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Abstract 

The subject of this thesis is the production of electromagnetic radiations during rel

ativistic heavy ions collisions. Sinee 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 (PT) 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-PT 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 < PT < 4 Ge V, 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 

coefficient V2 negative. Finally, the dilepton production at high PT is calcultated with 

hard-thermalloops (HTL) effects, showing, that in perfect analogy with real photons, 

jet-plasma interactions also dominate the dilepton yield around PT = 4 GeV. 

xiii 



Résumé 

Le sujet de cette thèse est la production de radiations electromagnétiques produites 

durant une collision d'ions lourds aux energies relativistiques. Comme les photons 

constituent l'un des principaux outils pour sonder la formation d'un plasma quark

gluon (QGP), leur evaluation à travers des modèles théoriques est fondamentale. La 

production de photons ayant un momentum transverse (PT) de faible à 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'à 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 succès. La région 

d'intermédiaire à haut PT est dominée par la physique des jets. Un traitement, com

plet au premier ordre en la constante de couplage CYs, est utilisé afin de calculer la perte 

d'énergie dans un milieu régit par l'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 rôle joué par l'interaction jet-plasma est mis en lumière, 

montrant que celle-ci domine dans le domaine 2 < PT < 4 Ge V, 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 V2 négatif. 

Finalement, la production de dileptons à haut PT est calculée avec l'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 PT = 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 He a vy-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 l'V 3 x 1O-22s), 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 

1 
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have to be taken into account. Figure 1.1 indicates sorne trajectories which relativis

tic heavy-ion collisions may follow. The collision st arts 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 internaI 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. 

Tc-
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Figure 1.1: Nuclear matter phase diagram. 

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 rv 50 

MeV /nucleon) and asymmetric hadron(h)+A reactions at sorne GeV are the best 

candidates for observing a nuclear liquid-gas phase transition [1]. Ca1culations 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/ Po "-'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 E 1'V0.05 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 l'V 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=l GeV /fm3 [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 Vs = 17.3A GeV, at the CERN Super Proton Synchrotron 

(SPS), results suggest an energy density E l'V 3.5 GeV /fm3 and thermalization time 

as small as 1 fm/co Energy densities as large as 15 GeV /fm3 have been achieved at 

the Relativistic Heavy Ion Collider (RHIC) [10], in Au-Au collisions at Vs = 200A 

GeV, and energy densities in the order of 100 GeV /fm3 [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 Vs = 5.5A TeV. 

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

it is not enough to conclu de 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. !ts 

evaluated life-time is sorne fm/c, and its experimental detection involves not directly 

the partons (quarks and gluons), but the hadrons produced during and after the phase 

transition, wh en 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 a which gives the strength of the electromagnetic 

interaction is much smaller than the coupling constant for strong interaction : a rv 

1/137 while as rv 0.3 for QGP at temperature T rv 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 a that small, the me an free path À of the photon is mu ch 

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 a 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 aIl, 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 q + 9 ---* q + 'Y, for example. In the subsequent hadronic phase, 

photons are produced by inelastic collisions of surrounding hadrons, like 7r+ p ---* 7r+'Y 

and 7r + N ---* N + 'Y. Finally, after freeze-out, decay of neutral mesons like 7r0 and 

'Tl will also contribute to the photon yield. We will see later in this thesis that each 

contributing phase has its own features : sorne phase will be dominant at 10W-PT, and 

another at intermediate or high-PT, where PT 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 PT 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 PT 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 PT hadrons [14]. 

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

PT 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 x. 

(ii) The initial state multiple-scattering effect. This is the weIl 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 PT suppression, as otherwise such suppression 
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should also be observed in d-Au collisions, which is not the case [15]. High PT suppres

sion has to arise from a final state effect: jet energy 10ss[16]. On top of experimental 

evidence for the suppression cited above, it has also been proposed [17, 18] that az

imuthal anisotropy at high PT cou Id 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 st arts with chapter 2, which dis

cuss the production of real photons at low to intermediate PT (PT < 4 GeV). Low 

PT 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 

PT. In this chapter, we are mostly concerned with hadron gas emission, improving 

previous analysis in several respects. npal-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 sect or for PT > 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 (MRST04) : 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 0(98) corrections). Though this doesn't constitute my own work, this 

section is important sin ce this model for the parton energy loss will be used in aIl 

