, and L is the size of the hot medium. The factorization limit is reached when
the coherence length become as big as L. With p ~ 0.5GeV, L = 5fm and A = 1
fm, this limits the momenta to the region p < 30 GeV. This is not a big problem at
RHIC energies, where /sy is only 200 GeV, and it also covers the pr acceptance of
the ALICE detector at the LHC.

3.3 Time evolution of the jet momentum distribution

Next, we use the transition rate expressions to evolve the hard gluon distribution
Fy(p,t = 0) and the hard quark plus antiquark distribution Bs(p,t = 0) with time, as

they traverse the medium. The joint equations for F; and F, are

/ dkdt ~ Bap)— g T 2Rk =
4 (p+k, p) dTS, (p+k, k)
/ dkd — o ——+F(pt+k)—* dkdt
drg-(p k) digp,)
_p 97\ 99 2 — 12

where the £ integrals run from —oo to co. The integration range with £ < 0 represents
absorption of thermal gluons from the QGP; the range with & > p represents anni-
hilation against an antiquark from the QGP, of energy (k—p). In writing Eq. (3.12),
we used dl, (p, k) = dI'§ (p,p—k) and similarly for g — qg; the © function in the

loss term for ¢ — gg prevents double counting of final states. Since bremsstrahlung
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energy loss involves only small O(gsT/p) changes to the directions of particles, these
equations can be used for the momentum distributions in any particular direction. For
a single initial hard particle, B;(p) = d(p — po), they can be viewed as Fokker-Planck
equations for the evolution of the probability distribution of the particle energy and
of accompanying gluons. These expressions depend at several points on g2 or as.
When evaluating them numerically, we have used o = 0.3, as it is expected for a
QGP with temperature T ~ 400 MeV [11].
The time evolution of the initial quark+antiquark jet distribution

AN (pr) AN
X pr 2
dpr dyd?pr

I = (3.13)

is shown in Fig. 3.5. The QGP expansion is neglected and the temperature is frozen at
T = 400 MeV, in order to highlight the effect of energy loss. In the following chapters,
the matter expansion and the temperature cooling will be consistently convolved with
the jet-suppression formalism shown here.

The initial jet distribution dN%/dyd?py is taken from Eq. 4.48, for RHIC. We
observe that the pp suppression scales with time: the bigger the propagation length,
the more important is the energy loss by the jets. The energy loss is less important
for small jet momentum, pr < 10 GeV, since there is a compensation between the
emission of bremsstrahlung gluons, and the absorption of thermal gluons from the
QGP.

The effect of the LPM suppression is also shown in Fig. 3.5, by the double-dot
dashed line. This line has been evaluated in a no-LPM scenario, which correspond
to solving Eq. 3.10 under the assumption that 6 E' is much greater than the collision
term which follow it. While the LPM effect turns out to be small for p; ~ 5-10 GeV,
it becomes important for more energetic partons, reducing the suppression by more
than a factor 2.

To conclude, the AMY formalism differs from other energy loss models, like Baier-
Dokshitzer-Mueller-Peigné-Schiff (BDMPS) [22, 23], Gyulassy-Levai-Vitev (GLV) [24],
Kovner-Wiedemann (KW) [25] and Zakharov [26], in some major ways. The biggest



3: JET ENERGY-LOSS 62

[
o

10" T=400 MeV

— t=0 fm/c, LPM

-~ — t=1.5 fm/c, LPM
« = t=3 fm/c, LPM

- — t=3 fm/c, no LPM

—

TTIT

s

1
(o)}

it
oI
~

vt covnd veond v coved cenod il 3o

[S—
o
)
W URRLLL BRERLL SRR B RELLL BRI SR RALLL BRI

dNT"" Ydyd’p. (GeV™)
=

0% Y= BRI
-9 S~

10 T~

10-10 1 | 1 | 1 ] 1 ] L ] 1 | L ]

Figure 3.5: Time evolution of the quark+antiquark momentum distribution, in a stationary QGP
at constant temperature T' =400 MeV.

difference is that the calculation is completely thermal and hence the scatterers are
all dynamic. In this calculation, temperature enters through the thermal phase space
of the initial and the final particles and there is no assumption of the form of the
elementary cross-section. All are calculated completely within the framework of hard
thermal loop resummed leading order thermal QCD. Hence, gain or loss due to the
absorption of thermal partons as well as the loss process of pair annihilations with the
thermal partons are fully included in our calculation. These are missing in the ap-
proaches mentioned above. In Ref. [98], thermal absorption and stimulated emission
were introduced in the framework of GLV. This was done only up to the first order in
the opacity expansion without including the annihilation process with thermal par-
tons. Finally, there are no approximations about whether the Bethe-Heitler or LPM

regime is relevant; the transition between these extremes is handled correctly.
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PRODUCTION OF HIGH-pr PHOTONS.

In this chapter, we use the AMY formalism to calculate the pr suppression of the
jets as they propagate through the QGP. This model is first tested by calculating
nuclear modification factor of neutral pions in central Au-Au collisions at RHIC (/s =
A /syy=200A GeV) and Pb-Pb collisions at the LHC (,/s=5.5A TeV). The AMY
formalism is convolved with a physical description of the initial spatial distribution
of jets and a one dimensional hydrodynamic expansion. We reproduce the nuclear
modification factor of pion R44 at RHIC, assuming an initial temperature T; =370
MeV and a formation time 7; =0.26 fin/c, corresponding to dN/dy = 1260. The
resulting suppression depends on the particle rapidity density dN/dy but weakly
on the initial temperature. The jet energy loss treatment is finally included in the
calculation of high pr photons. Photons coming from primordial hard N-N scattering
turn out to be the dominant contribution at RHIC for p; > 5 GeV, while the jet-
photon conversion in the plasma dominates for 2 < pr < 4 GeV, and are thus
important for reproducing the new data from RHIC. The range 8 < pr < 14 GeV is

dominated by jet-photon conversion in the plasma at the LHC.

4.1 Pion production

The goal of this section is to use the formalism explained in the previous chapter
to calculate the neutral pion spectrum in heavy ion collisions. Our approach to this
problem relies on the fact that for hard spectra, the AA collision can be regarded

as a collection of binary collisions. In this way of formulating the problem, the

63
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AA spectrum is given by the convolution of the elementary nucleon-nucleon (NN)
spectrum with geometrical and in-medium factors.

The production of high-pr particles can by calculated within the factorization
theorem [99]. The production of a jet (fast parton having pi¥ > 1 GeV), at the
partonic level, imply a timescale ~ 1/ p{pe !, which is much smaller than the timescale
for the fragmentation of this jet into pions. Thus, we can factorize those two processes
and neglect the interference between them. The derivation of the pion production
goes as follow. First, the probability to find a parton a, inside the nucleon, with
an energy fraction z, = E,/Ey, is g(z,, @), where E, and Ey are the parton and
nucleon energies in the NN center of mass, while () is the factorization scale. The

parton distribution function (PDF) is normalized as

Z/dwa Tog(za) =1, (4.1)
f

where the sum runs over flavours. The cross-section for the subprocess a+b — c¢+d

is [99]

_ 1 2 d4pcd4pd
d0a+b—>]et+d - 4EaEb|Ua. — Ubl lMa+b—>c+d| (27‘[’)2
x84 (pa + Po — Pe — D)6 (p2)8(PF) (42)

In the factorization limit, all external particles are assumed to be on-shell. The c-jet
cross-section at the NN level, assuming that the momentum’s components of a and

b, transverse to the beam direction, are negligibles, will be
40N sere = Y [ 4209030, Q) [ dzs 9(3, Qd0asssera
a,b

= Zb/da:ag(a:a,Q)/dfvbg(Jib»Q)

daa+b—>c+d d3pc
dt E,

2 K jor 5(5+1+1). (4.3)
T

The parton-parton cross-section at leading order [8] has been defined by

a+b—c+d 2
do — [MG-HJ—)C-HiI (44)

dt 1672
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with
8§ = SNNTaZp, t=—+/SnnZp€e Y, U=—\/Synzpp ¥ (4.5)

The factor Kj.; accounts for higher order effects. According to [100], Kj; is almost
pé«e t independent at RHIC energies. We will use Kj¢; ~ 1.7 for RHIC and 1.6 for the
LHC, based on these results.

Now, we introduce the pion fragmentation function Dyo/.(z, Q'), which represent
the probability for a c-jet to fragments into pions. The fragmentation of a jet into
pions involves small momentum exchange: thus Do/, is not calculable in perturbation
theory, and experimental input is needed. The collinearity of the fragmentation imply
that the mesons come out ~ parallel to the incoming quark, and z = |7 ,|/|7 .|
represent the fraction momentum transfered to the pion. The pion cross-section
becomes:

Aot = 3 [ dva9(20,Q) [ oo 9(2, Q)d0ussosera [ dzDrosel, Q)

a,b,c,d

= ¥ [ dradug(ea, Q9(w1,Q) [ dzDroelz, @)
a,b,c,d
d3pc 8 da.a+b—>c+d

X _Kjet di

E r S(§+t+a) (4.6)

With the integration elements given by d°p./E, = d*p,/Ex /2% = d*pr dy/z?, the pion
differential cross-section is

d O.a+b—)c+d 1

NN
dUﬂ' = Z /dxad:cbg(:ra,Q)g(wb,Q)Kjet DWO/C(Z, Q/) . (47)

d2pTdy abe,d dt =

For all our calculations, we set the factorization scale (@) and the fragmentation scale
(@) equal to pr. We use the CTEQ5 parton distribution function [101], and the 7
fragmentation function as extracted from e*e™ collisions [102].

Fig. 4.1 shows our calculation for the spectrum of high py neutral pions in pp
collisions at RHIC, compared to PHENIX results [103]. One can readily see that our
calculation reproduces the data in the region where jet fragmentation is expected to

be the dominant mechanism of particle production (pr > 5 GeV/c) [104], while low-pr
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Figure 4.1: Neutral pion spectra in pp collisions at RHIC. The data points are from PHENIX and
the solid line is the calculated result from jet fragmentation.

pions, which are not under study here, should be created rather by recombination of
partons produced during the NN scattering. This represents a solid baseline result.

In AB collisions, in the approximation of superposition of independent NN colli-
sions, the yield of 7 is given by

dN;?B _ <Ncoll> ddfn%

= 4.8
dyd*pr O dyd?pr ( )

where do¥ /dyd*pr is the cross-section at the NN level (including initial and final
state effects), (Ncn) is the average number of NN collisions and oy, is the total
inelastic nucleon-nucleon cross-section. The high pr data in AB collisions can be
characterized by the nuclear modification factor:

dNAP Jdydpr  dof /dydpr

Rig = =
A8 (Nean)dNIN [dydPpr — doN [dydPpr

(4.9)

In the absence of nuclear effect, we get Rap = 1. The signature of a Cronin effect
would be R4p > 1, while high pr suppression would give Rap < 1. To obtain the

high pr 70 cross-section in AB collisions, we will modify do4% /dyd?pr in some ways.
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First, the PDF of a nucleus differs from that of a proton;

QA(%,Q) = g(xayQ)RA(xa,Q) ’ (410)

where the nuclear modification of the structure function R4 takes into account shad-
owing and anti-shadowing [105]. In this work, we use R(z,, Q) as parametrized by
Eskola et al. [106].

It’s important to verify, before including energy loss effect, if whether or not mul-
tiple scattering effects in the initial state must be included in the calculations. This is
the well-known Cronin effect caused by multiple soft scatterings a parton may suffer
before it makes a hard collision. We have seen in Chapter 2 that it was very impor-
tant at SPS energies. For RHIC and LHC energies, we expect this effect to be less
important, as the elastic cross-section decreases with increasing \/syny. A good way
to verify at RHIC energies is to take advantage of available data on d-Au collisions,
which should not include final state effect. Thus, if important deviation from p-p
collisions is seen, it will be an indication of the presence of Cronin effect. Fig. 4.2
shows the neutral pion data in d-Au collisions at RHIC [15] with our calculation
for jet-fragmentation with shadowing effect (solid line). Our calculations cover only
the high-pr range of the spectrum, where nucleus-nucleus collisions are expected to
scale with the number of nucleon-nucleon collisions. At lower pr values, the interfer-
ence between differents NNV scatterings cannot be neglected, and the pion production
scales rather with the number of participant nucleons. This is why the experimental
data in Fig. 4.2 shows Rz4 < 1 in this region. For the high-p; range, we see that
the 1.1-1.2 averaged value of Ry4 can be reproduced by shadowing effects, so that we
will neglect any Cronin effect at RHIC and LHC energies. This represents another
step in the establishment of a baseline result. The good fit to R4 also supports the
smallness of jet-energy loss in ordinary nuclear matter.

For Au-Au however, as the density reached should be much bigger that for d-Au,
we must account for the energy loss of the parton between its production in the hard

initial scattering event and its hadronization. We will assume that a jet fragments
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Figure 4.2: Neutral pion spectra in d-Au collisions at RHIC, for \/syn = 200 GeV. The data points
are from PHENIX and the solid line is the calculated result from jet fragmentation with shadowing
effect.

only outside the medium, as may be justified by estimating the formation time of a
pion with a typical observed energy. In Ref.[107], the formation time of an emitted
pion with energy E, is estimated to be ~ Rw%, where R, ~ 1fm is the size of the
pion. For a 10 GeV pion, this gives 74 ~ 35-70 fm/c. This is much longer than
the time spent by a jet in the hot matter created by two colliding nuclei. Therefore,
one should consider production, energy loss in medium, and fragmentation to occur
sequentially.

We will assume that the fragmentation at the edge of the QGP involves the usual
vacuum fragmentation function. The medium effect is then to reduce the parton en-
ergy by an amount determined by the Fokker-Planck equations previously presented,
Eq. (3.12). As energy loss involve only O(,/a;) changes in the direction propagation
of the partons, we assume that they keep propagating in the same direction they have
been produced. For a final state parton ¢ of momentum py, the vacuum fragmentation
function is normalized as

Xh;/op”’" 420 20 Dyyo() = 1 — &‘-p:—pi _ % (4.11)

where p; was the parton’s initial momentum, with p; < p;. As final hadrons frag-
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ment from the final momentum p; rather than from p;, we can define an effective

fragmentation function
eff 4 '
Dyje(z) = ;Dh/c(z) (4.12)

where 2'/z is a normalization factor, z = pr/p;, 2’ = pr/ps and pr is the momentum
(transverse) of the final hadron h. As we calculate only midrapidity hadrons, we have
| 7’| = pr. Including now the distribution of possible final states, this is most conve-

niently written by defining a new medium-inclusive effective fragmentation function,

Drose(2,Q,r1,n) = /dpfzz, (P¢1¢7/0(pf§pi|d)D7r°/q(zlv Q) + B}/C(pf;pﬂd)Dwo/g(zl’ Q)) )

(4.13)
where Fyg/.(ps;pild) and Fy/.(ps; ps|d) represents the solution to Eq. (3.12), which
is the probability to get a given parton with final momentum p; when the initial
condition is a particle of type ¢ and momentum p;, after a propagation distance d in
the hot-medium. This path length is not the same for all jets, because it depends on
the location where the jet is produced and on the direction in which the jet propagates.
Therefore, one must convolve this expression over all transverse positions r; and
directions n. Since the number of jets at r) is proportional to the number of binary
collisions, the probability is proportional to the the product of the thickness functions
of the colliding nuclei at r;. For central collisions where the impact parameter b = 0,

we get
’P(I'_L) X TA(rJ_) TB(rL) . (414)
For a hard sphere which we use for simplicity, this probability is

Plr.) = — (1 Ti)e(RL—n), (4.15)

TR2\" R?
which is normalized to yield [ d?r; P(r.) = 1. Since the direction of the jet is fixed
by the pion direction (n = I—;L;"), the final in-medium modified fragmentation function

is

Dyojelz, Q) = / d?r, P(r1)Dyojelz, @,y m). (4.16)
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The AA cross-section is now given by

ot i a2 Q)
= ad as , K.e ,
dyd?pr a%‘;d/dm 2 94(%a, Q)94 (20, Q) K dt Tz

(4.17)

Since Eq. (4.17) is expressed in terms of probability distributions, it is straightfor-
ward to evaluate it using the Monte-Carlo method. One complication in doing so is
that, while the parton traverses the medium, the medium also evolves. Therefore at
each time step of solving Eq. (3.12), the temperature must be adjusted to reflect the
local environment. In Chapter 2, we used a fireball model [62], in which at a given
time, the yield of photons was simply given by the product of the production rates
and the volume of the expanding hot matter. Here however, as we have to follow
the path of the jets in the matter, such that their exact positions at a given time is
really important, we cannot use again the fireball model. We will rather use the 1-D
Bjorken expansion model [110] which incorporates the information about the local
temperature in a slice of expanding matter.

We assume that the medium expands only in the longitudinal direction, based
on the following reasoning. The low pr neutral pion spectrum at RHIC is well re-
produced by a hydrodynamical model incorporating transverse expansion, while the
model fails for pr > 3 GeV, suggesting that high-pr pions mainly come from jet
fragmentation [108]. The transverse expansion will have two effects on jet energy
loss. First, the expanding geometry will increase the duration of parton propagation.
However, the same expansion will make for a falling parton density along the path.
Those two effects partially compensate each other and the energy loss is just about

the same as in the case without transverse expansion [109].

4.1.1 The Bjorken model

In the absence of viscosity, the evolution of a fluid is governed by

8,T" =0 (4.18)
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The energy-momentum tensor is
TIW = (6 + p)uuuu - g,uuP, (419)

€ is the energy density and P is the pressure. For a thermal medium expanding only

in the z direction, its four-velocity has non-zero components in the ¢ and z direction

only:
oz, ot 0z
=k (= had 4.20
Up or <8T’0’ 0, 87) ( )
where we have defined the proper time 7 = /t? — 22. We now define the space-time
rapidity:
1. (1+2z/t
==In| —— 4.21
7 211<1-—z/t> (4.21)

In the Bjorken scenario [110] is a central-plateau structure for the particle rapidity
density in nucleus-nucleus collisions, i.e dN/dy independent of y in a given range.
Also, in heavy ion collision at relativistic energies, the overlap region of the two
nuclei can be pictured as a disk, with a very small width due to Lorentz contraction
in the z-direction. It is reasonable to considered particle in the central rapidity region

as having been emitted from this thin disk. This leads to following scaling behaviour:
v, = 2/t (4.22)
With this, the space-time rapidity becomes equal to the rapidity:

1 1+ 2/t 1. /1+w,
=71 — 1 =y. 4.23
2n<1—zﬁ) 2n(1—v) v (4.23)

This imply that dN/dy, and all thermodynamic quantities are also independent of 7.

Eq. 4.18 now simplifies to

ds s
_—= 4.24
dr T (4.24)
where s = (e + P)/T" is the entropy density, and the solution is
st =C(r). (4.25)

'In this section, in order to be consistent with the literature, s will stand for the entropy density

rather that the energy in the nucleus-nucleus center of mass.
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C is a constant, which can depends on the radial position r if a transverse profile is

included. The entropy density for a gas of quarks and gluons is [111]

272
=" _goT°. 4.26
8§ = =90 (4.26)

We take the number of quark flavor as Ny ~ 2.5 to account for the mass of s quark.
This gives a QGP degeneracy of gg = 16 +21/2 N; = 42.25. Hence, Eq. 4.25 gives

the well-known relation

!

T°r =T, =C (r) (4.27)

We assume again the transverse profile 4.15 for the probability density, and the initial

energy density will goes like €(r; ) o< P(ry):

gom? T4 (ry,T)

G(I'L,Ti) = CP(rL) = 30 (428)
The C constant is adjusted by [32, 112]
24
9o 1 ! / 2 ¢
P= ~ ) == 2
€ 30 e dr e(ry, ) e (4.29)

Then, the initial temperatures in the transverse direction is assigned according to
30C P\ r2 \ 1Y
T(r,n)=|——™" =T 21— — . 4.30
() = (2 o (430
Putting Eqs.(4.27) and (4.30) together, we get the temperature evolution of a QGP

expanding in 1-D as

T(r,7) =T, (%)1/3 [2 (1 - %)]1/4 . (4.31)

The jet evolves in the QGP medium until it reaches the surface or until the tem-
perature reaches the transition temperature 7,. In our calculation, we assume a
first-order phase transition. The total entropy density during the mixed phase, which

begins at 77 and ends at 74, is

8 = Smiz = Soerfoep + (1 — foar)Sua (4.32)
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where foep is the fraction of the QGP phase in the mixed phase. The entropy density

of the hadron gas phase, assuming only pions as degrees of freedom (gg = 3), is

2m? 3
From Eq. 4.24, we find
f = 1 (TLT_f_ — 1) (4.34)
AT B '

Here ry = % is the ratio of the degrees of freedom in the two phases. The gluons

production rates are then scaled accordingly for 7 > 7 :

dl'(p, k)
dtdk

dl'(p, k)
dtdk

— focp (4.35)

We take the critical temperature T, to be 160 MeV. This is not a crucial value,
since the bulk of energy loss will happen when the temperature will be high, and
also because at the time the system will have reached the transition temperature, an
important number of jets will already have left the medium. Finally, from entropy
conservation, the initial time 7; and the temperature are related by [113]

72 1 dN

T 1 = Pgor dy (4.36)
We can note from this equation that the effect of a reduced degeneracy, or an increased
particle multiplicity, will be to increase the initial temperature, for a fixed initial time.

Is is now important to look at the validity of the Bjorken model, i.e. verify if
it is correct to assume that dN/dy is constant. The approximation of a plateau is
correct providing dN/dy is ~ constant in the range I'y, with I’y > Ay, where Ay
is the rapidity range covered by a thermal distribution. In other words, it means
that the production of midrapidity photon, from matter having space-time rapidity
n > Ay/2, is highly suppressed. From ref. [114], dN./dy for charged particles in
central Au-Au, turns out to be ~ constant, within 5% changes, in the range I'y = 2,

which is bigger than the thermal width at 7=300 MeV, for particles with transverse

momentum pr > 5 GeV, which is Ay < 1.
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Figure 4.3: Nuclear modification factor for pions at RHIC. Data points are from PHENIX [12]. The
solid lines show the full calculation of the spatial distribution of jets in the plane z = 0 for two initial
temperatures. The dotted lines assume that all jets are created at the center and the dashed lines
assume the same approximation but with a reduced energy loss.

4.1.2 Ry for pions

The result of our calculation for RHIC energy is summarized in Fig. 4.3 together
with the PHENIX data [12]'. To cover the uncertainties in the initial conditions, we
consider two different sets, one at a relatively high temperature of T; = 447 MeV and
a relatively short initial time of 7; = 0.147 fm/c taken from Refs. [32, 112], and one
at a lower temperature T; = 370 MeV and somewhat later time for the hydrodynamic
evolution of 7; = 0.26 fm/c taken from our study of low-pr photons, Chapter 2. Those
two sets correspond to dN /dy|,=o ~ 1260, estimated for central collisions in Ref. [112].
In deriving these results, we have used o = 0.3. If the value is larger then energy loss
will be greater, so R44 will be smaller; if it is smaller, then R4, increases. Besides

this dependence on ag, our results rely on no free parameters.

1See the presentation of Brian Cole at Quark Matter 2005, Budapest, for the preliminary version of

the new data (http://qm2005.kfki.hu). They are however consistent with those presented here
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The solid lines in the figure are full calculations with the initial spatial distribution
P(ry) given in Eq. (4.15). For comparison, we also display two more sets of calcula-
tions. The dotted line is calculated with the jets originating only from the center of
the disk (r; = 0). Comparing the dotted line with the solid line, it is apparent that
the absolute magnitude of the R44 depends very much on the density profile of the
nucleus. The dashed line is calculated again with the jets from the center but with
the energy loss rates reduced by a factor of 0.64. One may say that the average path
of a jet has the length of about 0.64 x Ry .

In Fig. 4.3, one can see that both T; = 447MeV and T; = 370 MeV describe
the real data reasonably well. This is somewhat surprising. Since the density of
thermal particle is proportional to T3, the density at 447 MeV is about 1.8 times the
density at 370 MeV. Yet the energy loss does not reflect such a big difference. The
reason is because the energy loss depends mostly on the duration of evolution. Hence
once dN/dy is fixed, the time evolution of the temperature follows a common curve
regardless of the initial temperature (c.f. Eq. (4.31)). The only difference between the
higher and the lower temperature cases is that the time evolution starts earlier for the
higher temperature case. From the moment 7 passes 7; for the lower temperature, the
evolution of the two systems is identical. Therefore, if energy loss at the beginning of
the evolution is small compared to the later time energy loss, the amount of energy
loss depends mostly on the duration of the QGP phase At = 74 — 7;. Since 75 > 7,
the duration of the QGP phase is approximately the same for high temperatures. We
have verified that the energy loss between the times corresponding to 7; = 1000 MeV,
T; = 447 MeV and T; = 370 MeV are at most about 10 %.

Since the suppression is mainly controlled by the duration of the evolution, the
suppression should be sensitive to the particle rapidity density d/N/dy, which fixes the
lifetime of the QGP. We can see in Fig. 4.4 that it is indeed the case. For simplicity,
we assume here that the jets are all created at the center of the system. We see
that there is very little change in the suppression as the initial temperature varies

from T; = 370 MeV to T; = 1000 MeV. However, the suppression shows a strong
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dependence on dN/dy; going from dN/dy = 680 to dN/dy = 1260 increases the

suppression by a factor ~ 1.5.
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Figure 4.4: Nuclear modification factor for pions at RHIC, taking all jets to originate at the center of
the nucleus. Data points are from PHENIX [12]. The solid lines are for initial conditions which lead
to a particle multiplicity of dN/dy = 1260 while the dotted lines are for initial conditions leading to
dN/dy = 680. For each set of lines, the initial temperature is, from bottom to top, 1000, 447 and
370 MeV.

For the LHC, we use the initial temperature from Chapter 2, T; =845 MeV, giving
7, = 0.088 fm/c for dN/dy ~ 5625 [112, 140]. At this energy, jets could in principle be
produced with energies as high as \/syy/2 = 2750 GeV. However, the contribution
from a jet having more than, let’s say, 10 times the observed pion energy, should
be sharply cut off by the steeply falling initial distribution function. As it can be
seen in Fig. 4.5, the R4 of pion with pr < 30 GeV, for the LHC, doesn’t receive any
contribution from partons having more than 300 GeV. To be on the conservative side,
we cut off the maximum jet energy at 400 GeV.

The calculated LHC nuclear modification factor is shown in Fig. 4.6 with the full

fragmentation function from Eq. 4.16. We also show in the same figure the effect of

not tracking the secondary partons (gluons emitted by quarks and quarks emitted by
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Figure 4.5: Nuclear modification factor for pions at LHC for different cuts on the energy of an
incoming jet in the QGP. We assume here that all the jets are created at the center of the disk.
gluons). Comparison between the solid line and the dashed line shows that ignoring
the secondaries can make an overall difference of 30%. This arises almost entirely
from quark secondaries from gluon jets—that is, from hard gluons which split, due to
plasma interactions, into gq pairs, which subsequently fragment. This is shown by
the double dot-dashed line, which include only incoming gluons in the QGP. Those
gluons can produce lower energy gluons or quark-antiquark pairs. This contribution
is more important than the contribution from incoming quarks (dot-dashed line),
because most hard jets at the LHC arise from gluons, whereas a larger fraction at
RHIC are from quarks, as it can be seen in Fig. 4.7. The gluons emitted by quarks
are mostly soft; they also lose energy quickly and fragment inefficiently. At RHIC
energies the error from dropping secondaries is only 5%.

Comparing the RHIC and LHC results, we see that the suppression due to jet
energy loss at RHIC is about a factor of 3 for a 10 GeV pion, while the suppression
at the LHC for a pion at the same energy is about a factor of 6. This difference arises
because the medium at the LHC remains hot for much longer than at RHIC. The
cooling is governed by the product 7°7 o< dN/dy. Hence, smaller dN/dy implies faster

cooling. We have also calculated the impact of assuming a first order phase transition.
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Figure 4.6: Nuclear modification factor of pions at the LHC. The solid line includes pions coming
from bremsstrahlung secondaries emitted in the thermal medium; the dashed line does not. The
dot-dashed line include only incoming quarks in the QGP, while the double dot-dashed line include
only incoming gluons. For all lines, the full spatial distribution from Eq. (4.15) has been used.
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Figure 4.7: Nuclear modification factor of pions at RHIC. Same lines description than Fig. 4.6.

At RHIC, at the end of the QGP phase, a large number of jets has already left the
medium, but those still inside will suffer additional suppression during the mixed

phase, such that assuming a cross-over between the QGP and the hadron gas phase
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will increase R 4 by ~ 20%. At the LHC, at the critical point, a much larger fraction
of jets are out of the medium, such that R44 is quite insensitive to assumptions
related to the transition. Our initial conditions correspond to an initial time smaller
than the common value of 7;=0.6 fm/c used in hydrodynamic calculations [116]. We
have verified that going from 7,=.26 fm/c (T; = 370 MeV) to 0.6 fm/c (7;=280 MeV)
increases R4, by less than 20%.

In this section, the AMY formalism has been applied to successfully reproduce the
7% spectra at RHIC. We will see in the following section, how the same formalism can

be applied to determine the production of real photons.

4.2 Photon production

The hard photons produced in nucleon-nucleon collisions can be divided into three
categories: primary hard direct photons, fragmentation photons, and background
photons. Primary hard direct photons (N-N) are those produced by Compton scat-
tering and annihilation of two incoming partons. Fragmentation photons (jet-frag)
are those produced by bremsstrahlung emitted from final state partons. Background
photons are those produced by the decay of hadrons subsequent to the collision, pri-
marily from 7% — vy decay. We define by ‘prompt photons’, the sum of the direct
and the fragmentation contributions. The expression for prompt photon production

is

do TOom,;
Y y—prompt Z/dxadxbg Tq, @)9(zs, Q)

dyd?pr
x K. 6| xy — =
[ (Pr) dt (224 — 27?;:}\,61/) T Zu/SNN — preY
do.a+b—>c+d 1
+ Kbrem(pT)T_Dv/c(z Q)] (437)

K, and K. are correction factors to take into account NLO effects; we evalu-
ate them using the approach of Aurenche et al. [117], obtaining K, (10 GeV)~ 1.5
for RHIC and LHC and Kjyrem (10 GeV)~ 1.8 at RHIC and 1.4 at LHC. All scales
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(renormalization, factorization and fragmentation) have been set equal to the pho-
ton transverse momentum py. The photon fragmentation function D, /. is extracted
without medium effects in e~ + e* collisions [118]. The validity of this expression
for pp collisions at /s = 200A GeV is shown in the left panel of Fig.4.8 with data
from PHENIX [119]. It appears clear that the baseline mechanism of high pr photon
production in nucleon-nucleon collisions is under quantitative control. The photon
yield in d-Au collisions, where final state effects are not expected, is easily calculated
from Eq. 4.64. The averaged number of nucleon-nucleon collision, (N,y;) is taken
to be 8.5 [15]. From the right panel of Fig. 4.8, the photon yield data in d-Au col-
lisions [120] also turn out to be well reproduced by the same mechanism described
above, but with shadowing effect included. Note that, as it was for 7, Cronin effect

doesn’t seem necessary for reproducing data at RHIC.

10 ET T TTrYrrT T T r T T T T T T T T T T Ty 10' E7 T T T T T T T T T T T T T T T T k|
E 3 F 3
4 ]
UE O deAu, (s =200 GeV ]
10°E —— direct + fragmentation 41 _ 10k » WONN N
—~ E P E £ E
,\‘,> i e PHENIX ] <~.'> of ]
vt 12 ] » 10 3 - = jet-frag.
S wk p+pats =200 GeV 1 e 10’k = NN ]
- all scales = p; 15 + PHENIX ]
Sl 2 0
T 3 4= 10-9;
=2 E E
$ % o <Ncoll>=8.5
10"
10°F E lo'll;r
S T T R TumTan T W0 6 s 10 12 141618
4 5 6 7 8 9 00 11 12 13 14 15 16 17 18
py (GeVic) py (GeVic)

Figure 4.8: Left Panel: prompt photons produced in pp collision at RHIC. The solid line is calculated
with Eq. (4.37). Right panel: Prompt photons produced in d-Au collision at RHIC. The dashed line
include the fragmentation jets while the dot-dashed line include direct photons. The solid line is the
sum of both. All lines include shadowing effects.

In AA collisions, there is an additional source of high pr photons: the in-medium
contribution. This contribution will include the direct conversion of a high energy
parton to a high energy photon by annihilation with a thermal parton, in-medium

bremsstrahlung from a jet, and thermal production of photons.
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4.2.1 Jet-photon conversion

In Ref. [32], the conversion of a leading parton to a photon in the plasma was found
to be an important process. This happens when a jet crossing the hot medium
undergoes an annihilation (¢ + ¢ — g+y) or a Compton (g+¢ — g+ ) process with
a thermal parton. The related production rate of photons is given by Eq. 2.63. For
incoming jet, we substitute the thermal phase-space distribution by that of the jet :

fr— f;’et/2 + L2 — £84/2. We get

R () T ) [oin (220) — G Ceon (439

dydsz 7 TogT

where T is the temperature. The phase-space distribution function of the incoming

particles is defined as

o [ T2 (o) = M, (4.39

where N; is the number of particles ¢ and g; is the spin-color degeneracy. The phase-
space distribution function for an incoming jet, assuming a Bjorken n — y correla-
tion [121], is

. 2)3P(r,) AN,
(T, T, t) = ( —d(n—
f]et( ? 0) 9pr  dyd®pr (n—y)

— (271-)3’P(r_1_)t0 pT dN]et 5

9qy/ tg — 28 EB? dyd’pr

where 7 is the space-time rapidity and ¢y is the formation time of the jets, and z,

(Z() — Uzto) y (440)

is its position in the QGP expansion direction. As before, the jets are taken to be
massless and we suppose that energy loss of jets in the plasma does not change their
direction. With this latter approximation, fj.; can be factorized into a position-space

and a momentum-space part:

1 dNY(E, t
52,70 = (@, t)m%

(? 7 N]qgt(E t)

|7|; 0)E2 dE ’ (441)

where ¢ = t —t is the propagation time of the jet. In the high energy limit, the cross-

sections 0g4q_,¢y and 0gg—,q, are dominated by direct exchange between the quark and
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the photons. Since we are interested in photons produced at mid-rapidity (y = 0),
we only need to consider quark and anti-quark jets produced at mid-rapidity. This
gives

qu(? ? t)l — (2W)3P(I@|)t0i deqgt
geth o £ W ly=0 gq\/m pr dyd®pr

(pr,t)0(20) , (4.42)

->

~
F
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Figure 4.9: Jet propagation and photon production in the transverse plane.

W, is, in the plane z, = 0, the initial radial position of the jet. From Fig. 4.9, the

photon’s creation coordinates are
X = r(sing & + cos¢ 9) , (4.43)
and the propagation direction of the jet, during the time ¢, is
d =1y, (4.44)

The jet’s initial position is then given by:

oy = |7 — 7' = lrsin¢55 + (rcosg — B)j| = \/(rcos¢ — )2 +r2sin? ¢,

(4.45)
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where ¢ is the angle in the plane 2y = 0 between the direction of the photon and the
position where this photon has been produced. The AMY formalism is introduced

here to calculate the evolution of -2 (p;. ¢). The output of Eq. (3.12) is Bs(E, 1),

dyd?pr
where
AN N9
Bs;(E, 1) = =pr—— . .46
q(I( ’ t) dE (E’ t) pr dyd2pT (pT; t) (4 )

In this equation, we got rid of an unimportant phase factor relating dN/dE (sin-
gle differentiation) to dN/dyd*pT (triple differentiation). The initial distributions
Rs(E,ty) and F(E,ty) are fixed by the initial jet distribution at mid-rapidity:

deet <Ncoll> do,a+b—>jet+d TaTh
= d a a ) K'e
dydsz Y o %;/ Zz 9(33 Q)g(xb Q) J t(pT) dt 71'(.17(1 — SQIQ;N ey)
(4.47)

For simplicity, we use the parametrized forms from Ref. [32]:

d Njet
dyd?pr

a
K.,
£y=0 et (pr + b)e’

(4.48)

where pr is given in GeV. The parameters, averaged over u,d and s flavours, are given

in Table 4.1, for RHIC and the LHC.

a b c

RHIC q || 2.041x10% | 1.6 |7.872
RHIC ¢ || 39341.45 | 1.947 |8.919
LHCq | 9687 | 0.605 |5.278
LHC g 350 | 0.3183 | 5.246

Table 4.1: Parameters for the initial distributions of jets.

The total photon spectrum is given by a full space-time integration:

ﬂ = /dTT/TdT/dd)/dﬂﬂ"(E'y = prcosh(y — 7))

dyd?pr dyd?pr
dR
- / dt / rdr / do / dz = (B = prcosh(u)). (4.49)
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The production rate is calculated in the local frame where the temperature is defined,
and the photon rapidity becomes yy = y — 7. The space-time rapidity is given by
n =4 ((t+2)/(t - 2)).

High-pr photons are emitted preferentially early during the QGP phase, when
the temperature is at its highest point. Indeed, explicit hydrodynamic calculations
show that the nuclear space-time geometry smoothly evolve from 1-D to 3-D [122].
By the time the system reaches the temperature corresponding to the mixed phase
in a first-order phase transition, the system is still very much 1-D [122]. For such
a geometry, specific calculations [123] suggest that the flow effect on photons and
dileptons from the QGP is not large at RHIC and LHC for pr > 2 GeV. Assuming
again a 1-D expansion, we get the production of photons from jet-medium interactions
from Egs. (4.38), (4.42) and (4.49),

dN. (27)*P(|wy]) 1 dN#
Jet th
=2 / d / / ,
dyd?pr y 0 g rdr d¢ 9q pr dydsz (pT t)

2
Z (e_f> T xxs |:2 ln ( 3pt,1,,) - Ca,nn - CCom ; (450)

T \e 872 T

where the temperature 7" evolves according to Eq. (4.31). The ¢ integration can be

done as follow:

_[" —n_ [T 2 @7 | e
2t = [ dop(ail) = [ o (1- B2l o - o)

m 2 72 + 2 — 2trcos¢ .
= /0 dqs7T 7 (1 — R O(R% — r? — £ + 2ir cosg)

(4.51)

The 6-function leads to three possibles cases.

(1) r? + 2 — 2tr > R% :

Then we get simply v = 0.
(2) r2+#2 4+ 2tr < R? :

T2 24§22t 2 242
:/d¢—2 R il reose S (4.52)
o “PTRY R? R RZ
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(3) 12 + 12 — 2tr < R2 < r? 42 4 28r :

This imply the following condition on ¢:

2 t"2 _ R2
COSp > COS Uy = % (4.53)
T

which gives

u 2 2482 -2t 2 2482\ dirsi
7:/0d¢ 2 <1_r + rcosgb) _ 2w (1_7' + | dirsinug
0 TR

R? nR? R? mR%
(4.54)
All thoses conditions are summarized in the following:
(
0
. 2 r? 4 12
[rasp(@) =200 =1 7@ (- 2
2ug. (1_ 2+t ) n dtr sin(ug)
| TR} R? TRY 0/
(4.55)

for the cases that r2+#2—2fr > R? | r?+#2+2fr < R% and all other cases, respectively.
Then, the final expression for the jet—photon production becomes

dN7 L 21)8 1 N9
]et—th
2/dt/ rd r — Syt
dydpr "0~ 9 Pr dydipy P

er\? Taa; 3p;
Z ( ) {72 [2 In ( T) - C’ann - CCom

e T,

dN7
Tt ljet—th th
= 4.56

/ dtdyd?pr lv=0 (4.56)

As before, we assume a first order phase transition beginning at the time 7; and
ending at 7y = 747y [110]. After 77 we scale the production rate by fogp (Eq. (4.34)),
such that

dN7 dN? - dN7
]et—th jet— th jet—th
dt—det=th. / dt —get—th | 4.57
dyd®pr ly=0 = / dtdyd2pr ly=0 + - Jaar(t )dtdde =0 (4:57)

The first term and second term correspond respectively to photons produced during
the pure QGP and the mixed phase. Our results for RHIC and LHC, with and with-

out energy loss are shown in Fig. 4.10. Here also, a; = 0.3. We see that higher energy
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photons are more sensitive to jet energy loss: photons at 4 GeV are suppressed by a
factor 1.3 at RHIC, while 15 GeV photons are suppressed by a factor 1.6 due to jet
energy-loss. We find approximately the same suppression for the LHC. This suppres-
sion is much smaller that the one observed from R44 in the previous section. This is
because the photons can be produced at any point in the hard parton’s propagation
through the medium, while the jet energy loss depends on the final parton energy.
Hence, some of the photon rate arises from before, rather than after, the jet has lost

much energy.
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Figure 4.10: Direct production of photons by jets in the plasma for Au-Au at RHIC and Pb-Pb at
the LHC. For the solid lines, jet energy loss is included; for the dashed lines it is neglected. The
initial temperature is T; = 370 MeV at RHIC and T;=845 MeV at the LHC.