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-PT sup

pression data, such as 7r
0 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 aIl 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 PT=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 aH 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-PT 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 ca1culated for the first time, the coefficient v2 for high-PT photons. We find 

that due to the dominant jet-photon conversion around PT-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-PT production of virtual photons, which pro duce leptons pairs 

(e+e- or J-l+J-l-). The leading order interaction of a jet with QGP (q + q -+ 1*) is 

revisited, including this time the effect of jet energy-Ioss. Hard thermalloop (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 DreIl-Yan at RHIC, for low value of invariant mass 

M. This work has been submitted to Physical Review C (hep-phj0601042). FinaIly, 

chapter 7 contains the thesis summary and related discussion. 

AlI chapters in this thesis include complicated multi-dimensional integrals, which 

we have carried out using computers. The convergence of aIl 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: 

y = !ln (E+Pz) = !ln (1 +Vz) . 
2 E - Pz 2 1 - Vz 

(1.1 ) 
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With this definition, the particle energy E and its projection momentum Pz, along 

the beam direction, can be written as 

(1.2) 

where PT is the transverse momentum, and M the particle mass. Under a boost (3 in 

the z-direction, the rapidity changes according to 

Y -+ yi = ~ln (E - (3pz + Pz - (3E) = y _ ~ln (1 + (3) 
2 E - (3pz - Pz + (3E 2 1 - (3 (1.3) 

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

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

V z = cose, where e is the angle between p and the beam direction z. It follows that 

y r-v -ln = -ln tan- . 1 (1 + cose) (e) 
2 1 - cose 2 

(1.4) 

In the present study, photons and pions will be calculated at midrapidity, y = 0, 

which corresponds to particles emitted in the transverse direction (e = 7f /2). Finally, 

the particle production is often written with the differential element d3p/ E, where 

d3p = PTdpTdcpdpz. We can write this differential element as a function of the rapidity: 

(1.5) 

The Jacobian for the relation is simply 

(1.6) 

This gives 

(1.7) 



2 

PRODUCTION OF LOW AND INTERMEDIATE PT 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 weIl 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 

l'V 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 PT photon spectra at SPS energy. 

2.1 Thermal photons emlSSlon 

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

an equilibrated system can be written as [33] 

dR ImIIR glW 
_ JU/ 

Po d3p - (27f)3(1 _ ePo/T) 
(2.1) 

where ImII~/.I 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: 

2~ ImrrR 

( /-Lv + /-L v /-LV ) /-LV 
--;-(2-1f--:-)-=-6(-:-p-+-+-p-_-:-:-)4 p+p- p-p+ - 9 p+' p- e(p++p-)/T - 1 

(2.2) 

p = p+ + p-,PO = VI]t12 + M2, Mare respectively the dilepton momentum, energy 

and invariant mass. For real photon, we have simply Po = l]tl. The derivation of 

Eq. 2.2 will be done in Chap. 6. In this formalism, in-medium effects and higher 

topologies are included in Imrr~v' 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 1f+P --+ 1f+, can be extracted from cutting a two-Ioops 

photon self-energy with 1f and p mesons. 

7t 2 

) 

Figure 2.1: Picture of the TI + p ---+ TI + "f 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 -t 3 + " the pertinent rate becomes (see appendix B) 

dR f d3Pl d3p2 d3p3 21f 2 

Po d3p = 2E1 (21f)3 2E2(21f)3 2E3(21f)3 2 1MI 

64(Pl + P2 - P3 - p)f(E1)f(E2)(1 =r= f(E3)) (2.3) 

where the 1's are the Fermi-Dirac (Bose-Einstein) distribution functions for fermions 

(bosons), and 1 =r= f(E3 ) 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 + (27f)3dN'Y jd3xd3p) rv 1. After sorne 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 T. 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 usuaUy expressed in term of the Mandelstam vari

ables s, t, u, it is natural to integrate over those variables. After sorne algebric ma

nipulations, the photon production rate can be written as 

(2.4) 

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 Ipl,P2) up to a final state Ip3,P), through the time ordered operator T [8]: 

(2.5) 

where aU 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 aU 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 + 'Y 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 + 'Y proeesses as the phase-spaee for the emitted photon is considerably 

redueed. Such proeesses usually contribute only in the limit Po -+ 0 [35]. Reactions 

like 1 + 2 + 3 -+ 4 + 'Y 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 

sinee the relevant energy scale is given by AQCD I"V 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 (J meson. The potential, which generates the vacuum expectation 

value < (J >0 of the (J field, has to be chirally invariant. The simplest choice is 

V ex: (71"2 + (J2 - j';)2, where J'Ir =< (J >0. 