It’s important to remember that in the jet-photon conversion, the emitted photon
takes away all the momentum and follows the direction of the incoming jet, due to the
approximation o o 8%(F ., — 7,) (see Sec. 2.4). We can verify this approximation, as
we did for incoming thermal particles in Sec. 2.4. For simplicity, and only for this exer-

cise, we assume a stationary QGP with constant temperature, and we neglect energy
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Figure 4.11: Ratio of exact to approximated yield, of direct photon production from interactions of
jets with a stationary QGP, at constant temperature T=400 MeV.

loss. This allows us to kill many integrals, as [ dtd®z ]‘-’ft = At %. The Fig. 4.11

shows the ratio (ng;fl;fh /dy/deT) / (deet_“‘ /dy/ deT), where dNZE I dy /d?pr

approz.

is obtained with the exact result definition, Eq. 2.66, and dNZ¢th /dy /d?pr assumes
the jet-photon conversion approximation. The effect of the approximate cross-section
is to boost photon toward higher pr values, as photon get 100% of the jet’s energy,
while for the exact calculation, photons are emitted with a smaller fraction of the
jet’s energy, giving a ratio greater that one in the intermediate pr region. From
Fig. 4.11, the error related to using the approximated cross-section, for RHIC condi-
tions (T" ~ 400 MeV), is found to be less than ~ 25% for 2 < pr < 6 GeV, but the
error increases for higher values of pr. Fortunately, as we will see in the results sec-
tion, the jet-photon conversion contributes to the photon yield mainly at intermediate
pr, so that it is an appropriate approximation for our purpose here.

As it can be seen from Fig. 2.9, the error of using the approximate cross-section

is weaker for incoming thermal partons. This is because the thermal distribution is

steeper that the jet distribution, so that the shifting of the photons toward lower pr
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values is less important for incoming thermal partons. I have verified that for the
LHC, (T ~ 800 MeV), the range of validity of the approximated cross-section, within
30%, is 7 < pr < 13 GeV.

4.2.2 Bremsstrahlung photons

Hard partons in the medium can also produce photons by bremsstrahlung when they

scatter in the medium. The photon bremsstrahlung rate d['9”%(p, k)/dkdt follows
62

the same expression as d['7%(p, k)/dkdt in Eq. (3.9), but with C; — £, Cx — 0,

m., =0 and g2 — 2. The photon bremsstrahlung distribution is given by

dP’Y(pa t) _
D2 = [ dk Balp+ K)

dl'9 (p+k, p)
dkdt

(4.58)

It is assumed here that the photon production rate is perturbative, so that the quark
plus anti-quark distribution F; will be unchanged by the photon emission. The photon
distribution is finally convolved with the initial spatial distribution of jets to get the

final spectrum of bremsstrahlung photons,

ANjet—br 1 ANjet—pr 1 2
— | _, = =-— [ dr, P(r )P ,d), 4.59
dylpr v by =0) dpr  prJ LT PEBEr ), (459)

where 7 is the position where the jet has been created, and d = d(r) is the distance
crossed by the jet in the plasma. The factor Q(y = 0) corresponds to a d¢ and a dy
integration around the transverse plane z; = 0. This factor can be absorbed in the
definition of the initial distribution B;(pr,t = 0).

Numerically, bremsstrahlung photons turn out to be subdominant to jet-photon
conversion. While the rate at which such photons are produced is larger, these
typically carry only a fraction of the jet’s energy, while jet-photon conversion pre-
dominantly produces photons with the complete energy of the jet (hard parton).
When folded against a steeply falling spectrum of jets, the process which produces
the highest energy photons will dominate the final spectrum. The jet annihilation
(jet + th + th — th + ), where th stands for a thermal parton, is also included

in the calculations, but turns out to be negligible; this is why this section is called
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’bremsstrahlung photons’. The annihilation process is however the dominant in-
medium mechanism when the incoming particle is thermal [66]. This is because ther-
mal particle distribution function is much steeper than for jets, implying that process
involving parton phase-space distribution function at momentum lower than the mo-
mentum of the emitted photon, will be the dominant process. In other word, while the
production of photon with energy E from bremsstrahlung involves the quark distribu-
tion function f,(E + AFE), the annihilation contribution involves f,(E — AFE). Since
the thermal distribution is steep, i.e. f(E+AF) < f,(E—AFE), the bremsstrahlung
contribution will be suppressed.

Recently, Zakharov has also considered bremsstrahlung emission of photons from
jets [124]. His work accounts for finite-size effects in the high energy limit; this is not
considered here. However, the energy range of interest for this study, as discussed
in Chapter 3, is below the factorization scale, so finite size effects are small at those

energies.

4.2.3 Thermal photons

The thermal-thermal contribution comes from the photons produced by two scatter-
ing thermal particles. The Compton and annihilation rate have been calculated in the
previous literature [49], and shown in Sec. 2.4. There are also bremsstrahlung and in-
elastic pair annihilation contributions [66], with LPM effects, discussed in Chapter 3.
We use the parameterization for those rates presented there. The complete induced
thermal radiation production rate takes the form

dRep—1h (e f ) 2 T?qaq 3pr coshyg
_ = —_ h 21 — 7 ) 7 Lann — om
o Xf: ) —5z Jfr(prcoshyo) |2In p—t Cann — Cc

+ 4B (pT coshyo>]

T
(4.60)

with B(z) given by Eq. 3.6.

As before, we obtain the photon yield by integrating the production rate over space
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and time:

dNth—th / 2 thh th
d / d / dn —y—
dyd?pr r L dyonPT =y=n)

Mmae dRyp_gp
= 27r/ dr T drr/ dn =y—7n). 4.61
Ti 0 Nmazx dyodng (y y 77) ( )

The limit of integration 7,4, is given by

1 maz
Nmez = %ln (ﬂ_> (462)

— pmar
1 -7

where the maximum speed in the longitudinal direction is

D 4m?
v;naz = Uprojectile = E_N =4/1— s N' (463)
N NN

Exn,py and my are respectively the energy, momentum and mass of an incoming
nucleon in the nucleus-nucleus center of mass. For RHIC, /s = 200A GeV, this gives
Nmaez = 9.36, while for LHC, /s = 5.5A TeV, this gives 1., = 8.6.
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Figure 4.12: QGP radiation for RHIC and LHC. The solid lines are obtained from the fireball
model shown in Chapter 2, while the dashed lines assumed a 1-D Bjorken expansion. The initial
temperature is T;=370 MeV at RHIC and T;=845 MeV at the LHC.

The Fig. 4.12 shows the induced QGP radiation for RHIC and the LHC. The fire-

ball model [69] used for low-py photons in Chapter 2 is compared to the 1-D Bjorken
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expansion used in this chapter, for the same initials conditions (73, 7;). It is remark-
able that the two models give almost the same results, reinforcing the supposition of

a weak transverse expansion in the QGP phase.

4.2.4 Non-thermal contributions

The expression for prompt photons produced in AA collisions is

dN'y—prompt — da’y—prompt (Ncoll>
dyd?pr dyd’pr  Oin

, (4.64)

where we take the values (Neoy) = 975, 04, = 40 mb for RHIC [29] and (Neon) = 1670,
Oin = 72 mb for the LHC [125]. “=gen2t s taken from Eq. (4.37) but with the photon
fragmentation function accounting for the jet energy loss.

We will assume, as we did for pion production, that photon production via frag-
mentation of a jets occurs after the jet parton leaves the QGP. Therefore, the photon
fragmentation function including the full spatial distribution and the secondary jets,
is given by Eq. (4.16), with the substitution 7% — ~.

The preequilibrium contribution of photons, corresponding to photons emitted
after the transit time of the two nuclei but before thermalization time, is not explicitly
included in this work. However, a rough estimate might be had by choosing a smaller
formation time. The modeling of those contributions is accessible to the parton
cascade model [81]. Finally, in order to have a complete photon description, we

have also calculated the background production, which mainly comes from the decay

70 — ~~. This is given by [126]

dNI 732 o ANT dP(pr—p
v_QBG’Z/dy dPpf——— ( . 1) (4.65)
dyd*pr dy"d’p}  dyd’pr

All the previous procedures for jet energy loss, initial spatial distribution and the

effect of secondary jets are included in the calculation of the pion spectrum ajf,%:
T

d]\pr _ (Ncoll> dO’I‘?/‘]L‘V
dy™d?pE. 0y dydPpr

(4.66)
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where the AA cross-section is given by Eq. 4.17. In the pion center of mass frame,

the photon distribution is given by

dP(pr = py) _ 6(EY, — 5F)

- 4.67
dyd?pr 2nEdm (4.67)
normalized to
dP(px — Py)
dyd’pr —"—7 =2. 4.68
We can express the photon energy in the pion center-of-mass frame, E7, , in terms of

0,E, and pr, which are respectively the angle between 7, and ? in the laboratory
frame, and the pion and photon’s energies in that frame. We get P'7 . from a boost

= |7, |/E; in the pion direction llE

(cost — f) .

r = 07 —— 4.69
pTSIH Ty +pT m 7T” ( )
giving
E.cosf —p,)?
By, = |71 l—pT\|sm 1. Frcs?
m?T
= p—T(Eﬂ — prcosf) . (4.70)
Using the relation
d*p,  pidprdcosf di
T 2. T L of m
dy"d pr = E - o (4.71)
we can express the photon yield by
—>77 1 dNT o(EY — D=z
/ dcost (e —2 )
dyd2p:r COSmin dy*d*p}  2mEim
27 p2 dNT j—l
= d dcosf = Y 4.72
/0 Y Jeosw OV E, dyrargr PV ) (4.72)
where the Jacobian is
pr a(Ew _pﬂ'cose) pr
= = = » — Frcosf| . 4.73
g=E 2Bt o |ps — Excost (4.73)
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The pion momentum p, is solution of

Er =\/p2+m2 =pr+ \/(pT — py cosf)? + p2 sin?6 (4.74)
which gives:
(4P’?rm3r - m;lr)/ (4me,2T) cos?f =1

Pr =

(mfr cosf) — m2 \/ 1 — 4p2sin?d/ m?r) / (2stin20) cos? # 1
(4.75)

The lower bound of the cosine integration is given by

2
1— 4pa(1— cosQ‘ )/m2 =0 — cos|_. =4/1— m_g (4.76)
min min 4pT

The 9 dependence in Eq. 4.72 is included in the pion rapidity y™. However, for high-
pr photons, cos| . ~ 1, such that y™ = y = 0, and the ¢ integration gives a factor

2m. Thus, we obtain

AN 56 _ /1 dNT P2
cos|

o ™
dyd?pr deos (Pr>v) pr |pr — Ercost)|

4.77
s (4.77)

To have a more complete picture of the photon background, we can also include
the n contribution : 7 — v + . With the 5 branching ratio I /T ~ 40% [127]
and its relative yield N7/N™ ~ 0.5 [128], the total photon-background contribution

becomes

dNy-po _ ANG_5&  ANTRL  ANT 5y ( LA an)
dyd’pr  dyd’pr dyd?pr — dyd?pr N™ Tu
0
AN]_p&
~1.2-12-8G 4.78
Ay Ppr (4.78)

4.2.5 Results

The contributions to high pr photon production, but the background coming from
neutral meson decay, are illustrated in Fig. 4.13 for clarity, and their corresponding

yield are shown in Fig. 4.14 for central collisions at RHIC and the LHC. The energy
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loss is included in all processes involving jets. Prompt photons have been split into a
primary hard direct component (N-N) and a fragmentation component (jet-frag.). All
those processes, except the contribution from jet-medium bremsstrahlung, have been
presented in Ref. [32], in the case of no energy-loss. For RHIC, as in Ref. [32], the
high pr region is dominated by primary hard direct photons. However, in Ref. [32],
the jet-photon conversion was dominant below 6 GeV, while in our study, direct
photons dominate the high pr spectrum down to ~ 4 GeV. A few reasons explain
this difference. The jet energy loss is included here; the constants Ca,n and Ceom
appearing in Eq. (4.38) have been set equal to 1.916 in Ref. [32]; the K|, factor in
the original publication is larger than ours: Kj, = 2.5 is used for both RHIC and
the LHC while we use Kj¢ = 1.7 for RHIC and 1.6 for LHC. Finally, no K, factor
has been used for the primary hard direct contribution in Ref. [32]. It is however
satisfying that the inclusion of jet energy loss does not spoil the original premise:
jet-photon conversion is an important source of electromagnetic radiation.

At the LHC, our result is dominated by direct photons for pr above 20 GeV, but
there is a window, below 14 GeV, where the jet-photon conversion in the plasma
is the dominant mechanism of photon production. In Ref. [32], however, the jet
fragmentation (called bremsstrahlung in their study) was the most important pro-
cess at the LHC, but jet suppression was not included. Photon production via jet
bremsstrahlung in the plasma (dotted lines) turns out to be weak, but non-negligible.
It is approximately a factor 3 below the jet-photon conversion contribution. Finally,
the thermal induced photons (short dashed lines) are far below all other contributions
in intensity.

Fig. 4.15 shows the QGP photons for three different initial conditions: (T; = 447
MeV, 1,=0.147 fm/c),(T; = 370 MeV, 7;,=0.26 fm/c) and (7; = 280 MeV, 7,=0.6
fm/c). As the high-pr photons are produced early in the collision, they may be
affected by the choice of initial conditions. However, the high-pr region is dominated
by jet-therm processes, which are weakly sensitive to (T3, 7;), since the jet distribution

function fje; has a weak temperature dependence. We see that going from 7;,=0.6
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Figure 4.13: Picture showing all contributions of direct photons. a and b represent parton coming
respectively from the nuclei A and B, and Th stands for a thermal particle from the QGP
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Figure 4.14: Contributing sources of high-pr photons at mid-rapidity in central Au-Au collisions at
RHIC (left panel) and Pb-Pb collisions at the LHC (right panel). Solid line: jet-photon conversion in
the plasma; dotted line: bremsstrahlung from jets in the plasma; short dashed line: thermal induced
production of photons; long dashed line: fragmentation of jets outside the plasma; and dot-dashed
line: direct contribution from the primordial hard scattering.
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Figure 4.15: Production of photons during the QGP phase for three QGP initial conditions: solid
line, (T; = 447 MeV,r;=0.147 fm/c); dashed line, (T; = 370 MeV,r;=0.26 fm/c); and dot-dashed
line, (T; = 280 MeV,7;=0.6 fm/c).
fm/c to ,=0.26 fm/c increases the photon production in the QGP phase by less
that a factor 2; this additional contribution could be interpreted in some sense as a
preequilibrium contribution.

Results for total photon production, after background subtraction, are available [129].
Our calculations are compared to experimental data on Fig. 4.16. In the top panel,
the solid line includes the prompt photon contribution, the QGP (jet-th, th-th and
jet-bremss.) and hadron gas contribution, calculated in Chapter 2. The initial con-
dition for the thermal phase corresponds to T; = 370 MeV and 7;,=0.26 fm/c. For a
better comparison with data, we have extended our calculation down to pr=1 GeV.
No cutoff has been applied on either jet-th or prompt process. NLO calculations
are not very reliable is this region, but thermal induced reactions and hadron gas
contributions turn out to dominate there and NLO results play a minor role. When
the jet-photon conversion is not included (dot-dashed line), the total photon pro-
duction is reduced by up to 45 %, around pr = 3 GeV. The result expected from

pp collisions scaled to Au-Au is also shown (dashed line). The plasma contribution,
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Figure 4.16: Total production of photons, after background subtraction, in central Au-Au collisions.
Top panel : the solid line includes all processes from Fig. 4.14 and the hadron gas contribution, while
the dot-dashed line doesn’t include the jet-thermal contribution. pp collisions scaled to Au-Au are
shown by the dashed line. Data are from PHENIX [129]. Bottom panel : dot-dashed line, jet-photon
conversion and in-medium jet-bremsstrahlung; dashed line, thermal induced processes in the QGP;
double dot-dashed line, prompt contribution; dotted line, hadron gas contribution; and the solid

line, sum of all contributions.
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specially the jet-thermal process, is very important for pr < 6 GeV. However, those
data contain large error bars which prevent a strong claim about the presence of a
QGP. The different sources contributing to the top panel’s solid line are shown in the
bottom panel. As we have seen in Fig. 4.14, prompt photons (N-N added to jet-frag.)
dominate the spectrum above pr =6 GeV. The range 2 < pr < 4 GeV appears to
be dominated by processes induced by the propagation of jets in the QGP, especially
the jet-photon conversion. It is important here to say that in this range, the approx-
imated cross-section for the jet-photon conversion process produces an error smaller
than 25% (see Fig. 4.11). Finally, below pr = 1.5 GeV, the hadron gas and the QGP

radiation dominate the spectrum equally.
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Figure 4.17: Production of photons at RHIC from differents contributions, compared to recent
results from PHENIX [130] at intermediate pr, for the centrality class 0-20%.

Very recent intermediate pr photons data have been presented by PHENIX, in
the centrality class 0 — 20% [130]. They are shown in Fig. 4.17. With the enhanced
quality of the data, relatively to those presented in Fig. 4.16, we can claim that,
according to our calculations, a contribution from the QGP is necessary to reproduce
the experimental measurements, since only the line including QGP photons (solid

line) agrees with the data. When we remove the QGP components, calculations
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underpredict the data by a factor ~ 3 around pr=3 GeV (dot-dashed line).

Our prediction for the LHC is shown in Fig. 4.18. The signature of the QGP phase
is much stronger than at RHIC, increasing the photon yield, relatively to pp scaled
to Pb-Pb collision, by one order of magnitude around pr = 3 GeV, where the hadron

gas contribution turns out to be negligible.
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Figure 4.18: Production of photons at the LHC. Same line description that for the top panel of
Fig. 4.16.

An interesting way to visualize the in-medium effect is to plot the nuclear modi-
fication factor R44 for photons, as we did for pions (see Eq. 4.9). In the absence of
medium effects, we expect to have Rq4 ~1. We can see however from Fig. 4.19 that
R4 is much greater than 1, especially when the jet-photon conversion is included,
reaching a factor 4 for RHIC around pr =2 GeV, and more that a factor 10 at the
LHC.

Finally, we have calculated the ratio of the total number of photons and the back-

ground photons

N, _
T?";;TTB; + 3" all other sources
’YTotal/’YBG = dN,_bG

d?prdy
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Figure 4.19: Nuclear modification factor of photons at RHIC and the LHC. The solid lines include
the jet-photon conversion process but the dashed lines don’t.

deet—th + deet—br + dN¢h_th + dN’y—prompt
=14+ Loy d*prdy d’prdy d?prdy (4.79)
dN,_BG ’
d%prdy

and compared in Fig. 4.20, with the result from PHENIX [129], with and without the
QGP contribution. The calculation including the QGP contribution is in agreement
with the data from RHIC, except for a few data points in the range 7 < pr < 9 GeV.
Without the thermal contributions, the resulting line (dot-dashed) does not overlap
at all with the experimental data. That could constitute an another signature of
the importance of the jet-photon conversion inside the QGP, since this is the most
important thermal process as we have seen in Fig. 4.14. We also show the weak effect
of the initial temperature. The ratio Yroa/vag at Ty = 447 MeV is only enhanced by
~ 5% relatively to the result at ;=370 MeV. Finally at the LHC (right panel), the
thermal contribution is also visible: including the photons from the thermal phase

enhances the calculation by ~ 15%.

4.3 Summary and Conclusions

We have used a complete leading-order treatment of jet energy loss in the QCD

plasma to calculate the pion and photon spectra for both RHIC and the LHC. The
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Figure 4.20: (Color online) Ratio of all photons over all decay photons as a function of pr, in Au-Au
collisions at RHIC (left panel) and Pb-Pb at the LHC (right panel), with and without the thermal

contribution. In the left panel, the effect of the initial temperature is also shown. The data are from
the PHENIX [129] collaboration.

calculations have been confronted with available data from RHIC and turn out to be
in good agreement. These results reinforce the idea that high pr suppression is a final
state effect caused by jet energy loss through bremsstrahlung in the hot medium.

The neutral pion nuclear modification factor at RHIC as been reproduced with an
initial temperature T; =370 MeV and a formation time 7;=0.26 fm/c, corresponding
to dN/dy=1260. Those parameters are consistent with the analysis in Chapter 2.
R4 has shown a large dN/dy dependence, but a weak dependence on the initial
temperature T; (provided the starting time 7; is changed to keep dN/dy constant).
The calculation included the nuclear geometry; assuming that all jets are produced
at the center overestimates the suppression by ~ 50%.

We have also computed the production of high pr photons from the initial colli-
sion, from the medium, and from jet-medium interactions. The jet-medium photons
improve the agreement between experiment and theory at RHIC, and they are ex-
pected to dominate the signal at the LHC below about 14 GeV. Thermally-induced
photons are not very important to either experiment, in the kinematical range on
which we have concentrated. In light of these results, the in-medium production of

dileptons should also be reconsidered. This will be the topic of Chapter 6
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NON-CENTRAL RELATIVISTIC HEAVY ION COLLISIONS

In this chapter, we calculate photon and pion spectrum in non-central heavy ions
collisions. Nuclear collisions at finite impact parameter b > 0 start out in an ini-
tial state which is not azimuthally symmetric around the beam axis. Instead, the
initial overlap zone of the two nuclei has an “almond” shape. Therefore particle spec-
tra measured in the final state are not necessarily isotropic around the beam axis.
We show that a sizeable azimuthal asymmetry, characterized by a coefficient vs, is
to be expected for direct photons produced in those high energy nuclear collisions.
This signal is generated by photons radiated by jets interacting with the surrounding
hot plasma. The anisotropy is out of phase by an angle 7/2 with respect to that
associated with the elliptic anisotropy of hadrons, leading to negative values of wvs.
The observation of such an asymmetry would be a signature for the presence of a
quark gluon plasma and would establish the importance of jet-plasma interactions as

a source of electromagnetic radiation.

5.1 Framework for non-central collisions

5.1.1 Non-thermal processes

The thickness function of a nucleus with nucleon number A, is defined by [65]

To(7%) = [ dzapa(P1, 2) (5.1)

where p4 is the nucleon density. The thickness function is normalized to
[aPTa(7) = [dapa(@) = 4 (5.2

102
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For a collision A — B at an impact parameter b, the overlap function of the nuclei is
a a a _>

Tas(b) = [ d7% Ta(PD) To(PL+ B). (5.3)

This is a purely geometrical function. It gives the number of nucleon pairs, per unit of
area, which come to the vicinity of each other, during a collision at impact parameter

b. The number of inelastic nucleon-nucleon collisions at b is simply given by
n(b) = TAB(b)O'm (54)

The probability to have at least one inelastic nucleon-nucleon collision is

n AB-n
P(b) = dgjb’-'“‘ (b) = Y (n|AB) (Tiflgb) am> (1 - 2‘%{’—)%> (5.5)

n

where n is the number of collisions suffered by one nucleon, and (n|AB) represents

the number of combinations of having one nucleon scattering n-times. (_’.F/%(QUM)"
gives the probability for the nucleon to scatter n-times, where o;, is the inelastic

. Tap(b) o )AB—n
AB in

nucleon-nucleon cross-section, and (1 represents the probability, for
all other possible pairs of nucleons, of having no interaction. The probability of having

no interaction at all, n =0, is

B Tus(b) AB
t(b) = (1 o) (5.6)
Since, we must have P(b) + t(b) = 1, we can write the differential cross-section as
doap,,, _ _ Tsp(b) AP
2 by=Pb)y=1-t0b)=1- (1 — g On . (5.7)

A centrality class is defined experimentally by a relative number of collisions. For
example, if 100 collisions are detected, the centrality class 0 — 10% will include ten
of those collisions : those having the lowest impact parameter b. Theoretically, all
collisions with an impact parameter b, with b, < b < by, are included in a z — y%

centrality class, where b, and b, are solutions of :

b, y do
= Jo” d% G ' (5.8)
J5? d2b

z(y)%
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Assuming that an inelastic nucleon-nucleon collision happens, the probability to emit
a prompt photon is given by the ratio o,—prompt/0in, Where the prompt photon cross-

section is given by

do.,_
oot = | dy d2pp —=ETompt 5.9
Oy—prompt / ya'pr dydpy (5.9)

and do,_prompt/dyd®pr is given in Eq. 4.37. When particles are produced at midra-
pidity with a large pr, we can assume that a nucleus-nucleus collision represents an
addition of nucleon-nucleon collisions, and neglect interference effects among them,
because the exchanged momentums are big, which imply very small timescales. Then
the number of prompt photons emitted in a AB collision at impact parameter b is

just the number of inelastic NN collisions times the probability to emit a prompt

photon :
Oy—pro
Ny-prompu(b) = (D) L = T (B) 0y prome (5.10)
m
It follows that
dN. y—prompt dav— prompt
————(b) = Tup(b)——————(b) . 5.11
L) = T () 2 () (5.11)

Note than do._prompt/dyd®pr gets an impact parameter dependence when final state
effects are present. The averaged number of photons emitted in a centrality class
z — y% is given by

ANy prompt _ e, “adipmt(0) _ S dPbE(D) Tagent (b)

dyd*pr Sils, P(b) J d?bE(b) %24z (1)

where £ is the number of impact parameter, per unit area, in a small surface around

(5.12)

—b). For an uniform distribution of impact parameter, £ is constant. This gives
b Y—promp b O~ —prompt
dN'y-—prompt . b:cy dbb d]\fiyd2pT t(b) N fba,-y dbbTAB(b) ’ dyd?pr (b) (5 13)

dydpr [P dbb4osa (b) Jy? dbb %522 ()

When the centrality class is narrow enough, the cross-section can be evaluated at

some averaged impact parameter between b, and b, and factorized from the integral:

ANy prompe _ hitiant (B) Ju dbb Tap (b)
dydpr b dbb 242 (0)
— (Ncoll> dav—prompt (5) (514)

Tin ddePT
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y

z=0

Figure 5.1: Picture of an nucleus-nucleus collision in the transverse plane, for an impact parameter

b.

where the averaged number of collisions is

2 dbbTap(D)oim  Jy¥ dbbn(b)
Jordbbdeaz(b) [ dbbear (b)
Now, as we did in Chapter 4, we have to include the energy suppression of the

(Ncoll> =

. (5.15)

jets, as they propagate in the QGP. However, it is a little more complicated here
as the medium is not-symmetric. The Fig. 5.1 shows the profile of a AB collision
in the transverse plane, at an impact parameter b. The interacting zone is shown
be the overlap of the two nuclei. In this picture, a jet is created at the coordinates
(r,0), and propagates thereafter in the hot matter in the direction ¢, relatively to
the z-axis. The jet will suffer the suppression induced by the medium, during an
amount of time t,, given by the smallest value between the duration of the QGP
phase, and the propagation distance d in the interacting zone, shown by the thick
line. Those features are included in the in-medium fragmentation function, discussed

in Chapter 4:
~ 27 Tmaz z’
Daselz, Q) :/0 d9/0 dTT'P(rJ_)/dpf;

(P(ﬁ/c(pﬁpi'tz)Dh/q(zl, Q) + Fy/c(ps; Dilts) Dasg (2 Q)) :
(5.16)
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The maximum radial distance from the center, r,,q,, depends on the angle §:

_ —b|cosb| N V4RZ — b2%sin?@ (517)

rmam - 2 2

We also need to evaluate the initial radial distribution of jets P(r,). Assuming a
uniform distribution of nucleons pg in the nucleus, the number of nucleons, per unit

area, at a transverse distance r from the center of the nucleus is
Xu(r) = dz po = 4w py \/R2 — r2. (5.18)

The radial jet distribution at an impact parameter b is thus given by

—

T b
'P(rL,b):CXA (?-F?D Xg (?—?)
2\’
=C <R?L —r2— Z) — b%r2cos?6 (5.19)
where the normalization factor C is fixed by
27 Tmaz
/ dO/ drrP(ri,b)=1. (5.20)
0 0

In the limit b = 0, it reproduces the radial distribution from Eq. 4.15. Finally, to do
the calculations, we need to evaluate T4g(b). We could start with a nucleon density p4
and evaluate the thickness function 74 with Eq. 5.1, and finally the overlap function

with the help of Eq. 5.3. For our work, we rather take a parametrization of Txp,

given by Wong in Ref. [65]:

Tap(b) = o 526_”2/(2/32) (5.21)
with
2 42/3 2712/3
8% =0.68% + To‘g + TOI; (5.22)

and 9 ~0.97 fm. This gives a good reproduction of the (/N.y) values calculated in

Ref. [125].
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5.1.2 Thermal processes

Using the same argument as in central collisions, we assume again a 1-D hydro ex-
pansion for the QGP phase during peripheral collisions. This argument was based on
the weakness of the transverse flow during the QGP phase. For peripheral collisions,
there is, in addition to transverse flow, an elliptic flow [122]. But again, this elliptic
flow will take some time to develop, so that its effect on the early QGP phase should
be negligible. However, this argument could be faulty at the LHC, as the expected
duration of the QGP is larger.

In the absence of transverse expansion, the temperature evolves again according

to
7\ 1/3
T(r.,b) = Ty(r.,b) (?> (5.23)
The initial energy density is given by
G(I‘J_,Ti,b) O(P(I‘J‘,b) (524)
with
[ re(ri i b) ~ eofri,b) AL (D), (5.25)

where A is the surface area of the interacting zone, in the transverse plane (see

Fig. 5.1):
2 2 b? 2 . -1 b
4 2R,

At thermalization, the averaged energy density is [111]
2
€o(7i,0) = g—gg—Ti(b)“. (5.27)

It follows that

Ti(ry,b) = T;(b) [AL(B)P(rL, b)]Y/* . (5.28)
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The initial conditions are fixed by Eq. 4.36, extrapolated to non-central collisions:

w2 1 dN )
¢(3)9q AL(b) dy
where the particle radidity densities dN/dy are obtained from Ref. [92] for different

T;(b)*r; = (5.29)

classes of centrality. The thermal photons yield are finally given by the usual space-

time integration:

N erma rmaz(b) e
Wotwrnat gy [ e [ a0 [ drr [ a2 = precsh(y —m)).

dydsz Nmaz K dyd2pT
(5.30)
The average over impact parameters is done as before:
b dNthermal
dey—thermal _ f ;dbb Ic\l[ydsz (b) (5 31)
dyd?pr Jov dbb 924z (b)

For the jet-conversion and jet-bremsstrahlung processes, it is important to also scale

the initials jet distributions, Eq. 4.48, to non-central collisions:

dNiet T4p(b) dN7et
— = b=20 . 5.32
dyd®pr y,t=0 Tap(b=0) ddePT( ) ¥,t=0 ( )

5.2 Pion and photon yields

The nuclear modification factor of pions at RHIC, as been evaluated in Fig. 5.2, for
peripheral collisions. R 44, for centrality class z — y%, is calculated by
Oun Jo" A AN [dydpr _ Jy dbb Ji” d9 Tup(B)do it/ dyd’pr

(Neou) J5™ d do'N [dy/dPpr — 2mdo N /dy/d?pr [ dbbTAA(b)
(5.33)

Raga =

We have calculated the nuclear modification factor for the following centrality classes:
10 — 20%, 20 — 30%, 30 — 40%, and 40 — 50%. For simplicity, we assume the same
formation time for all centralities, 7; = 0.26 fm/c, corresponding to the value taken
for central collisions at RHIC in Chapter 4. The initials temperatures are fixed by
Eq. 5.29. The corresponding initials temperatures are respectively 7; =380, 360, 340
and 310 MeV.
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It turns out, from Fig. 5.2, that the AMY formalism, together with the Bjorken
expansion, extrapolated to non-central collisions is quite consistent with the PHENIX
data [12] even though the errors bars are large. It is important to notice that the
free parameter of the AMY formalism is a,. In this thesis, we take a; = 0.3, but
the sensibility of AMY to «; is shown in Fig. 5.2. As the gluon bremsstrahlung rate
goes like o) the jet suppression and Rz} follow approximately this scaling. We have
verified however, that the total photon yield, after background subtraction, is only
weakly sensitive to this parameter. Indeed, the very high-pr region is dominated by
the primary hard direct contribution coming from initial NV scatterings. Since, this

is a non-thermal process, «; is rather determined by

127
(33— 2N;)In(Q?/A%)

(5.34)

Qg =

where the momentum scale ) has been set to pr, Ny=3 and the QCD scale A ~ 200
MeV. Also, the region 2 < pr < 4 GeV is dominated at RHIC, by the jet-photon
conversion. Increase «; increases the jet-photon production rate, but also enhances
the suppression of the jets distribution function f99 prior they produce photons, so
that those two opposite effects almost cancel. Finally, the thermally-induced radiation
from the QGP depends of course on «,, but they are subdominant in the high-ps
range.

Our photon yield calculations, for non-central Au-Au collisions, are shown in
Fig. 5.3 along with PHENIX data [129]. Each contributions are averaged over impact
parameter according to Eqgs. 5.13 and 5.31. The solid lines, include all processes dis-
cussed in Chapter 4, after background subtraction, while the dashed lines represent
the NN calculations scaled to Au-Au collisions, so without final state effects. Any
discrepancies between the two calculations can be explained in terms of final state ef-
fects (jet suppression) and QGP contributions. For pr < 4 GeV, the solid lines stand
above the dashed lines, implying a non-negligible QGP contribution, according to our
calculations. For more central collisions, including the QGP enhances the result by

a factor ~3 around py =2 GeV, while this factor reduced to ~ 2 for more peripheral
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Figure 5.2: Nuclear modification factor of pions for Au+Au at RHIC, for different classes of cen-
trality. Solid lines, a;=0.3; dashed lines, a;=0.34.

collisions. Since the initial temperature decreases with increasing impact parameter,
the cooling is faster and the expected lifetime of the QGP phase is smaller, for more
peripheral collisions, so that the QGP contribution and the py suppression become
smaller. Finally, the ratios of all photons over all decay photons have also been cal-
culated. This is shown in Fig. 5.4 for different centrality class at RHIC, with (solid
lines) and without (dashed lines) QGP contributions. Again, the QGP contributions
are more considerable for central collisions, where they are important for reproducing
data.

In this section, we have compared with success our photon and pion calculations
to PHENIX measurements in non-central collisions. It tells us that the 1-D Bjorken
expansion, extrapolated to non-central collisions, can correctly describe high p; data
in Au-Au collisions at RHIC. In the next section, this model will be used, to calculate

for the first time, the elliptic distribution of direct photons.
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Figure 5.3: Photon production in Au-Au at RHIC for different class of centrality. The solid lines in-
clude all photon sources after background subtraction, while the dashed lines represent NN collisions
scaled to Au-Au, without energy loss.

5.3 Azimuthal asymmetry

5.3.1 Definition

It has been argued that the translation of the original space-time asymmetry into
a momentum space anisotropy can reveal important information about the system
[131]. Two different mechanisms are important here: hydrodynamic pressure from the
bulk of the matter, at low- to intermediate-pr, and a simple optical-depth argument
for intermediate- to high-p particles.

Let us define the event plane as the plane spanned by the beam axis and the
impact parameter of the colliding nuclei. For the bulk of the matter, the initial
space-time asymmetry leads to an anisotropic pressure gradient which is larger where
the material is thinner, i.e. ¢n the reaction plane, in a direction parallel to the impact

parameter (in the z-direction, see Fig. 5.1). This in turn translates into a larger flow
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Figure 5.4: Ratio of all photons over all decay photons, in Au-Au collisions at RHIC, for different
centrality class. The solid lines include QGP contributions, while the dashed lines don'’t.

of matter in this direction. The anisotropy is usually analyzed in terms of Fourier

coefficients vy, defined from the particle yield dN/prdprd¢, a function of period 2,

as
dN dN
= 1+) 2v ,y) cos(k 5.35
ppoTdyd¢ 27rppoTdy ; k(pT y) ( ¢) ( )
with the coeflicients v, given by
27 9
d¢ coskod dN/dyd
w(pr, ) = 2L R T (5.36)
o do dN/dyd?pr

The angle ¢ is defined with respect to the reaction plane (see Fig. 5.1). At midrapidity
all odd coefficients vanish for symmetry reasons, leaving the coefficient v, to be the
most important one. We average over the impact parameter belonging to the z — y%

centrality class, in the following way [133]

N 2 dbb [§T dp cos2¢ dN/dy/d*pr(b)
2 pT’y T— = T
! o dbb [T d dN/dyd2pr (b)

(5.37)
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The size of v determines the ellipsoidal shape of the anisotropy. From what was
said above it is clear that the elliptic anisotropy coefficient v, is always positive for
hadrons at low and intermediate pr due to the hydrodynamic flow. On the other
hand, jets loose more energy when they are born into a direction where the medium
is thicker, i.e. out of the reaction plane (in the y-direction, see Fig. 5.1). The stronger
jet quenching leads to fewer hadrons at intermediate and high pr emitted into this
direction. This implies that the “optical v,” for hadrons is also positive. RHIC
measurements [134] of pion and kaon v, for the centrality class 0—20%, 20 —40% and
40 — 60% are shown in Fig. 5.5. The data cover however only the low to intermediate
pr region, which can be explained by recombination models [132]. Our calculations,
however, include only jet-fragmentation, so that our results are only reliable above
pr = 4-5 GeV. There is no overlap between data and our calculations, but a naive
extrapolation of the data toward high-pr values would suggest some agreement with
our results. Fig. 5.5 shows also the effect of a; on v,. It appears that v, follows also

. . . 7 . . . '
a o scaling: increasing a; to a, will increase the suppression, and vy, by ~ (a,/a;)?.

5.3.2 Photon vy

In this section, we discuss the elliptic anisotropy of direct photons. We concentrate on
intermediate and high pr and argue that some of the processes mentioned previously
are effective in converting the initial azimuthal asymmetry into elliptic anisotropy.
Here we define a mechanism that works by having particles or jets going through the
medium, thus being sensitive to the thickness of the medium. This defines an ’optical’
process. It turns out that in some cases an inverse-optical mechanism is in place for
photons: there are more particles emitted into the direction where the nuclear overlap
zone is thicker, thus leading to a situation where the anisotropy is shifted by a phase
7 /2. Correspondingly, v, is negative in this case.

Let us now discuss the different contributions to the photon spectrum and their
expected v, contribution. All photon sources that we will discuss here have been

presented in Chapter 4. Direct photons from primary hard Compton and annihilation
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Figure 5.5: Elliptic anisotropy of 7 and K mesons in Au-Au collisions at RHIC, for different centrality
class. Solid lines, as=0.3; dashed lines, a;=0.34.

processes a + b — v + ¢, see Eq. 4.37, are produced symmetrically with

dNN—N
prdprdyde

Here 04454+ is the cross section between partons and f,/4 is the parton distribution

= TaBfajA ® Oatbsyic ® fo/B- (5.38)

function of parton a in nucleus A. With final state interactions absent, primary hard
photons do not exhibit any elliptic anisotropy.

Jets are also produced symmetrically, however they are quenched once they start
to propagate through the plasma. This is the optical mechanism that leads to positive
vy for hadrons fragmenting from jets. We expect photons fragmenting from jets to
exhibit the same anisotropy. Their yield at midrapidity, see Eqs. 4.37 and 4.64, is

given by .
dNiet=ires AN (9)

prdprd¢ 7 dE

® Dy (2, p1) (5.39)

E=pr/z
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where dN/(¢)/dFE is the distribution of jet partons of kind f with energy F leaving
the fireball in the direction given by the angle ¢.

The thermal photon emission from the plasma is not prone to any optical effects,
but the emitting matter might experience an anisotropic hydrodynamic push. How-
ever, we neglect this here for two reasons. First, we are only interested in intermediate
and large pr > 3 GeV/c, where the yield of thermal photons is sub-dominant. Sec-
ond, emission of thermal photons is peaked at early times; indeed we have verified
that more than 90% of thermal photons with pr > 3 GeV/c are emitted within the
first 1 fm/c, where the expansion is purely longitudinal [122, 123] and where the time
is not sufficient to effectively convert the spatial asymmetry into a flow anisotropy
[135].

The interaction of jets with the medium can produce photons in different ways.
In the jet-photon conversion, discussed in Chapter 4, the entire momentum of the
jet is transfered to the photon, p;, = pje. It is clear that an anisotropy in ¢ is
introduced by the different path lengths for jets traveling parallel and perpendicular
to the reaction plane, leading to an increased probability for a jet-photon conversion
in the direction where the medium is thicker. Such an inverse optical effect has
not been considered before. It is also obvious that medium-induced bremsstrahlung
(jet + q(g) — jet + q(g) + ) increases with the path length of the jet. Hence these
photons are preferentially emitted into the direction where the medium is thicker.