In the non-linear sigma model (NLSM), the (J 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 : 71"2 + (J2 = l;. The usual parametrization is given 

by 

(2.6) 
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with Ti being the Pauli matrices, such that 

1 [ t] 1 (2 2) -tr U2 U2 = f2 7r + a 
2 '/r 

(2.7) 

The kinetic term for the pseudoscalar mesons is given by 

(2.8) 

At this point, we have a chiraUy global SU(2h x SU(2)R symmetry. This can be 

generalized to higher flavor number Nf, such that for SU(3h x SU(3)R, we have 

[ 
2i " Àa1/Ja] [2i ] U3 = U = exp F'/r 7 V2 = exp F'/r 1/J (2.9) 

with F'/r = V2f'/r' and Àa are the GeU-Mann matrices. 1/J is the pseudoscalar octet: 

'/r0 ~ 
y'2+v'6 7r+ K+ 

1/J= 7r 
'/r0 ~ 

-y'2+v'6 K O (2.10) 

K- RO -~ 
v'6 

To describe photon production in agas consisting of light pseudo-scalar, vector 

and axial vector mesons (7r,K,p,K*,al) 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: 

OJlU -+ DJlU = oJlU - igoA~U + igoU A~ 

A~ = 1/2(VJl + AJl) 

A~ = 1/2(VJl - AJl) (2.11) 

where VJl = ~Àav: and AJl = ~Àa A~ are the vector and axial vector meson matrices 

respectively. Under global SU(3h x SU(3)R transformation, U and A~(R) transform 

like 

(2.12) 



2: PRODUCTION OF LOW AND INTERMEDIATE PT PHOTONS 15 

with L t L = 1 and Rt R = 1. The complete chiral Lagrangian can be written as [37, 38]: 

[, = lF2TrD UDJ.LUt + lF2TrM(U + ut - 2) 871" J.L 871" 

-!.Tr (FL FLJ.LV + FR FRJ.LV) + m2Tr (AL ALJ.L + AR ARJ.L) + rvTrFL U FRJ.LVUt 
2 J.LV J.LV 0 J.L J.L 1 J.LV 

-içTr (DJ.LUDvUtFLJ.LV + DJ.LUtDvUFRJ.LV) (2.13) 

In the above, 

FL,R = 0 AL,R - 0 AL,R - ig [AL,R AL,R] J.LV J.L v v J.L 0 J.L 'v , 

2 [2 1 2] 2 (2 2) M =:3 m K + "2m 7l" - J3 m K - m7l" À8 . (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(l) transformation [38, 39] 

fJU = iE[Q, U] 

fJA~(R) = iE[Q, A~(R)] + ~QOJ.LE 
go 

(2.15) 

where Q = À3/2 + À8/JI2=diag(~, -~, -~) 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 

(2.16) 

We then add three addition al terms 

[,1 + [,2 + [,3 = -2em5Tr[Q(A~ + A:)]- -4
1 

(oJ.LBv - ovBJ.L)2 + 2e2~5 BJ.LB J.LTr[Q2] 
go go 

(2.17) 

where e is the electric charge. The electromagnetic field BJ.L transform under U(l) 

like 

(2.18) 
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making the total Lagrangian 12 + 121 + 122 + 123 invariant under U(l). This imply 

that the electric charge and current density have to be conserved. But the final 

shape of the Lagrangian is not yet fixed. lndeed, when we exp and 12 in terms of 

pseudoscalar, vector and axial vector fields, we find a mixing term l'V 0Jl'ljJAJl coming 

from TrDJlU DJlUt. We can get rid of this term with the redefinitions: 

z= - F7r 
F7r = Z = 135MeV 

mv = (2.19) 

;(J,VJl and ÂJl are the physical fields, while mv and mA are the physical vector and 

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

.c = - 2e m~ B T [Q 17 Jl] = - 2e m~ B [po ws ] 
1 9 Jl r 9 Jl J2+ J6 (2.20) 

In the ideal mixing [40], we have Ws = V2:/:J+P, and the electromagnetic Lagrangian 

.c -.c - -J2eB [ 2 Jl + m~ Jl_ J2m~A.Jll 
EM - 1 - 9 Jl mppo 3 w 3 'f/ 

= -BJl [Cp m~p~ + Cw m~wJl + C</> m~cpJl] (2.21 ) 

has the same form that the Vector Meson Dominance (VMD) model [41]. In principle, 

the C's coefficients are determined from eJ2/g, 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, Cw and C</J are much smaller than Cp, so that for our study, we 

consider only the p - 1 coupling. Coming back to Eq. 2.17, .c2 is the usual kinetic 



2: PRODUCTION OF LOW AND INTERMEDIATE PT PHOTONS 17 

term for photons and .L3 prevents the photons from getting a mass [41]. lndeed, from 

the terms .LEM, .L2 and .L3, the propagator for a photon of momentum pis: 

(2.22) 

for p2, Cp -+ O. This leads to a charge renormalization ij2 = e2(1 - C;). At this 

point, we have aIl the ingredients to find the parts of the Lagrangian responsible for 

the 1 + 2 -+ 3 + 'Y scatterings. By expanding .L, we can find the cubic and quartic 

inter acting terms: 

ZT}2g [- - /-l - v -] iT}dJ [- - - v - ] .LVA..p = -2-Tr (o/-lAv - OVA/-l)[o V ,'Ij;] + -2-Tr (0/-lVV - ovV/-l)[A/-l,o 'Ij;] 

.Lv..p..p = ig Tr [V/-l[o/-l-0,-0]] + 2i:~ Tr [(O/-lVV - ovV/-l)o/-l-0ov-0] 

.LVVV = zgTr [(O/-lVV - ovV/-l)V/-lVv] ; 

?l [- - 2] ?lJ [- - --] .Lvv..p..p = -STr [V/-l' 'Ij;] + 4m~ Tr [V/-l' Vv]o/-l'lj;ov'lj; 

+ 4g2~ Tr [( 0/-l Vv - Ov V/-l) ([V/-l, -0]OV -0 + o/-l-0[vv, -0])] 
mv 

+g2~4Tr [(O/-lVV - ovV/-l)-0(o/-lVV - OVV/-l)-0 - (O/-lVV - OVV/-l)2-0 2
] , (2.23) 

where 

(2.24) 

The Lagrangians described above contain only pro cesses involving conservation of 

intrinsic parity [42, 43]. For example, only reactions with (-l)Nt = (_l)Nj, are 

included, where Nt and Nj 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 : 

(2.25) 

where fJlvû(3 is the Levi-Civita tensor. 

2.2.2 Symmetries and conservation laws 

The construction of Feynman diagrams, describing the different pro cesses producing 

photons, is now possible. Eq. 2.5 is thus needed as well as the Lagrangians we 

have seen. However, each pro cess 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] 

(2.26) 

where jEM is the electromagnetic current density. The scattering amplitude for a 

pro cess i --t f + "f is: 

(2.27) 

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

momentum p, we get 

pJlMJl = PJl UIi~M(P)li) = UIPJlj~M(P)li) = i 1 d4xeipox UlaJlj~M(X)li) = 0 

(2.28) 

for conserved current (aJlj~M = 0). The relation pJlMJl = 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] 

(2.29) 

where C is the electric charge conjugation operator, changing up to a phase factor, a 

particle to its antiparticle state. 12 is the second component of the isospin operator 

I, and 7r 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 

I, [G, I] = 0, because it has for consequence that aU members of an isospin multiplet 

have the same G-quantum number. For instance, the G-parities of the 7r, p, w and 

al mesons are respectively -1, +1, -1 and -1. That means for example, that the 

process al -+ P + 7r is allowed because Gin = Gal = Gout = Gp X G7r = -1. 

Jsospin and strangeness conservation 

The 7r, p, w and al mesons aU have three charges state of approximately the same 

mass. Then they aU have isospin l = 1, with the positive, negative and neutral 

charge states associated to h = 1, -1,0 respectively. The w meson has only a neutral 

charge state, so that l = O. 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~ -+ pO +7r0 . AU the mesons here 

have 1= 1 and 13 = o. While the charge is conserved, the Clebsh-Gordan coefficient 

(If 13Vf1 Jal hXI for this pro cess is zero. 