Let us summarize what we have so far. We identified two processes, induced
bremsstrahlung from jets and jet-photon conversion, that we expect to exhibit an
inverse optical anisotropy. Photon fragmentation from jets shows the known regular
optical anisotropy while thermal and primary hard photons do not contribute to
elliptic asymmetry.

To quantify our arguments, we carry out a numerical calculation for Au+Au col-
lisions at RHIC (/s = 2004 GeV). Photon spectra at midrapidity with their depen-
dence on the azimuthal angle ¢ are calculated as described above for three different

centrality classes. Our initial temperatures, fixed with initial time 7; = 0.26 fm/c,
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are T;=370, 360 and 310 MeV for centrality classes 0 — 20%, 20 — 40% and 40 — 60%
respectively. The parameters for central collisions are the same as those used in

Chapter 4.
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Figure 5.6: v; as a function of pr for Au+Au collisions at RHIC. Three different centrality bins are
shown. The dotted lines shows vy for primary hard photons and jet fragmentation only, and the
solid line includes all direct photons. Energy loss is included in both calculations. The dashed line
is the same as the solid line but without energy loss of jets taken into account.

Fig. 5.6 shows v, of midrapidity photons, as a function of pr for Au+Au collisions
at RHIC and for the centrality classes 0-20%, 20-40% and 40-60%. The dotted lines
give the results for primary hard photons and photon fragmentation. As expected
photon fragmentation leads to a positive v, which is diluted by adding primary hard
photons which only contribute to the denominator of Eq. 5.37. The solid lines are our
results also including bremsstrahlung and jet-photon conversion as well as thermal
photons. They resemble our expectations for the elliptic anisotropy of direct photons
including all source discussed above. The vy for induced bremsstrahlung and jet-
photon conversion is indeed negative. Together they are able to overcome the positive
vy from fragmentation, leading to an overall negative elliptic anisotropy for direct

photons at not too large pr. Only above 8 GeV/c the vy of direct photons would

become positive again, because the yield of photons from fragmentation is dominating



5: NON-CENTRAL RELATIVISTIC HEAVY ION COLLISIONS 117

over induced bremsstrahlung and jet-photon conversion, see Fig. 4.14. The dashed
lines in Fig. 5.6 show the v, for direct photons with no jet energy loss included. In
this case, fragmentation photons do not exhibit an anisotropy and vy is only due
to jet-photon conversion. v, measurements with sufficient accuracy could therefore
constrain models for jet energy loss. We also verified the dependence of vy on the
temperature of the medium, by varying the initial temperature 7; with 7,7} kept
constant. The resulting changes are small : a change in T; of 40% generates a shift
in v, of less than 20%.
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Figure 5.7: vy as a function of py for Au+Au collisions at RHIC. Three different centrality bins
are shown. The dashed line includes jet-fragmentation and induced bremsstrahlung only while the
solid line includes jet-photon conversion, primary hard and thermal photons. The dotted line add
the background from neutral mesons decays to the sum of all other sources of photons discussed
here, while the dot-dashed line do the same, but for a;=0.34 rather that a3;=0.3. Data for inclusive
photons are from PHENIX [137].

The absolute size of v, is not large. It is about 2-3% for the 20-40% centrality bin
around pr = 4 GeV/c and up to 5% for the more peripheral bin. Dilution of the signal
by the isotropic primary and thermal processes and partial cancellations between the
optical and reverse optical mechanisms are reasons for this. In Fig. 5.7 we show some

vy signals that might be detectable at RHIC in the near future. We show the elliptic

anisotropy for photons before background subtraction (dotted lines). In this case
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% and n hadrons. The

the vy signal is dominated by contributions from decaying =
resulting v, is positive and larger in magnitude. Only fragmentation of hadrons has
again been included, so that the contribution at low to intermediate pr is not shown,
where production of hadrons through recombination is likely to dominate, or to have
a non-negligible contribution, and will lead to larger values of hadronic v, [132] (see
Ref. [136] for calculations of inclusive photon vs, including decay of recombined pions
as well). The effect of a; is also studied in Fig. 5.7, for the inclusive photon vy: higher
values of a; produce higher anisotropy, as it was for pions in Fig. 5.5. Preliminary
data on the elliptic anisotropy of photons without background subtraction have been
made available by the PHENIX collaboration [137]. Their experimental data for
pr >3 GeV are shown in Fig. 5.7. There is no overlap in pr between data, stopping

at pr ~ 4.5 GeV, and our calculations, but at least, a naive extrapolation of the data

toward higher p; doesn’t seems to rule out our calculations.
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Figure 5.8: Elliptic anisotropy of neutral pions (solid line), inclusive photons {dotted line), all
photons after background subtraction (dashed line), and jet-photon conversion, thermal and primary
hard photons (dot-dashed line) at the LHC, for the centrality class 0-20%.

A more interesting option for the future is the possibility to experimentally dis-

tinguish between direct photons associated with jets and isolated direct photons.
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Photons from jet fragmentation and induced bremsstrahlung are in the former cat-
egory, while the latter includes thermal, primary hard and photons from jet-photon
conversion. We mean by direct photon associated with jet, an event which produces
in a small solid angle around ¢, jet and photon with high pr. So, photons entering
into the former category should be present when tagging a jet in a given direction.
The dashed line in Fig. 5.7 shows the result for the fragmentation and bremsstrahlung
processes only. They contribute with different signs and one notes a characteristic
change of sign from negative values at low py to larger positive values, up to 5%,
at large pr, where fragmentation dominates. The dash-dotted line shows the vy of
all isolated direct photon processes, including primary, thermal and jet-photon con-
version. Only jet-photon conversion gives a (reverse) optical anisotropy, so that the
resulting vy is relatively large and negative.

As we have discussed already, the Bjorken 1-D expansion might be not-reliable at
the LHC for non-central collisions, as the QGP lifetime is bigger than at RHIC. Bigger
lifetime would imply that the anisotropic pressure generated by the fluid, could have
time to develop and to become important in the QGP phase. Nevertheless, in order
to have baseline predictions for the LHC, we plot in Fig. 5.8, the coeflicient vy for
pions and photons. Compared to the left panel of Figs. 5.6 and 5.7, the magnitude
of the elliptic anisotropy at the LHC appears to be bigger than at RHIC. Indeed, for
the centrality class 0 — 20%, v of inclusive photons reaches almost 5% (dotted line),
while vy for photons not associated with jets (dot-dashed line), is ~ -1.8% around

pr =6 GeV.

5.4 (Conclusion

To summarize, we present the first calculation of the lowest order azimuthal asymme-
try coefficient v for direct photons in high energy nuclear collisions. Jets interacting
with a deconfined quark gluon plasma provide photons exhibiting an inverse optical
anisotropy with characteristic negative values of vs. An experimental confirmation

would emphasize the existence of a quark gluon plasma and confirm jet-medium inter-
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actions as important sources of photons at intermediate pr. The v, signal is generally
of order 3-5% and should be experimentally accessible for direct photons at RHIC.
Even more promising would be a separation of photons emitted in a jet from isolated
photons. Both sources carry their own characteristic pr dependence for v,. The ar-
guments presented here for direct photons immediately apply to the production of
lepton pairs as well. Dileptons from annihilation of jets in the medium and from

medium-induced virtual photon bremsstrahlung should also exhibit negative vs.
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HIGH-pr DILEPTON PRODUCTION

We calculate the emission of high momentum lepton pairs in central Au+Au collisions
at RHIC (y/sy~ =200 GeV) and Pb+Pb collisions at the LHC (,/syy =5500 GeV).
Dileptons produced through interactions of jets with thermal partons have been eval-
uated, with next to leading order corrections through the hard thermal loop (HTL)
resummation, and compared to thermal dilepton emission and the Drell-Yan process.
A complete leading order treatment of jet energy loss has been included. While the
jet-plasma interaction dominates thermal emission for all values of the invariant mass
M, the Drell-Yan process is the dominant source of high momentum lepton pairs for
M > 3 GeV at RHIC, after the background from heavy quark decays is subtracted.
At LHC, the range M < 8 GeV is dominated by jet-plasma interactions. Effects from
jet energy loss on jet-plasma interactions turn out to be weak, but non-negligible,

reducing the yield of low-mass dileptons by a factor ~ 1.3.

6.1 Introduction

Finding experimental evidence for the existence of a Quark-Gluon Plasma (QGP)
is one of the main reasons for conducting relativistic heavy ion collisions. In Chap-
ters 2, 4 and 5, we have evaluated the importance of real photon radiation, as a good
signature of the QGP. Here, we evaluate the role played by virtual photons.

Several sources for lepton pairs compete and have to be considered: dileptons from
the Drell-Yan process [138], thermal dileptons [139] both from the QGP [140, 141]
and from the subsequent hadronic phase [142, 62], dileptons from the absorption

121
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of jets by the plasma [112] and dileptons from bremsstrahlung of jets. Besides the
thermal emission, dileptons from the latter two sources carry information about the
medium. Comparing with the baseline p 4 p process, we note that absorption of jets
exclusively happens in nucleus-nucleus collisions in the presence of a medium. There
is a also a significant change in bremsstrahlung emission expected in a medium (in
A+A) compared to the case of vacuum (in p + p).

The main background for dileptons is correlated charm decays (DD — ete™X)

at intermediate mass [143], while one has to cope with Dalitz decays of light mesons

0 0

(7 - yete ,w — 7wlete”) at low mass M < 1 GeV. In principle, there is an
another source of dileptons corresponding to preequilibrium emission. It is difficult
to assess both theoretically and experimentally, nevertheless, such calculations have
been attempted in Ref. [144].

In Ref. [112] the dilepton yield from the passage of jets through a plasma has been
evaluated as a function of invariant mass at leading order. The results show that
this process dominates over thermally induced reactions at high invariant mass M.
However, energy loss of jets in the medium has not been included in this calcula-
tion. Large energy loss of jets was discovered as one of the most exciting results from
the Relativistic Heavy Ion Collider (RHIC) and has been observed in the suppres-
sion of single hadron spectra [12, 13] and through the disappearance of back-to-back
correlations of high pr hadrons [14].

In this chapter we revisit the leading order dilepton production from jets [149]
and we explore the effect of energy loss. The dominant mechanism for jet energy
loss is induced gluon bremsstrahlung [19, 20]. We will use again the AMY formalism
presented in Chapter 3. Jets will be defined by all partons produced initially with
transverse momentum p’;t > 1 GeV. The total dilepton production could be influ-
enced by the choice of the cutoff p];ft As we will discuss below, in order to avoid such
sensitivity, we limit our study to high momentum dileptons.

In perturbation theory at high temperature, it is important to distinguish between

hard momenta, on the order of the temperature 7', and soft momenta, on the order
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of g;T, where g, is the QCD coupling constant. When a line entering in a vertex is
soft, there are an infinite number of diagrams with loop corrections contributing to
the same order in the coupling constant as the tree amplitude. These corrections can
be treated with the hard thermal loop (HTL) resummation technique developed in
Ref. [145]. This technique has been used thereafter in Refs. [146, 147, 148] to show
that the production rate of low mass dilepton (M < T') could differ from the Born-
term quark-antiquark annihilation by orders of magnitude. In this work, we apply
this technique to go beyond the leading order jet-medium interaction.

The dilepton production rate in finite-temperature field theory is discussed in
Sec. 6.2 and the physical processes underlying each contribution are discussed in
Sec. 6.3 in the framework of relativistic kinetic theory. In Sec. 6.4, we include these
dilepton production rates into a 1-D expanding QGP, and in Sec. 6.4.3, we turn to
the Drell-Yan process and correlated leptons from heavy quark decays. The results

are presented in Sec. 6.5 and finally, Sec. 6.6 contains a summary and conclusion.

6.2 Dilepton production rate from finite-temperature field
theory

6.2.1 Derivation of the production rate expression

The probability for a transition from an initial state I to a final state F', plus a lepton

pair ete™, with p; = pr + p;y +p_, is [33]
2
Sir = |(Fete™|I)] (6.1)
In quantum field theory, it can be written as a time ordered product [8]:

T{exp[—i/dtHI]H (I)0>

where (Fete )y and I, are assympotic states, eigenstates of the unperturbed La-

2

Srr = |<(Fe+e_)0

(6.2)

grangian. The interaction Hamiltonian is given by

Hi= [ dagirar + [ dalieiar. (6.3)
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J' and J"¢ are the leptonic and hadronic current densities, while A* is the electro-

magnetic field. We get

2

Sip = ‘<(F6+@_)0

/ d4zd4yJLep<z>Jsadw)T[Aﬂ(x)A”(y)]\ (Do)

4. 14 ! 2
= | [ dad'y (0| T[4*(@)4 )] 10) {(e¥e)o |27 @) 0) (Fy | 24(w)| )|
(6.4)
where the photon propagator is given by
d'p _ipa—y) 9"
bl Av _ —ipa—1) 9"
(O T4 (2) 4 @)]10) = =i [ o Se 0% (6.5)
and the vacuum-dilepton pair transition is [8]
(€60 |[17(@)]0) = e ta(p-vy (p)e 0447 (6:5)
The x— integration produces a delta function,
[ diwe e = (am)t5t(p, +p_ - ), (6.7)
such that
4, 9" vt
— ) iy(p++p-
Sip=¢€ /d T BT s (p-)vuvy (P+) <F0 (y)‘fo>6 *
—e / dizdty (B |J1 ()| Io) (I | 7224 (2)| Fy )
><ei(p++p-)(y—>~')_1_Z
(P+ + p-)
X D Ty (p)7 us(p-) s (P-)¥"vy (P+) - (6.8)

!
5,8

The summation can be handled easily:

30 ()7 us(p=) s (p=) Y vy (D) = Tr [By” B-"]

'
5,8

=4(php” + 50" —g"ps-p-) . (6.9)

Now, from translation invariance, we have

(n

Jl’,md(())' FO> e~ WFZ — ei(p++p_)z <IO

Jhed(0)| Fo) .
(6.10)

Ty (2 )‘ Fo) = e (I,
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Putting this back into the transition probability expression ,we find

Sip = €2Vt / dy (Fo | J2o4(y)| o) (1o | J224(0) | Fy)
xe“?’++1’-)yﬁ(m‘v +pipt —g"py - p ) (6.11)

where V' is the volume, and ¢ the time. To obtain the production rate, we average
over initial state, with the Boltzmann factor e™#P1/Z, Z = 3", PP 3 = 1/T, sum
over final state and integrate over lepton momentum. Also, as the production rate is
by definition the number of particles per unit of time and volume, we divide by Vi,

such that:

Rete — dp, dp_ Z Sip e PP
2(2n 3B, 2(2nFE. &2 Vi Z

— 2 / Cp,d’p 1 o~ BE++E-)
(2m)SELE- (p+ +p-)*

x (php” + 4" — ¢"ps - p-)

x [ diy et S (Fy | i) g1 0)] Fy)
F

e_/BpF

Z

(6.12)

The expression in the last line corresponds to the current-current correlation func-
tion [150]:
—Bpr
/d4ye (p++p- yz< 'Jhad Jhad(O)IFO> e .
— /d4y et P++P-)y Ty [e‘ﬂHJ[f“d(y)Jf“d(O)]
fuv(P)

T e BEES)

(6.13)

where we have define p = p; 4+ p_. The spectral function f,, can be written in term

of the improper photon self-energy P, [33]:

f;w(p) = —QIum,(p) . (614)

In lowest order in e, the improper photon self-energy P,, corresponds to the retarded

photon self-energy II7,. We finally get

Re+e‘ — 62/ d3p+d3p— 1 e—ﬁ(E++E_)
(2m)SELE_ (p4 +p-)*
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x (4" +pipt — g"py -p-)
—QImHﬁV(p)

REE) ] (6.15)
Converting the total rate into a differential one, we find
dRee” 2¢? ImIITf
E E_. — MV ;_L_ v M . uv
B B dp. )y +p)t O TP T 9P P ) e
(6.16)

It will be more convenient to write the production rate in terms of the dilepton

momentum p:

dRee d*p, d*p_ dRe"
= ——¢ E\E_ 6.17
d4 E+ E_ (p P+ —P- ) + d3p+d3p_ ( )
After integration over leptons momentum, using current conservation (p“HR = 0),
we get
dRe"e” ImIIZ# dRee
K “ = 9F (6.18)
dip T 12rtM21 - eE/T dM?d®p

where P = p7 + p2, F and M are respectively the dilepton momentum, energy and
invariant mass.
The real photon production rate follows almost the same development than for

virtual photons. The transition probability is

SIF—’/d‘l Yo [A¥(2)] 0 < ‘Jhad ‘Io>

2

(6.19)

while the production rate become
drR7 1 ImHR“
E 6.20
d3p (27r)3 1— eE/T (6.20)
Comparing Eqgs. 6.18 and 6.20, we can express the dilepton production rate as

dR*'®  2a _dR?

*

= E 6.21
dip 3rM? d3p (621)
where
. dR"" dR”
Al}r_nmE e _Ed3p' (6.22)
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D q
’
q-p k
Figure 6.1: Resummed photon self-energy diagrams.

-~ - M S W N

Figure 6.2: Resummed quark propagator.

6.2.2 Dilepton production with HTL effects

In the HTL formalism, the leading order resummed photon self-energy diagrams is
shown in the left hand side of Fig. 6.1. The heavy dots indicate a resummed propaga-
tor or vertex. The second diagram in Fig. 6.1, coming from the effective two-photon-

two quark vertex is added in order to fulfill the Ward Identity

PIIE, () = 0. (6.23)

Using power counting [145, 150], the HTL resummation gives corrections of order
g°T?/|7|? to each bare vertex of the first diagram of Fig. 6.1, while the bare prop-
agators receive ¢°T2/| @ — 7 |? and g2T?/|¢|? corrections. A resummed propagator
consist of an infinite number of gluon correction, as shown in Fig. 6.2. In this work,

we study the high momentum dilepton limit (| 7| > T), so that vertex corrections

q
P

A

q—p

Figure 6.3: Effective photon self-energy diagram for hard external momentum p
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can be neglected, and at least one propagator is guaranteed to be hard. We assume
that it is the propagator associated with momentum ¢ — p. Then the propagator
associated with ¢ can be soft or hard, implying that is has to be resummed. Also, for
the high | 7| limit, the second diagram of Fig. 6.1 gives only ¢?T2/|7|* corrections
to the first diagram. The resulting diagram that we need to evaluate (see Fig. 6.3)

has the following expression [49]:
2 d3
i=3"22) "L fnp

The diagram in Fig. 6.3 includes the leading order effect, and some next-to leading

Tr[v*Sp(9)y"S(q — )] 6w (6.24)

order corrections in g;. In order to have a complete next-to leading order production
rate in the region |?I > T, contributions like bremsstrahlung need to be included.
This will be discussed in the last section.

The second summation in Eq. 6.24 runs over the Matsubara frequencies. This
particular feature appears in thermal field theory, due to the constraint of periodicity
in the trace from Eq. 6.13, which reads, Fy(x,t = 0) = Fy(x,¢ = i$). This trace can
be evaluated in the imaginary time formalism [150], where we switch to an imaginary
time variable, which imply a discretization of the energy variable: —igy = 7(2n+1)T,
n being an integer number. At the end of the calculation, in order to get a production
rate, the discrete photon energy will have to be analytically continued to a real value,
such that ipg — E + ie.