Strangeness is another conserved quantum number during strong interactions. The 

K+ KO K*+ K*o mesons have S = 1 while the K- RO R*o K*- mesons have S = , , , , , , 

-1. AU mesons made of up and down quarks have S = o. 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: 

ma, f" "l, g, Cp and gVV1jJ. The constants Cp can immediately be fixed with the 

electromagnetic decay of the p: p ---+ "1 followed by "1 ---+ 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 pro cess 1 ---+ 2 + 3 + ... + f, in the frame of 

particle 1, is [8] 

r = _1_ J d
3
p2 d

3
p3 d

3
PI (2)4 

1-+2+3+ ... + 1 2ml 2E2 (27TV 2E3 (27r)3 ... 2E 1 (27TV 7r 

lM 1:-+2+3+ ... +1 6
4 

(Pl - P2 - P3 - ",PI) (2.30) 

For the p ---+ e+ e- transition, this gives 

(2.31) 

From the experimental value for the decay width, rp-+e+e- = 6.85 ± 0.11 keV, 

we get Cp = 0.059. With the experimental values r w-+e+e- = 0.6 ± 0.02 keV and 

r <p-+e+e- = 1.2 ± 0.1 keV, it implies that C3 and C~ are respectively smaller than 

C; by a factor rv 11 and rv 7, and this is why we keep only the p - "1 coupling in 

Eq 2.21. The parameters ma, f" "l, g can be adjusted from the masses and widths of 

the p (mp, r P-+71"1l') and al (mal' r al-+7rp) , allowing for two possible solutions: 

(1) : g = 10.3063, "1 = 0.3405, f, = 0.4473, ma = 0.6253 GeV ; 

(II) : g = 6.4483, "1 = -0.2913, f, = 0.0585, ma = 0.875 GeV . (2.32) 

In the absence of addition al 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

periment al determination of D- to S-wave content in the final state of the al ---+ p7r 

decay. 
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D-to S-wave content 

The decay width for the transition al ---t 7rp is related to 

rcx L: J dOIMm~,m~12 cxL:I(<pp7rle-iHtl<Pal)12 
m~,m~ m~ 

(2.33) 

where ms 's are the spin projections in the third axis, H is the Hamiltonian and 

dO = dsin () d<p. The wave functions for al in the initial state and p7r in the final state 

are 

l<PaJ = Il = 1,m~,S = 1,l = 0) , 

l<pp7r) = 0: [18 IJ = 1, m~, S = 1, l = 0) + ID IJ = 1, m~, S = 1, l = 2) ] , (2.34) 

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

and 0: sorne corn mon factor. This gives 

L: I( <pp7rle-iHtl<Pal)12 = L: ! dO i 18 b:i yoO(O) + i ID L:(1, 2, m~, mtl1, m~)Y~l (0) 
m~ m~,m~ ml 

2 

(2.35) 

where Y are spherical harmonies. In the al center of mass, we fixe the p momentum 

along the z axis, giving () = 0, so that Y~l (() = 0) = 0 unless ml = O. We thus have: 

(2.36) 

The more general shape the vertex for the at (q) ---t pU (p) + 7r (r) decay can have is 

(2.37) 

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

expressed as 

(2.38) 
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é represents the polarization vector for an external particles. Comparing Eqs. 2.36 

and 2.38, we find that 

(2.39) 

For the two parameter sets given above, Eq. 2.32, one finds 

(I) :DIS = 0.36, (II): DIS = -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, 9vv'IjJ can be fixed by the decay w ---* 7r + "1. In 

our model, this pro cess goes via the Wp7r vertex, and the pO 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 

(2.41 ) 

If the charge distribution was narrow, p(x) = 63 (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(O)/(1 - q2 1 A2)n in the spaeelike region (q2 < 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 t'V 1 - 2 Ge V). Sinee hadron interactions depend on F, 
their dynamics are sensitive to the q2 behaviour of F. In principle, the strong inter

action of the constituents quarks and gluons should fix this q2 dependence. However, 

in the low-energy QCD regime, a nonperturbative treatment of QCD is neeessary, 

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 pro cess R -7 X + Y, we have 

A ( 2A
2 + m~ )2 

F = 2A2 + (,lm'>: + q~M + Jm~ + q~M )' 
(2.42) 

where qCM is the partic1e momentum in the center of mass of R. ft' is normalized to 1 

when the partic1es go on-shelI, and A = 1 GeY. This FF has been used in Ref. [48] to 

successfully describe the decay of many p induced mesonic resonances R with masses 

mR ::; 1300 MeY. The form-factor is introduced in an effective vertex Veff simply by: 

Veff(q) = V(q) x ft'(q) , (2.43) 

where V(q) is the bare vertex. The width for the w -7 7f, decay is then 

(2.44) 

The experimental value for the width is 0.7174 MeY, giving 9w7rp = V29vv'I/J = 22.6 

Gey-l. If one rather set ft' = 1, we would get 9w7rp = 11.93 Gey-l. The al radiative 

decay raI -+7r+, contains also an off-shell strong vertex. U sing ft', we get 

(2.45) 

Neither set Inor set II reproduce the experimental value 0.64± 0.246 MeY. For the 

sake of quantitative analyse, another set is defined as 

(III) : 

leading to 

9 = 5.834, 1 = -0.464, ç = 0.1157, ma = 0.847 GeY , 

mal = 1.4 GeY, mp = 0.7 GeY, r p = 0.17 GeY 

raI = 0.3 GeY, DIS = -0.49, ral -+7r+, = 0.44 MeY 

AlI features of the three sets are summarized in table 2.1 

(2.46) 

(2.47) 

(2.48) 
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Observables set l set II set III exp. values 

mp 0.77 GeV 0.77 GeV 0.7 GeV 0.7758± 0.0005 GeV 

mal 1.26 GeV 1.26 GeV 1.4 GeV 1.23± 0.04 Ge V 

r P-+7r7r 150.7 MeV 150.7 MeV 170 MeV 150.3± 1.6 Me V 

r al-+7rp 400 MeV 400 MeV 300 MeV 400±175 MeV 

r al-+7r"! 2.2 MeV 0.033 MeV 0.44 MeV 0.64± 0.25 MeV 

DIS 0.36 -0.099 -0.49 -0.107± 0.016 

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

To be consistent with this procedure, all our pro cesses in the mesonic sect or 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 Po > 1.5 

Ge V are dominated by t-channel exchange, we will assume the same dipole form for 

each hadronic vertex appearing in the amplitudes. Thus, for at-channel exchange 

(spacelike region), we take the FF to be 

( 
2A2 )2 

F = 2A2 _ t (2.49) 

where in the limit of low exchange momentum, the finite extension of the hadrons 

cannot be probed, and F --7 1. We then approximate the four-momentum transfer in 

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

( 
1 )2 ( 2A2)8 1 r4P6 dt(2A2)8 

m~ - t 2A2 - t = 4P& Jo (m~ - t)2(2A2 - t)8 
(2.50) 

The averaging procedure allows to factorize form factors and amplitudes which mu ch 

facilitates the task of rendering the final expression gauge-invariant, since we can then 

simply multiply the rate parametrizations with F(t)4. We get the 4th-power because 

in a 2 --7 2 scattering amplitudes, there is two vertices, so that each vertex bring a 

FF, and sin ce the production is related to the square the scattering amplitudes, the 

production rate including vertex will be given 

dRwithFF _ dRnoFF F(f\4 
Po d3p -Po d3p x t l (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, 1fp ~al7rp~ 1f, (set II), for 3 different temperatures. Solid and dashed lines are without 
and with the inclusion of F(t7r )4, 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 = 7r,w,K, we get 

respectively 

Err = 34.5096p~·737 - 67.557p~·7584 + 32.858p~·7806 , 

fw = _61.595p~·9979 + 28.592P6·1579 + 37. 738p~·9317 - 5.282P6·3686 , 

fK = -76.424p~·6236 + 36.944p~·6604 + 39.0448p~·5873 . (2.52) 

where Po is the photon energy. The impact of the form factors is indicated by the 

difference of sol id 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 Ge V 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 raIe of the al pseudovector 

,o~ 
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Figure 2.3: Left panel: 7r + p -+ 7r + , from 7rpal intermediate states added coherently, at a 
temperature T=200 Me V for the three sets discussed in section I. The dashed-double dot curve 
represents the result from Ref. [49]. Right panel: al and al7rp contribution to 7r + p -+ 7r + ,. No 
form factors are included here. 