The dressed fermion propagator, in Euclidian space (¢ = —igyy’ + @ - ¥), is given
by [150}

1 Y-5-4 +P+5-4
— — 6.25
Sp(9) d+%  2D.(q) - 2D_(q) (6.25)

where
Di(q) = —ig+|T|+A+B (6.26)
The terms A and B describe the quark self-energy

Y =AY +DBYy-q. (6.27)
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In the HTL approximation, one obtains [150]

A= (f%) B--Fa (,%) (6.28)

where mp = g,T/+/6 is the effective quark mass induced by the thermal medium and
Q2 are Legendre functions of the second kind. The bare propagator S(q) follows the

same expression than Sp(q), with Dy replaced by

d+(q) = —ig £ 7] (6.29)

Using those expressions for the quark propagators and carrying out the trace, Eq. 6.24

leads to

mn =003 (4)' T [ s[5 (i + )

f

where we have defined k = ¢ — p.
At this point, it is convenient to introduce the spectral representation of the effec-

tive quark propagator defined by

1
(w, |7|) = “QImW,
1 _ dw pi(w,|T])
D.(igo, | 7|) /oo 2T igy — w + i€ (6:31)
This imply
(191 = = 2n L 5 o () 45 o (2D
— 276 (w0, 7D © (| 7° - w*) (6.32)
with
e (1Fw/ 7))
(w17 = 7]

ZJ%D J‘f?] (7“*‘7)

(6.33)

[—w + 7|+ I”%ﬂ' (:tl +1n
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Here, w+ = w+(|7|) correspond to the poles of the effective quark propagator. They
are solution of Dy (w,|@|) = 0. The solution w = w, represents an ordinary quark
with an effective thermal mass v/2mp and a positive helicity over chirality ratio,
x = 1 [150]. The solution w = w_ represents a particle having negative helicity over
chirality ratio, x = —1. This collective mode, called plasminos, has no analog at zero
temperature. Following the notation of Ref. [146], we denote the ordinary modes by

g+ and the plasminos by ¢_. The spectral density of the bare propagator is simply

1
ra(w,|F]) = —2Im————s = —278(w F | % |) (6.34)
do (iko, | K |)

Using the spectral density representation has the advantage that one can carry out

the sum over Matsubara frequencies with help of the elegant identity [150],

© dw o dw
T e i = ) [
m Xn: 1(ig0) F2(igo — ipo) 7T( € )_00277 —o0 2T

xpr(w)pe(—w)6(E —w — w’) frp(w) fro(w’)
(6.35)

where frp is the Fermi-Dirac phase-space distribution function and p; is the spectral
density associated with F;. We use the analytical continuation ipy — E + i€ with the

dilepton energy E. Putting all information together, we obtain

ImIT? = —6e? ij (%f) (1-€"7) / E% /_w Z—:fpp(w)
x [p+(w, |P) {§(E —w + E1)(1 — & k) frn(—En)
+3(E —w — B1)(1+&- k) frp(Ey) }
+p_(w, [P {8(E = w+ E))(1+&-k) frp(~Er)

+8(E ~w — E)(1 - 4 k) frp(E1)}] (6.36)

with B, = |7 — 7P| Since both E > T and E; > T, the terms proportional to
d(F — w + E}) are exponentially suppressed by the factor frp(w) for w > T. Also,
because E; corresponds to a massless parton, energy and momentum conservation

does not permit the terms containing §(E + |w| — Ey) for w? > |]%, i.e. there is
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no phase space available for the process 1 — 2 + 3 if parton 1 is on-shell. These

arguments lead to further simplifications and we have
2 d3
Ry __ 2 e_f _ oE/T _q
ImIT™ = 6e ;(() m(1-e )/(%)3

wi -2

X [fFD(w+)fFD(E1) §(E—wy— E))(1+4-k)

2mi
ol fro(B) T 8B~ - B a0
T / " dw frp(w)fro(B) {Balw, 17D+ K)
w,[PN(1 - q - k)}6(E - w - Ey) (6.37)

Now we analyze the integral over d®q = |§]° d|q]d2. When |q] becomes as large as
E4, the propagator associated with ¢ does not have to be resummed. If |§] gets much
bigger, implying E; ~ g,T', then this is the propagator associated with E; which
should be resummed. We have a symmetry relatively to the point |§] = E}, such that
I2dld = f5°d]d20(E; — |q]). We finally obtain the dilepton production rate, with

HTL effects, by putting Eq. 6.37 into Eq. 6.18, which gives
dRe+e‘

dip ;342;(%)2/0002@2‘“@1/%

[fFD(w+)fFD(E1)M5(E s — E)(1-4-p1)O(E; - Iq)

2
ot ) rolB) 6B -~ B)(1+4-p)O(E: - )
+ [ dofen@)fro(E)6(E - w— E)O(E: - |q)
{Brw i -a )+ 8@ i +a-p) ] (639
where py = 57/|Bt| = —k. In the next section we will analyze the physical processes

behind the production rate derived above. This is done so that frp(E)) can be in-
terpreted as the phase-space distribution function of an incoming parton of energy
E;. Once this is established one can apply the usual technique and obtain the pro-
duction rate involving jets by substituting the thermal distribution frp(E;) by the
time-dependent jet distribution fiet(E1,t).
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Figure 6.4: Processes extracted from photon self-energy in Fig. 6.3. In the picture, the particle with
energy FE; is an anti-quark, but the quark contribution is also included in the calculation.

6.3 Dilepton production rate from relativistic kinetic the-

ory

We will show in this section that the production rate in Eq. (6.38) can also be inter-
preted in relativistic kinetic theory. Indeed, after cutting the diagram in Fig. 6.3, we
get the Feynman amplitudes shown in Fig. 6.4. The process in Fig. 6.4(a) corresponds
to the annihilation of the hard antiquark of energy F; with a soft quasiparticle ¢, or
g—. This is the pole-pole contribution, as it involves the propagation of the poles of
the propagator in the diagram shown in Fig. 6.3. Fig. 6.4(b) corresponds to Compton
scattering of an antiquark with energy E; with a hard gluon from the medium, with
the exchange of a soft quasiparticle and Fig. 6.4(c) represents the annihilation of an
antiquark £y with a hard quark from the medium with the exchange of a soft quasi-
particle. They correspond to a cut through the self-energy of the dressed propagator
in Fig. 6.3: this is thus called the cut-pole contribution. There is no s-channel process
because hard thermal loops have imaginary parts for ¢ < 0 only [150]. The dots mean
that the quasiparticle propagator is resummed. That modification of the propagator
in the space-like region at non-zero temperature is known as Landau damping.

As we have shown in Appendix B, the production rate, as computed from rela-
tivistic kinetic theory (kt), for reactions 1 +2 — v* +3 + ... is

det d3p d*pa d®ps
2(27)3E; 2(21)3E, 2(27)3E;

(24 (pr+p2—p—p3 — ...) IM[
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y f(E1)f(E222§jr)i3 f(E3))... (6.39)

where M is the invariant scattering matrix element.

6.3.1 Pole-Pole contributions (1 + q+ — v*)

The production rate for the processes of Fig. 6.4(a) is

dp_dg 2 f(EY) frp(40)
2( Qﬂ- 3El 2730 (27!’)454(;1)1 +q—p) leta 2y
- / 8( 27r q0E1 5(Bx + g0 — B) [ My, [ £79(Es) fro (a0) (6.40)

where f?9(E)) is the phase-space distribution of quarks and antiquarks with energy

E:. The square of the matrix element, after summation over spin and color is

2

2
= |M1+q+—w*

= 6¢? Z <6f> Tr [;41 (Z ut(0)ul (@) + Lol (g >] (6.41)

IMkta 2

To go further, we need to find the completeness relations Y-, u%(q)u%*(q). The

dressed propagator in Minkowski space is

Y-4q
7 (6.42)

. _ 1 v 4
Wl = o5 = T 3n, ) 2o

and by definition, a propagator is given by [8]
Esuit(9)ugtla) | X, ui (@) (g)

q* —m2, q* —m2_

—iSp(q) = T (6.43)

where m,. and m_ are the physical mass of the quasiparticles. The omitted terms in
Eq. 6.43 correspond to the branch cut. For HTL, this branch cut, corresponding to
the imaginary part of the quark self-energy, contributes for space-like quarks only.

We expand D, around the pole located at gy = wy:

8Dy ( 0 >
+(q) ~ (g0 — wx) g0 lgomws (20 £) aqo( ) qo=wx
_ m(g* —mi) (6.44)

— 7w
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From Eqs. 6.42, 6.43 and 6.44, we finally obtain the relation
3 ul* (g)a% (g) _ W wi-17P

2m3%
Substituting this into Eq. 6.41 gives

('v F9-4). (6.45)

M| = 12623 (%) 55 fore2 = 170 - @ p) 4 — [7)(1+ D)
(6.46)

and the virtual photon production rate for this process becomes

Edeta = i2—€2 Z (2)2 d’q
d®p mi T \e 8(2m)®
{fro(@0) F7UE) W2 — 177 (1~ @ BUO(E: +w, — E)O(E, — |q))

o+ frp(wo) (B (@~ A1+ & u)S(Er +w — B)O(E: — 1))
(6.47)

We have introduced here the same cut ©(F; — |¢]) as in the previous section. Finally

the dilepton production rate from the processes in Fig. 6.4(a) is

etTe™
dify, _ 20 Edeta
dp 3tM?2 " d3p

- e (L) 15 e

(wi |ﬂ)
I

{fFD(w+)fq+q( E))————=(1-q-D1)i(E1 +w; — E)O(E, - |q])

(w Ifﬂ)

rol) BN T+ 4 BB+~ E)O(EL - 1)}

(6.48)

6.3.2 Cut-pole contributions (1 +2 — 3+ v*)

The expressions for the annihilation and Compton scattering processes from Figs. 6.4b

and 6.4c are

ktb d*p d*ps d*ps

2
2 2 3E1 27T)3E2 2(27T)3E3 |

(27)*6*(p1 + p2 — p — p3) IMktb
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SUE) fe(Ep) (1 — frp(Es))
2(2m)3
d’py d®ps d3ps » \
+ / 2(2m)3E, 2(2m)3E;3 2(2)3 B, (2m)%0*(p1 +p3 —p — p2) ‘Mktc

fq+q(E1)fFD(E3)(1 + fBE(E?))
2(27)3 ’

(6.49)

where fpg is the Bose-Einstein distribution function. The square of the diagrams in

Fig. 6.4b and Fig. 6.4 c are given by

Wktb!z = IMktc 2

= 3Crg2e® (L) Tr4 #iSp(p ~ p1) ASp(o— )]
f
(6.50)

where Crp = 4/3 is the quark Casimir. It is important to point out that only the
t-channel exchange is considered in the Compton scattering process. For the anni-
hilation process shown in Fig. 6.4c, the particle with energy F; is an antiquark and
the one with energy Ej is a quark. There is also a contribution with £, and E3 be-
ing associated with a quark and an antiquark respectively. Those two contributions
are added incoherently, since coherence effect are suppressed by higher powers of g;.

After inserting 1 = [%_dwdé(w — F + E1) and using p; = p — g we obtain

dR d3p
kt c
b / / 16(2m 5E1 27r)3E2E35(w - B+ B
[ 6(w— By + Ej) |Mktb‘ fUEY) fpE(B2)(1 — frp(Es))
+8(w — By + Ba) My | 1B frn(Es)(1 + fan(E2))]

(6.51)

To compare this result with the one obtained in the last section, we take advantage
of the quark self-energy ¥, shown in Fig. 6.5. The expression for the discontinuity of
L, in the space-like region is [34]

. 2 d3p2
DiscE(w, | F|) = ~i7Crg’ / 2r VBB, #3 { 6(w— E3+ E) frp(E3)(1 + fe(E2))

+8(w + Ba — B2)fas(E2)(L = fro(E2)) | frb(®) (6:52)
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P,

q

> >p3

Figure 6.5: Quark self-energy with gluon propagator in the loop.

Egs. 6.50, 6.51 and 6.52 lead to
dRY" 2 roo d3 _
ktbe _ 97,2 €r q _ a+q
e = 3ic zf:(e) / dw/s 55,0 ~ B+ B)SUB) fro(w)
x Tr [4 $,S}(q) DiscX(w, | 7|) SD : (6.53)
We can use the relation (see Appendix D)
S%(g) DiscZ(w, | ¢]) Sp(g) = Disc (—iSp(q)) (6.54)

which hold providing D, (¢) = DZ%(g*). This is indeed the case as can be inferred from
the definition of Dy, Egs. 6.26 and 6.28. For w? — | ¢|? < 0, we use Egs. 6.31, 6.32
and 6.42 to express the right hand side as

o __0-%-4) L _OP+5 &y 1
Disc (—iSp(q)) = 2 DISCD+(q) - 2 DISCD_(Q)

mpg T dmp T
= —in(y* = 4+ @B (w, [T]) = in(1* + 7 DB~ (w, [T -

(6.55)

Using the latter result in Eq. 6.53 and carrying out the trace, we find

5 e ktbc_g,eQZ(ef) [ [ lﬂd\‘ﬂ /dm — B+ By) (B frp(w)

x [Be(, 12D - a B0 + 8-, [N+ B1) | O(B: — 1)
(6.56)
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As before, we have introduced the term ©(E; —|q]), since we consider only the region
where HTL may be important. The dilepton pair production rate for the processes
shown in Figs. 6.4b-c is
+ —
de{tic — 2a detbc
d*p 3rM? ~ d3p

= ﬁj\iz;(ef) [ T dl(ﬂ/ dQ8(w — B + Br) f77(Er) frp(w)
<[4, 2D = - Ba) + -, [ DL +a-5) | O(B: — 1)

(6.57)

Once adding Eqs. 6.48 and 6.57, we find
ete” 2

dRfcin—n. _ 20 Z(‘? ) / 7 dl(ﬂ/dQ
dtp w2 M2 T \e 0

HfFD<w+>fq+q<E1>(“’+—‘2'@<1 4 PB4+ wy — B)O(E: — |q)

2m¥

El)%@—)u +d-p1)S(Ey +w_ — E)O(E, — |(j])} .

+ /_o:o dwd(w — E + Ey) f7(Ey) frp(w)

x [B(wn [FD0 = a-Ba) + 8-, [ZD0+a-Pa) | ©(8 — IaD)]
(6.58)

+ frp(w-) fI1(

This reproduces exactly the result from Eq. 6.38, when the particle associated to E;
is thermal, i.e f9*9(E)) — 2fpp(F1), showing that both methods, finite-temperature
field theory and the relativistic kinetic formalism, lead to the same result.

We now briefly compare our approach with the method used by Thoma and Traxler
in Ref. [148]. They have calculated the photon self-energy shown in Fig. 6.3 with
an imposed cutoff k; < T on the momentum |¢] in the loop-integral, such that
0 < |q] € ks. They then added the Compton scattering and annihilation processes
coming from cutting the two-loop photon self-energy without HTL propagators or
HTL vertices. Those two latter process have an infrared divergence, which is regulated

by imposing a low value cutoff k; for the exchange momentum. When adding all
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those processes, the final production rate is infrared safe and independent of k,.
They have also calculated the a?a;, contribution coming from the pole of the effective
quark propagator in Fig. 6.3. However in their approach, the information about the
parton phase space distribution is lost, i.e. it is not possible at the end to make the
substitution f97 — fj%jq. Here, we only consider the one-loop diagram from Fig. 6.3,
but we use the dressed propagator S*(gq) up to the scale |q] = k., where k. corresponds
to E; due to the (£} —|q]) function. With this method we do not have to specify the
shape of f977 until the end of the calculation. We have verified that our numerical
result depends only weakly on the scale k.. For example, taking k. = 0.6 x F; reduces
the production rate by ~ 20 %.

Fig 6.6 shows, for f79(F;) — 2frp(Fy), the different sources of dileptons at a
temperature T' = 300 MeV. In all cases, the particle with energy E; corresponds to a
pole with positive x. The pole-pole contributions are shown by the dot-dashed and
the short-dashed lines. They correspond to the diagram in Fig. 6.4a. The annihila-
tion of two partons with positive helicity over chirality ratio, x = 1, (dotted-dashed
line) dominates at high invariant mass. For M > 1 GeV it converges toward the
Born term (dotted line) obtained from a one-loop photon self-energy calculation with
two bare propagators. The cut-pole contribution (long-dashed line) is dominant for
M < 1 GeV. The corresponding physical processes are the annihilation and Compton
processes in Fig. 6.4b and c¢. The sum of our HTL contributions is shown by the solid
line. It agrees very well (within 30 %) with the sum of the Born term and the o?a;

result from Ref. [148], given by the double dot-dashed line.

6.4 Dilepton yield in relativistic heavy-ions collisions

6.4.1 Thermal dileptons

High-pr real and virtual photons are preferentially emitted early during the QGP
phase, when the temperature is largest, and the transverse flow small. Assuming

again a 1-D expansion [110], as in Chapters 4 and 5, that is cut off at a maximal
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Figure 6.6: (Color online) Production rate of dilepton with momentum p = 4 GeV, from thermal
induced reactions, at a temperature 7' = 300 MeV. Dotted line: Born term; short-dashed line: pole-
pole contribution with different ratio x; dot-dashed: pole-pole contribution with identical helicity
over chirality ratio x; long-dashed: cut-pole contribution; solid line: sum of our HTL processes; and
double dot-dashed line: born term plus a?a;, contributions from Ref. [148].

space-time rapidity nmax, the yield as a function of invariant mass M and dilepton

rapidity yq is given by the rate R€'¢” = R"¢ (7,n,r,) as

/ d / rdrdr, / " d
—Nmaz

Since dR°"¢” /dM?dy, is invariant under a boost in the z direction, we can do the

dRe+e_
TiMPdy,

dNe+e‘

dM2dy,

. dRe+e_

r— =

6.59
dM?dyy (6.59)
previous integral in any frame. Let’s define two important frames: the fireball frame
(FB) which is the nucleus-nucleus collision system, and the local thermal frame (LT),
the system where the temperature is defined. The LT, as seen from the FB, moves

with rapidity y = 7. Then, the rapidity yrp of a particle in the fireball frame is

YyrB =1+ YL (6.60)
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where yzr is the rapidity of the particle in LT. The 7 integration of dR®"¢™ /dM?dy,

is also a Lorentz invariant:

/""“” dRe"e /’7""” d dRe+e_(77FB =1,YFB = Yd)

d =
e AMPdya nmar dM?dyrs
_ /ﬂmaz dRe+e— (nLT — O’ Y = Yd — ’/7) (6 61)
Nmaz dM?dyLT

where npp and npr are respectively the (space-time)rapidity of the slice of matter
into which the dilepton is produced, as seen from the FB and the LT frame. In
FB, ngg = n while in LT, the medium is at rest, so g, = 0. In LT, with the
transformation n — —n + 2y, we get for Nmer > |yl

Nmaz dRe+e— =0 = — Nmaz dRe+e— =0 = —
/ dn (nLr ,YLT = Ya — 1N) _ / dn (ner ,Yor =N — Ya)

~Tmas dM?dyrr ~Timaz dM?dyrr
_ /”m” dndRe+e_ (B = Ya, YFB =1N)
~maz dM?*dyrp
_ 4R (nrp = ya) (6.62)
dM? FB '

So, %ﬁ’zﬂll pp is the production rate calculated in a slice of matter moving
with rapidity yq, as seen from the fireball frame. Hence the rate of lepton pairs with
a fixed rapidity yq integrated over the entire longitudinal extent of the fireball is the
same as the rate of all lepton pairs integrated over rapidity from the slice of the

fireball at n = y4. The yield of dilepton at midrapidity becomes

dNe"e 2 dR*" (nr5 = 0) 2 dR*"e
dM2dyd_/Tde T FIYE FB—/Tde Ty |
o1 1dRe e
= /Tde T_L/depT/dsz 5 dy (6.63)

Eq. 6.18 has been used for the second line of the above expression. Here py is the three-
momentum of the lepton pair with pr and p, being its transverse and longitudinal
momentum respectively. Then we have |fo| = \/p* + p2, and Ey = /M2 + p2 + p?

is the energy of the pair. The dilepton energy as seen from the lab frame is £ =

\/ M2+ p2.
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At this point, we add two constraints in order to facilitate the comparison with
experimental data. First, we introduce a lower cutoff py¢, for the transverse momen-
tum of the lepton pair; second, a cut on the individual lepton rapidities which reflects
the finite geometrical acceptance of any detector, is included, such that |ye| < Yeus.
We introduce a multiplicative factor Poyy = P(|yex| < Yeut, pr) to include the latter
condition. In the center of mass frame of the lepton pair, the distribution of positive
leptons, normalized to unity, is given by

E:—mdP’Y"—m*'e_ _ 6(E:m - %)

dpt,  4wEf, (6.64)

Then the probability for a virtual photon with momentum pr at midrapidity to
emit two leptons with rapidities |ye+| < yeus can be obtained by a boost back to the

lab frame as

d*pt EF dP,_ete-
P(':Ueil S Yeu 7pT) = om _om 128 ¢ e(lyei| < ycu)
dcosfde [ E+\°
- [ (B o <) (669
Note that in this frame
E* +p}
Yex — 5 In E‘i——pf s (666)
M2
E* = , (6.67)
2(\/M? + p% — prcosf)
pE = +E"sinf sin ¢ (6.68)

and E-=FE - E™.
The dilepton yield through a 1-D QGP expansion is finally given by

dN Ry 27 00 o ol dRe+e—
_eN 21 <
dM%dy, /dTT/O drr/o d¢ - dpr pr /_OO dsz02 T P(|yex| < Yeut, PT)

(6.69)

The thermal-thermal yield at midrapidity is thus obtained by putting Eq. 6.38
into Eq. 6.69.
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6.4.2 Jet-thermal dileptons

In this subsection, we calculate the emission rate of dileptons from interaction of jets
with the medium. The initial phase-space distribution function for partons from jets
produced in heavy ion collisions has been shown in Chapter 4

(2m)°P(r.) dN'
947Pr  dyd’pr

fggt ("1_’:’ ﬁ7 tO) = 5(77 - y) (670)

in a boost invariant Bjorken scenario. P(r,) represents the probability to create a
jet at position r; in the transverse plane :
P(ry) = % (1 - %) O(RL —r1), (6.71)
TR Ry
where R, = A'/31.2 fm is the radius of the nucleus in the transverse plane. The time
evolution of the jet distribution is given, within the AMY formalism, by Eq. 4.46.
The dileptons produced from the passage of jets through the QGP is finally ob-
tained from Eq. 6.69 and by the substitution f777(E;) — ggt(El) into Eq. 6.58. Note
that n = 0, together with the boost invariance of the jet distribution, imply that the
longitudinal momentum of the jet parton vanishes, and that p, = ¢q,. After some

algebra, we get

dNjet—n 80 s (Eei)2 d i d > dprP
- t < Uty
e = e [ [ ey [T dprP(ves] < v
" dor [ o
X L —
0 QT —00 e EO _7;}:

| feo(wi(1D) (wi(g)* —1g) .1d _.ap oy dNGE' ()
3 Sty B )™
4 _.a-p ) B, dNg'()

/_oo w frp(w)Bi(w, 1) ( B, T B ) V1= cos? dyid2pr,

y1=0

yl=0j|

(6.72)

with |q] = /g% + ¢2. v represent the ¢ integration over the initial transverse distri-
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bution (see Sec. 4.2.1)

4

0
2 ) r? +¢2
v = R_’i< _Ti_) (6.73)
2&(1_ r2+t2> 4 dtr sinu
| TR2 R? o

for the cases that r?+t%—2tr > R? | r?2+t2+2tr < R2 and all other cases, respectively.

Here we have defined
r? +t2 - R?
= _— 6.74
Uy = arccos T (6.74)

The other quantities to be specified are

q-p=prarcosby +g’;
-1 (p’?r + a5 — (Eo — wi)z) _
2pTqr ’
Ef = Fy— w.. (6.75)

6+ = cos

We get the jet-thermal result without HTL effects, i.e the Born term, by keeping only
the pole-pole(gy) term in Eq. 6.72. In this case, we have to substitute:

B — 0;
(w2 = g1
2m%
(w2 —1g1*) 1
2m% ’
7l a-p M?
T T) = ;
El l?lEl 2E1Eq
wy —» E, = 17| (6.76)

— 0;

(1+

This leads to the final expression for the jet-thermal dilepton yield without HTL

effects:
dNneo HTL 40( Z o o0 o) quq
jet—th f /dt/ rdr’y/ de/O dQT/_ sz—Qlyl_o

dM?2dyq dy,d?p
FMENP(Iyez| < Your, pr) -
EOEq,/l — cos?0, t

y (6.77)
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The Bjorken model has been presented in Chapter 4. We assign again the initial
temperatures in the transverse direction according to the local density so that [32, 112]

r2 1/4
7xri,n)::7;{2< --%;)} . (6.78)

R

We assume a first-order phase transition and use Eq. 4.34 as the fraction of the QGP
present during the mixed phase [110]. The ¢ integration is carried out from 7; to 74
and in addition it is scaled between 7; and 7y to account for the fact that only a

fraction of the system is still a QGP, such that

/m:]m+7ﬁm@@. (6.79)
EA S

7¢ is fixed to be the time when the temperature reaches the critical temperature of
160 MeV, while 74 is determined by the condition fogp = 0. However, since signals
associated with jets are sensitive to early times, the order of the phase transition is

not crucial.

6.4.3 Drell-Yan and heavy flavour decay

We calculate the Drell-Yan process to order O(c;) in the strong coupling, which is the
leading order result with non-vanishing p; of the lepton pair. We also have to take
into account virtual photon bremsstrahlung from jets. The total Drell-Yan yield is the
sum of the direct and Bremsstrahlung contributions, opy = Odirect + Tfrag [151, 152].

The direct contribution in collisions of two nuclei A and B is given by [153]

do girect _ o?ay )
dM?dysdp}  3M?syn 43
dz
X/ 2 fa/A(xaaQ)fb/B(mb’Q)
Tadyp
_ 2
lMa+b—>c+'y*

< (6.80)

2
SNNTa — \/SNN M? + sy prev

_ 2
The squared scattering amplitudes lMa+b—m+"r* for the Compton and annihilation

processes of two incoming partons can be found in [153]. When pr and M are both
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large and of the same order, the direct contribution is the dominant mechanism.
However, when Aqep < M < pr, logarithmic corrections with powers of In(p%./M?)
are large. They can be effectively resummed into a virtual-photon fragmentation

function D,./.(2, QF), giving rise to the fragmentation contribution

doteg @ / dz doA+B—ctd
dM2dygdp% ~ 3rM?2J) 22 dygdpy 'PeT=PT/?

XDy /e(2,QF) - (6.81)
The cross sections for the production of a massless partons ¢ in A + B collisions,
doA*tB=etd [dy, dp2r, can be found in [99]. The factorization scale @ and the frag-
mentation scale Qr are both set to \/m The typical fragmentation time of
a jet into a virtual photon of mass M should be proportional to 1/M. Thus low-M
dileptons should fragment outside the medium with their yield affected by the full
energy loss suffered by the jet, while dileptons with larger M could be created in
the medium, with only small corrections due to energy loss of their parent jet. Since
the interesting region for the fragmentation process is at low-M values, where it is
expected to be as important as the direct Drell-Yan process, we assume that virtual
photons fragment outside the medium after the parent jet has obtained its final en-

ergy. We define a medium-inclusive effective fragmentation function (see Chapter 4)
zl
Do el Qr) = [ driP(xs) [ dB;= Pygyel Byi Bild) DS o7, Q) (6.82)

where z = pr/E; and 2’ = pr/Ef. Py/.(Ey; E;|d) represents the solution to Eq. (3.12),
which is the probability to get a given quark or an antiquark with final energy Ey
after a propagation length d, when the initial condition is a particle of type ¢ and
energy E;. The propagation length d depends in turn of the transverse position r
where the jet has been created, and its direction. DS* /¢ 1 the leading order vacuum
fragmentation function, taken from Refs. [152, 151].

We implement our cuts for the Drell-Yan process as well, so that the final yield is
given by

dadirect dofrag
dM?dyadp}  dM?dya dp?

dNDY :2<Ncoll> 70
szdyd Oin

PTcut

dpr pr [
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X P(|yet| < Yeurs PT) - (6.83)

Here we assume (N.o) = 975, 04, = 40 mb for RHIC [29] and (Neon) = 1670, 04y = 72
mb for the LHC [125]. In our calculations we use CTEQS parton distribution functions
[101] with EKS98 shadowing corrections [106].

The main background at RHIC energies for the dilepton production processes
considered so far is expected to be decay of open charm and bottom mesons [154].
During the initial hard scattering, c& (bb) pairs are produced and can thereafter
fragment into D(B) and D(B) mesons. We consider here only correlated decay,
which happens when a positron coming from the semileptonic decay of a D(B) is
measured together with the electron from the semileptonic decay of a D(B). The
results for heavy quark decay have been obtained with the techniques of Ref. [155].
For complementary informations, we show here the expression describing the cross-

section calculated by this program:

EyEgdoyg / EyEg
—_— = d a a a d d 7
Fprdpn TadTy foya(Ta) foyB(T)d2m ZHEQEQZ?{Z%
EqEgdoott~@+a+e
D Dg,5(24 6.84
XDpyq(zn) H/Q(zH) Bpodipg ( )

which represent the production of correlated heavy quarks-antiquarks @ and Q, and
their fragmentation into heavy hadrons H and H. The leptons production yield is
given by

E* E dNgeawy—q _ (Neot) [ @°pu @°pg EnEgdoyg B¢ Py_e+ E Py

d3pe+d3pe* - Oin EH EFI dBPHd?’pF] dspe+ d3pe—
(6.85)

where Py_,.+ represent the probability to get a lepton e* from the H decay. The
dilepton is finally expressed as

dNHeay—q [ @°Per @®pe- E¢" B¢ dNpequy—q 6(E — E¢" — E°7)
dM?dy; ) E¢* Ee 3pe+ d3pe- oF

1 E et e~
X (yd B Eln (E ji; fgi— )) (6.86)
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Collisional energy loss, which is expected to be the dominant energy loss mecha-
nism for non-ultra-relativistic heavy quarks propagating in a hot medium [156], has
not been included. Since this constitutes a background to our process, we adopt this

conservative point of view.

6.5 Results

We choose the same parametrization of the plasma phase that was previously used
successfully in the studies of high (Chap. 4) and low to intermediate pr photons
(Chap. 2). For central Au+Au collisions at RHIC we have T;=370 MeV, 7;=0.26 fm/c
corresponding to dN/dy=1260. For LHC the values are 7;=845 MeV, 7,=0.088 fm/c
corresponding to dN/dy=5625 [112, 140]. For the processes involving the QGP, we
assume three light flavors and we fix a; = 0.3. As the jets are defined to be particles
having a transverse momentum greater than a scale pg, with pg > 1GeV, we have set
the dilepton momentum cutoff pr,, high enough to avoid any sensitivity to the choice
of pg. We take pr,,, = 4(8) GeV for RHIC (LHC). The cuts on leptons rapidities
emulate the PHENIX experiment at RHIC, yc,;=0.35, while we use y.,; =0.5 at LHC.

The dileptons produced at RHIC by the interaction of jets with the medium are
shown in Fig. 6.7. Dileptons from jet-pole interactions, i.e. from annihilation of a
jet parton with a (¢_)-mode, are negligible, while the jet-pole interactions involving
(g4+)-modes tends toward the Born term at high invariant mass, as it was the case
for thermal-thermal reactions in Fig. 6.6. On the other hand dileptons from jet-cut
interactions do not behave like the cut-pole process in Fig. 6.6. They become the
dominant contribution at high-M. The expressions for the cut-pole process, shown
in Fig. 6.4b-+c, involve the functions B+ (|¢]) with S+(|q]) — O for |g] > T. When M
is large, in order to keep the value of ¢ modest, the energy F; of the incoming parton
has to be large: E; > M?/4|q]. As the thermal phase space distribution function
frp decreases exponentially for large E;, the cut-pole contribution turns out to be
negligible for large M. However, when the incoming particle is a jet with a power-

law distribution, high values of F; are not suppressed and the cut-pole contribution
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Figure 6.7: High-momentum dileptons produced from the interaction of jets with QGP in Au+Au
collisions at 200 GeV (RHIC). The initial temperature is 7;=370 MeV. Short-dashed line: interaction
of jets with poles with positive x; dot-dashed line: interaction of jets with poles with negative y;
long-dashed line: interaction of jets with cuts; solid line: sum of the latter processes; and double
dot-dashed line: interaction of jet with QGP without HTL effects (Born term).

is important. Therefore the sum of all the jet-thermal processes with HTL effects
included (solid line), is more important than the jet-thermal contribution without
HTL effects (double dot-dashed line) by more than a factor 2 for M above 8 GeV. For
M below 1 GeV HTL corrections increase the Born term by one order of magnitude,
because of the 1/M? behavior in Eq. (6.72).

In Fig. 6.8 we show the mass spectrum of dileptons in central Au+Au collisions
at RHIC (\/syn = 200 GeV) and central Pb+Pb at LHC (\/syy = 5.5 TeV). All
contributing sources are shown separately. For both collider energies, the jet-thermal
contribution exceeds the thermal dilepton production by an order of magnitude, which
was also the case for high-pr photon production. However, at RHIC the dominant
contributions for M > 3 GeV come from heavy quark decay and the direct Drell-Yan
process. At intermediate masses, between 1 GeV and 3 GeV, the jet-thermal contri-
bution becomes as important as these two processes. Below 1 GeV, the fragmentation

of jets into virtual photons turns out to be comparable to the direct Drell-Yan produc-
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Figure 6.8: Sources of high-pr dileptons in central Au+Au collisions at RHIC (left) and Pb+Pb
at the LHC (right). Solid lines, semileptonic decay of heavy quarks; dashed lines, direct Drell-
Yan contribution; dotted lines, jet-thermal interaction with HTL effects; double dot-dashed lines,
jet-fragmentation process; and dot-dashed lines, thermal induced dilepton production with HTL
effects.

tion and the jet-thermal contribution. At LHC, the whole range of invariant mass is
dominated by charm decay, but on the other hand the jet-thermal lepton pairs exceed
the direct Drell-Yan yield below 7 GeV. We want to stress the point that energy loss
of heavy partons has not been included here, so that the heavy quark contribution
is an upper limit of what is to be expected. Lepton pairs from jet-plasma interac-
tions are an important source at RHIC and even more at LHC. If the background
from heavy quark decays could be subtracted experimentally, they would be a very
valuable plasma probe.

The effect of the cut on single lepton rapidity is shown in Fig. 6.9 at RHIC energy
for Drell-Yan and thermal-thermal processes without HTL corrections. For both
cases, the cut reduces the yield by a factor ~ 3 and is almost independent of M,
except in the low mass region. When M is small, the lepton rapidities tend to be
very close to the pair rapidity y; = 0, making the cut less important.

The effect of jet energy loss on the jet-thermal lepton pair production is explored
in Fig. 6.10 for RHIC. We observe that for the case without HTL effects (Born term),

low mass dileptons are reduced by a factor ~ 1.3, while the suppression is weaker

(about 15%) above M = 4 GeV. For a given invariant mass M and jet energy E;,
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Figure 6.10: Effect of jet energy loss in jet-thermal production of dileptons at RHIC, with HTL
effects (top) and without (bottom). The solid lines include the effect of energy loss, while the
dashed lines don’t. The results for jet-plasma interactions with HTL have been rescaled by a factor

10 for clarity.
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the minimum energy for the thermal parton is F,,_, = M?/4FE;. This minimal value
is then favored by the steep thermal spectrum, leading to a dependence of the yield
as exp(—M?2/4E\T). This implies that dileptons with large mass M are more likely
to be emitted at times where the temperatures 7T is still high which favors small jet
propagation time and small energy loss. Low mass dileptons are less sensitive to
high temperatures and the suppression is then comparable to the one found for direct
photons from jets in Chapter 4. The scenario with HTL effects included leads also
to a suppression factor ~ 1.3 for the range dominated by the cut-pole contribution,
M <2 GeV and M > 7 GeV. The region 2 < M < 7 GeV, dominated by the
pole-pole contribution, shows a weaker suppression, equivalent in magnitude to that
of the Born term in the corresponding invariant mass range.

It is also interesting to discuss the dilepton yield as a function of the dilepton
transverse momentum py in certain windows of the mass M. This is done by substi-
tuting the integral over pr in Egs. (6.69) and (6.83), by [ dM?/(27pr). The results
for RHIC and the LHC are displayed in Fig. 6.11, for the mass integrated in the range
0.5 < M <1 GeV. The ordering of the contributing sources here is very similar to
the one seen for real photons distribution in Chapter 4 (see Fig. 4.14). The direct
component of the Drell-Yan process dominates for high-pr dileptons at RHIC while
the jet-thermal contribution, with HTL, dominates for p;y <5 GeV, increasing by
more than a factor 4 the jet-thermal contribution without HTL. At the LHC, jet-
thermal dileptons (HTL effects included) are the most important source in the entire
pr range, 8 < pr < 17 GeV. The jet-thermal interaction appears to be as important
for dileptons as it was for real photon production.

The total direct dilepton spectrum for RHIC is shown in the left panel of Fig. 6.12.
The solid line includes Drell-Yan and QGP contribution (jet-thermal and thermal-
thermal) with HTL effects. Leaving out the HTL resummation for jet-thermal dilep-
tons (dashed line) reduces the yield by about 50% around pr=5 GeV. The absence
of any jet-thermal interactions at all (dot-dashed line) would reduce the total yield

by a factor ~ 2 at pr=5 GeV. This emphasizes the importance of this process in the
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Figure 6.11: pr distribution of dileptons, integrated in the range 0.5 < M < 1 GeV, for RHIC
(top) and the LHC (bottom). Dotted lines: direct Drell-Yan process; double dot-dashed lines: jet-
fragmentation process; solid lines: jet-thermal process with HTL effects; dashed lines: jet-thermal
process without HTL effects; and dot-dashed lines: thermal induced reactions with HTL effects.

presence of a QGP.
The only potentially important contribution that is not included in our work is

in-medium bremsstrahlung (g7 — ¢ivy*) and annihilation (¢gi — v*i) of an incoming
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Figure 6.12: pr distribution of dileptons, integrated in the range 0.5 < M < 1 GeV (left panel)
and 1.5 < M < 2.5 GeV (right panel), for central Au+Au at RHIC. Solid line: sum of Drell-Yan
process, jet-thermal and thermal-thermal process with HTL effects; dashed line: sum of Drell-Yan
process, jet-thermal without HTL and thermal-thermal with HTL effects; and dot-dashed line: sum
of Drell-Yan process and thermal-thermal reactions with HTL effects.

thermal parton or jet, where ¢ denotes a quark, antiquark or gluon. This goes beyond
the current formulation of AMY. However, they have been calculated in Ref. [157]
for the case of incoming thermal partons, showing that for low mass dileptons, the
bremsstrahlung and annihilation more than double the contribution obtained from
2 — 2 processes (¢+9g — ¢+ 7,9+ § = g+7*). It thus turns out that ther-
mally induced bremsstrahlung and annihilation are as important relatively to 2 — 2
processes, no matter if the photons are virtual or real [66]. On the other hand, for
the case of real photons and incoming jets, it has been shown in Sec. 4 that those
bremsstrahlung and annihilation processes are reduced by a factor 3-4, relatively to
the in-medium jet-photon conversion process. This is because the momentum distri-
bution of jets is less steep than the thermal one, making the jet-photon conversion the
most important in-medium process. Therefore, if one assumes that the in-medium
jet-bremsstrahlung contributes in the same way to virtual and to real photons, it
would enhance the solid line by less than 15%.

Finally, the right panel of Fig. 6.12 shows the dilepton spectrum for an another
invariant mass window. It is located at higher values 1.5 < M < 2.5 GeV between

the ¢ and the J/v masses. As we could have expected from Fig. 6.7, the effect of the



6: HIGH-pr DILEPTON PRODUCTION 154

HTL resummation is not very important for this mass window. However interactions
of jets with the plasma are still a very important source of dileptons, and this should

be detectable.

6.6 Summary and Conclusions

In this chapter we presented a complete calculation of the different sources of lepton
pairs in high energy nuclear collisions. We take into account Drell-Yan, fragmentation
from jets, thermal emission from the QGP and heavy quark decay. Hard thermal loop
resummation has been included in the calculation of the leading order photon self-
energy. We explicitly checked that the imaginary part of this self-energy, evaluated
within finite-temperature field theory, and a different approach starting from rela-
tivistic kinetic theory and using the corresponding Feynman amplitudes, lead to the
same results. We obtain the jet-plasma interaction by substituting the phase-space
distribution of one incoming thermal parton, by the distribution of jets. While the
HTL corrections are important for thermal-thermal processes at low-invariant mass,
they are important for both low and high invariant mass when the incoming parton
is a jet. |

Dilepton emissions due to jet-plasma interactions are found to be much larger
than thermal dilepton emission. At low to intermediate dilepton mass, productions
from jet-plasma interactions are comparable in size to the Drell-Yan contribution
and constitute a good signature for the presence of a quark gluon plasma provided
the dominant background of heavy quark decay could be subtracted. The AMY
formalism has been used to account for energy loss of jets in the QCD plasma; this
energy degradation reduces the effect of jet-thermal processes by ~ 30%. Further
study involving heavy quark energy loss will be needed to obtain a better estimate of
this channel, together with an explicit calculation of dileptons from medium-induced

bremsstrahlung.



7

CONCLUSION

We have discussed in Chapter 1 that one of the ultimate goal in relativistic heavy
ions collisions is to find if whether or not, the formation of a quark-gluon plasma
is possible. Since the electromagnetic coupling constant is parametrically small, the
photons produced during the nucleus-nucleus collision escape the interacting zone
without rescattering, in good approximation. This make the photons very useful for
two important reasons. First, their production rate can be calculated in perturbation
theory, and second, they probe the feature of the medium at the time they have been
produced. However, it is not possible experimentally to discriminate a contribution
from the QGP, only the total photon spectrum is measured. The goal of this thesis was
therefore to calculate the photons yield from each contributing sources, compare with
available experimental data, and find if a contribution from the QGP was essential
to reproduce them.

In Chapter 2, we have evaluated the photon production at low to intermediate pr.
In this respect, earlier calculations of photon radiation from interacting mesons was
reexamined with new constraints. In particular, the coupling constants have been
adjusted with the D to S wave ratio of the decay a; — 7 + p, and finite size effects
have been taken into account by the inclusion of form-factors. Also, the pertinence of
new channels has been evaluated. Indeed, we have found that the ¢-channel exchange
of w meson is the dominant source of photons with energy greater than ~ 1.5 GeV,
in the hadronic sector. Our new mesonic production rate, together with baryonic

and QGP contributions, have finally been included into a fireball model, emulating
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the space-time expansion of the thermal medium, and compared to data from SPS.
We found that with a moderate value for the initial temperature (7;=205 MeV), our
photon yield reproduced SPS result once added to prompt photons including Cronin
effect, suggesting that either the QGP is not present at SPS, or either it is too weak
to be detected.

For RHIC and LHC collider energies, the high-pr suppression has to be taken into
account. The Arnold-Moore-Yaffe (AMY) formalism has been presented in Chapter 3.
In this model, the jets propagate in the QGP and loose energy by induced gluon
bremsstrahlung. The destructive interference due to the LPM effect is included in
this model through the solution of a linear integral equation.

In Chapter 4, the AMY formalism has first been used to calculate R44 for neutral
pions, in the jet-fragmentation scenario, and compared with success to RHIC data,
with an initial temperature 7; =370 MeV, a formation time 7; =0.26 fm/c and a
1D expanding QGP model. The nuclear geometry was included, and we found that
the usual assumption that the jets are produced at the center overestimates the
suppression by a factor ~2. Thereafter, the high-pr photon production in Au-Au
collisions at RHIC and Pb-Pb at the LHC, have been evaluated. For the same initial
conditions and expansion model than for pions production, we found a good agreement
between experiment and our calculations at RHIC, provided the jet-photon conversion
in the QGP was included. Indeed, this contribution turns out to dominate the direct
photon spectrum in the range 2 < pr < 4 GeV, even when the pr suppression suffered
by the jets is included.

In the Chapter 5, we have extended our calculations to non-central collisions. We
have verified the validity of our hydronamical model by reproducing photons and pions
spectra at RHIC, for different classes of centrality. We have been the first, to our
knowledge, to calculate the elliptic anisotropy of direct photons. We found that the
jet-photon conversion, acting as an inverse optical mechanism, produced a negative
vy. Though the absolute value of vy is small when all sources of direct photons are

included, it is increased when one select only photons not associated with high-pr
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hadrons, and reaches —5%. We think that it would constitutes a good signature of
the QGP.

Finally, in Chapter 6, we have evaluated the production of high-py dileptons at
RHIC and at the LHC. We have calculated for the first time, the dilepton yield induced
by jets, with HTL resummation effect. We found a perfect analogy between the pr
distribution of dileptons and real photons. Indeed, the jet-QGP direct interaction,
with Drell-Yan process, turn out to be the dominant mechanisms, at RHIC, orders
of magnitude above thermal-induced dileptons. The HTL resummation increases
the dilepton yield at low invariant mass M for incoming thermal partons, while it
increases the yield at both low and high M for incoming jets.

In conclusion, from our work, we gain more indications that the high-p; sup-
pression should be due to energy loss of jet propagating in the QGP, and that the
intermediate pr photons at RHIC might come from QGP contribution. While it is
too soon to claim the existence of the QGP, those results constitute a definite step in
that direction. A natural extension of this work would be to verify our approximation
of a purely longitudinal expansion, in particular at the LHC. Such comparison has
been done in Chapter 4 for purely thermal photons, but it would be nice to see if
we get the same results by convolving the photon production rate induced by jets
with a 3-D hydrodynamical model. Also, for all processes involving the QGP, it is
always assumed that a; is parametrically small. We know however from Lattice QCD
calculations that this is not quite true. It would then be very important, in the near
future, to look at higher topologies and extract electromagnetic emissions from lattice

calculations.
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PHOTON EQUILIBRATION TIME

The evolution of the photon phase-space distribution f toward equilibrium is given

by the Boltzmann Equation:

g—{z—frd+(1+f) [ (A.1)

where 'y and T'; are the photon absorption and production rates. From detailed bal-

ance [34], they are related to each other by the photon energy py and the temperature
T:

I‘d:Fiepo/T. (AQ)

The production is also related to the photon self-energy:

ImII%
Ni=— A3
Do (1 — ePO/T) ( )
This gives
8f _ po/T
E—Fi(1+[1—e" ] £)
T,
- —f'—'z‘ -+ Pi (A4)
Teq
where the photon equilibrium function is defined by
1
neq = epo/—T___I . (A.5)
The solution of A.4 is easy to find. It is
f = neg + CeTit/mea (A.6)
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At the beginning of the reaction, there is no photons. From this condition, we can

fix the constant C:
ft=0)=0—>C=—ng (A.7)
Finally,

F(t) = reg (1= €7/7) (A.8)
where the equibration time is given by

Tleq _ TeqPo (1 - epO/T)

r, ImIIE

Tleq Po
— A.
@) ped R Fp (A4.9)

Teq -

Eq. 2.1 has been used in the second line above. From the photon production rate
expression in the QGP, Eq. 4.60, we find for pg=1 and 3 GeV, the following equili-
bration times: 87 and 133 fm/c, at T= 200 MeV, and 50 and 76 fm/c at T =300
MeV. For the hadron gas, using the parametrizations for the mesonic contribution,
Eq. 2.53, at T = 140 MeV, we find 7., =967 fm/c for po=1 GeV. So, the photon
equilibration times turn out to be much greater than the transverse size of the hot
medium and than the life-time of the fireball (t; ~ 13 fm/c at SPS, and t; ~ 15 — 20
fm/c at RHIC). As the photon’s equilibration time gives also its mean free path, it
means that the photons, once produced, will unlikely suffer rescattering during their

path to leave the medium.
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HADRONIC PRODUCTION RATE DERIVATION

In the present appendix, we show the derivation of Eq. 2.4. The cross-section for a

process 1 +2 — 3 + v is given by [§]

1 (i3])3 (i319 )
- 20 & —ps — B.1
o / AF, Eyv1_y 2E5(27)3 2pg (27) IM|"6*(pr + p2 — p3 — D) (B.1)

where v1_» is the relative velocity between particles 1 and 2, p is the photon momen-
tum, and p, its energy. By definition, a production rate is
R= > Ixnxo (B.2)
E1,E2
where I is the intensity of the incoming projectile and n is the target density. Their

expressions are:

dEg(Ey) f(EL) - dE,9(Es) f(Es)
Vv ’ V

I= V1-2 . (B3)

g(FE;) is the energy density of particle ¢ inside a volume V, and f(FE;) its occupation
number. Putted together, this gives

_ 9(EV) f(EY) 9(E2) f(Es) 1 dpy &p
R_%:dEl_v‘—%;dEQ % /4E1E22E3(27r)32p0(27r)

M”84 (p1 + py — ps — p)(1 F f(E3)) (B.4)

where the suppression (enhancement) factor has been introduced for the particle in

the final state. In the thermodynamical limit (V — o0), we have

d®p d®p1co
1(2)
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Finally, converting the total rate into a differential one, we get

drR d’py d’pq d’ps  2m M]?
P = | 2B (21)2 2B,(27)% 2E5(27)° 2
54(191 +p2 —p3 — p)f(EL) f(E2) (L F f(E3)) (B.6)
With the identity
d®p
Z_E: = d*ps 6(p5 — m3), (B.7)
and the substitutions
1= [dsé(s— (i +p2)), 1= [dts(t=(m2— ), (B.8)

we get

d3p1 d3P2 2
d / dt &b —p)?—m?
p0d3 / s 8E, (27) FESNGISY) 7, ((p1 + p2 — p)* — m3) M|

FE)F(E)(LF f(Er+ B2 — po))d(s — (p1 + p2)2)6(t — (p2 — p)°)
(B.9)

where s, ¢, u are the Mandelstam variables. The elements of integration are d3p1,2 [/E12 =
|m|dE1’2d¢1,2dcos 61 2. The angles are defined relatively to the photon direction, such
that 6, 2 is the angle between 71’2 and 7, and ¢, 5 is the azumuthal angle following
a rotation of 71,2 around 7. With this definition, we have

P P2 =Pl Palcosd (B.10)
with
cosfl = cosf;costy + sinfsinfacos(da — ¢g) - (B.11)
This leads to the following relations

(p1 +p2)2 = m% + mg + 25,1 Fy — 21?1”72‘C056

(p2 — p)* = m3 — 2E3p, + 2po| T |costy . (B.12)
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Killing the integration over cosfl, with (¢t — (p2 — p)?), and the integration over cosf,

with §((py + p2 — p)? — m2), we get

dR . 1 2 2 9
p(,%—w/ds/dt/dEl/dEz /0 d¢1/0 déy | M|
(s —m7 —mj — 2B, By + 2|71 || P olcosf) f(Er) f(E2)(1 F f(Ey + Bz — po))

(B.13)
with
—t — s +mZ +m3 + 2poE; t —m2 + 2poF,
cost, = , costy = B.14
1 2017 SN AR
The roots of the remaining delta function are
- [ —s+m3+m3+2E,E; — 2|,|| P ,|cosfcosb,
— b+ 1 1 2 11 P2 .
G4 = g1 & cos ( 2|7 || P2|sind;sind,
(B.15)
Using Jacobian, we can use the delta function to do the ¢, integration:
/d¢25(s —m? —m2 — 2B, By + 2|7, || Fa|cosh)
o — &
~[dn Y s
=t 2 “?1[[72|s1n9131n0281n(¢j - gbl)!
B 1 2
2|7 1|7, [sind;sind, \/1 —cos?(d; — ¢)
_ 1 4p2sind sind, | P, || 7|
|7 1|72 Isindsind 2p0\/aE22 + 2bE; + ¢
2
= o (B.16)

VaE? + 20E, + c
The coefficients in the denominator are given by

a=—(s+t—mi—m3)?,

b=po [(s +t—m3 —m3)(s —mi —m3) — 2m3(m3 — t)]
+Ei(m3 — t)(s +t —m3 —m3),

c=—(t —my)"EY
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—2pg (ng(s +t—m3—m3) — (m5—t)(s —mj — m%)) E,

+4pimims + mi(s +t —m3 — m3)® + mi(m3 — t)?

—pp(s —mi —m3)* + (s —mi — m)(t — m3)(s + ¢ — m3 — mg).

The integration over ¢, gives 2m, and the production rate finally become

e [T 4 / dt [ dE / dE, |M
Po d3p 16(27’()7}70 /8'"“'" s tmin E{nin 1 Egm‘n 2 | l

F(E)f(E)(1F f(Br + E2 — po)) \/aE2 +12bE +c
5 2

The lower bound for s has to satisfy :

s™" > (my +my)? and s™" >m3.
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(B.17)

(B.18)

(B.19)

Since t is a Lorentz invariant, we can find its boundary conditions in any frame. We

take here the center of mass frame of the reaction 1 4+ 2 — 3 + . We have

tmin(maz) — (

p2 —p)* = (p1 — p3)’*
=m{ +mj — 2BYMEFM — (+)2[77Y||[ 75|
+m?2—m2\ [s+m?
— 2 2_9 S 1 2 3
mi + mj NG NG
V(s +m? —md)2 — dsmd (s — m2)
2y/s 2\/s

For fixed values of pg, s and ¢, we can find the lower bound for E; from

—(+)2

u=—s—t+mi+ms+mi=(p —p)?

= mf — 2po By + 2| P, [pocosh;

— 2E1py > m? — u — 2po| T4 |

which gives

2 2

mi — u 4po

EImn —
We can derive a similar relation for E5 from the definition of t:

t = (pa — p)* = mj — 2Eypo + 2po| T o|cosb
poms | ms—t

m% -1 4p0

—)EQZ

(B.20)

(B.21)

(B.22)

(B.23)
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Furthermore, the function under the square root in Eq. B.18 has to be positive (aFE2+

2bE3 + ¢ > 0), giving

b+ VI — ac b= VD2 —
+a ac<E2< b b? —ac (B.24)

a

for a < 0.
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SCATTERING MATRIX ELEMENTS

In this Appendix we present our scattering amplitudes expressions for each mesonic

process included in the photon production rate calculation (Eq. 2.4).

Cl m+p—=>m+7y

C.1.1 M7r++p°—>(a1,7r,p)—)7r++'y = Mﬂ‘+p°—)(a1,7r,p)—+7r“+’y

Figure C.1: Diagrams for 7t + p% — (a1, 7,p) = 7+ + 7.
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where s = (p + ¢)%t = (p — h)? and u = (¢ — h)2.
Ward identity:

hVM((;’.l.luu =0
hVMl?.l.ly,u =0

&, 1-hpH
hu Cllpv _ ~2(1 _ 2
M; 206°(1 2)—(3 — )
4] - hi#
Cllpuv _ ~201 Y p
h MG = 2081 - 3) )
d
hy MEMH = CP(L - 5)h (C2)

such that

hVMC.l.lp,u — hVMaC.l.l/,w + hVMbC.l.l;w + huM((;’.l.luV + hVMg.l.luu + huMg.l.lul/

s, p* I R §
—_ ~2 R 2 A ~2 R P
Finally,
hy MY = €,(Q)hy MM = C(1 - g)q e(g) =0 (C.4)



C: SCATTERING MATRIX ELEMENTS 167

C.1.2 Mvr°+p+—>(a1,7r,p)—)7r++’y = Mﬂo-f-p‘—)(al,ﬂ,p)—nr‘-f-’y

0 0
Tp) Y (h) n(p) 7l P V(b

‘_4\ 1t+ /gﬁ RO SO S
+ PorTs T . + + N N
p(})/ uT@®  P@

(b) (c)

Figure C.2: Diagrams for 7° + p™ = (a1, 7,p) = 77 + 7.
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Figure C.3: Diagrams for 7+ + p~ — (a1, 7, p) = 7% + 1.
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Figure C.4: Diagrams for 7% + p° = (w) — 7% + 1.
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Figure C.5: Diagrams for 7t + p= — (w) — 7% + .

+
—gpy + (p+q):;(2f q)y

—m2
s —m?

Mac'l's = ~CGupr(P + @)a(p + @Q)yhuds (

C.1.6 Mw°+p+—+(w)—>7r++7 = M?T0+p“—-)(w)—>7r'+’)’

np) Yy

Figure C.6: Diagrams for 7% + pt — (W) = 77 + 1.
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C2 m+m—p+7y

C.2.1 MW++7T‘—>(a1,7r,p)—>p0+7
From crossing symmetry,
MEE (¥ (p) + 77 (q) = (a1, m,p) = p°(1) + 7(h))
= MO (14 (p) + 2(=1) = (ar,m,p) = 7 (=) +7(R)

(p) T xg T(h)
a*l 0 + a_l [1]
ORI ) I o0
(a) (b)
_ I + b +
I 0 S SR £ ey
o o N
® L O oK
A S G @ " N
© @ 7@

Figure C.7: Diagrams for 7+ + 7~ = (a1,m,p) = p° + 7.
C.2.2 M7r++7r0—+(a1,7r,p)—>p++'y = Mﬂ‘+7r°—)(a1,7r,p)—>p“+7

MO+ (p) + 7°(q) = (a1, m, p) = p* (1) + (1))

= M3 (4 (p) + p~ (1) = (a1, 7, p) = 7°(=q) + 7(h))

f‘_(?)___ Y(h)
4,
wo, {0
a
3‘_(?2-.- Y(h) n(p) . Y(h) n(p) Y(h)
p
T_;gq)___‘ p() “(q) P n(q) p()
(b) © (@)

Figure C.8: Diagrams for 7+ + 7% = (a1, 7, p) = pt + 7.
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C3 p—om+m+ry
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Figure C.9: Diagrams for p° — (a1, m,p) = 7t + 77 +17.

ME3(0(g) = (ar,m,p) = 7+ (p) + 7 (1) + 7())
= MO (% (=p) + p°(q) = (ar,m,p) = (1) +4(h))  (C.13)
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Figure C.10: Diagrams for p* — (a1, 7, p) = 7« + 7% + 4.

M2 (5% (q) = (ar,m, p) = 7 (p) +7°() +7(h))

= M3 (1t (=p) + p7(¢) = (a1,m,p) = 7°(1) +7(R))  (C.14)
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Cd4 n+K"—> K+~

C.4.1 M7T++K*O—)K++’)’ = Mﬂ-—_i_}’—(*o_)K—_*_fy
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Figure C.11: Diagrams for 7t + K** = K+ + .
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C42 M7r0+K*:b—>Ki+’y = M?T0+K*0—)K0+'y = MWO+K*O—>RO+’Y

0
0 +
7(p) Y 7(p) K()
\_"\ + ___>____,!_.._.._>_.._.._..
\\ K : -
& P S . . - YK
K(q),~ WK(D) K@ | 7Y
././ \'.\‘ ———— Pomomime — NN
(a) (b)
0
TP y(h)
\J\
+ \\,~\ W F
K (q)ﬂ/., _E((l)
T
Figure C.12: Diagrams for 7° + K** — K+ + 7.
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C5 n+ K= K+~
C5.1 M7T++K_—)R*O+")’ = MW—+K+—)K*O+’Y
- M7T++KO——)K*++’)’ - Mﬂ_+KO——)K*—+’Y
MO (a4 (p) + K~ (g) = K*°() + ()
= MO (7% () + K7(=1) = K*(=q) + () (C19)
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Figure C.13: Diagrams for 7+ + K~ — K*0 +~.
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Figure C.14: Diagrams for 7° + K° - K*0 4 +.
ME2(x°(p) + K°(g) = K*°(1) + 7(h))
= M2 (1°(p) + K*(~1) = K*(~q) + (1)) (C.20)
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C6 p+K— K+~
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Figure C.15: Diagrams for p7 + K~ = K° + 7.
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C7 K+K*—>n+vy
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Figure C.17: Diagrams for K~ + K*0 = 7~ + 7.

MO (K_ (p) + K*(q) = 7 (I) + ’Y(h)>

= MO (a(=1) + K*0(q) = K*(=p) + (1)) (C.23)
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Figure C.18: Diagrams for K~ + K*t — 7% + 7.

MOT2(K (p) + K™ (g) = (1) + 7(h)
= MO (20(=1) + K** () = K*(=p) + (1))
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2-Sp DISCONTINUITY RELATION

First, the quark self-energy is given by
Y=A47y"+BY-q, (D.1)

the quark propagator is

0 ~ A
, _ 7 —’Y'Q_’Y+
#5nla) = 2D, (q) 2D_

while the complexe conjugate of the propagator is

¥-4q
o (D.2)

0 ~ ~ 0 ~ A
. Y74 v +7-q
*(q) = — - . D.
T e T2 ) 03

The left hand side of Eq. 6.54 is now given by

Y-4-a P+%5-4 01 o e
S (q) DiscX(w, | 7]) Sp(q ( 2D7(q) + 2D (4) )(fy D1scA+’y-qDlscB)
0_ 2.4 04 4. ¢
Y—-7'9 7 +79
X + . D4
(oo ) 4

With /9% =1, 4 -d%-§ = —1 and v°4 - @7° = —% - 4, the expression simplifies to

1
ST(q) DiscE(w ) Sp( — (4 —4.q) (DiscA + DiscB
1 0 A 4 ) )
e + & DiscA — DiscB) .
2D%(q)D-(q) (7 ! q)( )

(D.5)
On the other hand, the right hand side of Eq. 6.54 is
1 1
Di _ \ _ 0 5. &) Di
isc (—iSp(q)) = ('y - q) D1sc2D+( ) (’y + 7 q) ISCZD_( ]
("’ -4-4a) (V’+7-4)
_ N =) pigepr *—DISCD*( ).
D@D+ " 2DE D)
(D.6)
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D: 3-Sp DISCONTINUITY RELATION

When D, (q) = Di(¢*), it follows that

DiscD? (q) = Di(qo + i) — D3 (qo — i€)
= D1(qo — i€) — D (qo + i€)
= —DiscD+(q) .

With Di(q) = —qo £ | 7|+ A £ B, we get

Disc (—iSp(q)) = W (DiscA + DiscB)

(Y +%-4d)
2D%(q)D-(q)

Finally, from Eqs. D.5 and D.8, we obtain the relation

Sp(q) DiscE(w, |7]) Sp(q) = Disc (=iSp(q)) -

(DiscA — DiscB) .
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