Figure 2.3 shows the reaction 'Tf' + P --t 'Tf' + 'Y for the three sets of parameters. 

The ordering of those rates is the same as the ordering of al radiative decays : larger 

radiative decay gives larger results for 'Tf' + P --t 'Tf' + 'Y. Importantly, we point-out 

that getting a radiative decay n-time bigger does not imply a 'Tf' + P --t 'Tf' + 'Y rate 

bigger by the same factor. This statement is accurate for the pure al contribution to 

'Tf' + P --t 'Tf' + 'Y (right panel of Fig. 2.3), but the total 'Tf' + P --t 'Tf' + 'Y rate is given by a 

coherent sum of diagrams containing virtual al and other meson species. Therefore, 

even if the photon yield from the al diagrams with set 1 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 1 becomes about four times the result of set II. 

Still considering 'Tf' + P --t 'Tf' + 'Y, note that set II, which reproduces weIl the hadronic 

phenomenology of the al, 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 al electromagnetic width, (set III), the new 

photon rate for 'Tf' + P --t 'Tf' + 'Y is bigger than that of set II by a factor less than two. 



2: PRODUCTION OF LOW AND INTERMEDIATE PT PHOTONS 27 

To have a rough estimate of the error associated with those rates, one can sim ply 

consider the range spanned by the results with II (good D /8, wrong raI -+7r+r ) and 

those with set III (wrong D /8, good r al-+7r+r )' 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 po=3 GeV, the result from 

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

The raie of the w vectar 

The Feynman diagrams with w exchanges, in the pro cess 7r + P ---* 7r + ,,/, are shown in 

Figs. C.l.4, C.l.5 and C.l.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 ta avoid double counting, we include here only the t-channel contributions. This 

procedure is correct wh en coherence effects between sand t 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 t channel separately. The Ward identity is also preserved, since 

the sand t channels respect gauge invariance individually, as shown in Appendix C. 

The left panel of Fig. 2.4 furthermore shows that when gW7rp is fixed without FF 

(short-dashed line) , w t-channel exchange is not the prevalent contribution at high 

energy. When the larger value of gW7rP 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 in the right panel of Fig. 2.4: both 

w exchange and other 7rpal 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 al exchange pro cesses" . 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. 
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Figure 2.4: Left panel: 7r + P -* 7r + 'Y at T=200 MeV for al7rp (dot-dashed line), w t-ch with gW7rP 

fixed without FF (short dashed line), w t-ch with gW7rP 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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and dashed lines show respectively 7r + P -* 7r + 'Y, 7r + 7r -* P + 'Y and p -* 7r + 7r + 'Y with w exchanged. 
The dotted line show 7r + P -* 7r'Y with w exchanged in the t-channel only. 

We can also study the effect of the w exchange in 7f + 7f -+ P + "( and p -+ 7f + 7f + "( 
processes, obtained from 7f + P -+ 7f + "( by crossing symmetry [8]. Fig. 2.5 shows the 
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w contribution in the 7r - P collision, with the sand t channels added coherently (solid 

line), and also the reactions obtained from crossing symmetry : 7r - 7r (dot-dashed 

line) and p decay (dashed line). Surprisingly, the 7r - 7r contribution is not mu ch 

smaller than 7r - 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 7r + 7r ---+ p + , and 7r + p ---+ 7r + , is (m p - m7r ) ",0.63 Ge V, so that 

we expect the photon distribution in the latter process, to be shifted up by '" 0.63 

Ge V relatively to the former pro cess. 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 7r - 7r collisions with w exchange : only t and u channels are present. 

At high energy, the t ---+ 0 limit dominates and there is sorne direct exchange between 

one incoming 7r 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 pro cesses 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 + " P ---+ y + Z + , and K* ---+ 

Y + Z + ,. For X, Y, Z we have each combinat ion of p, 7r, K*, K mesons which 

respect the conservation of charge, isospin, strangeness and G-parity defined for non

strange mesons. The axial al meson has been considered as exchange particle only 

(the al ---+ 7r, decay is automatically incorporated via s-channel 7r p 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 Po and the temperature Tare both in GeY. The 

units of the production rates are (fm-4GeY-2
). Parametrization for K* ---+ K + 7r + 1 
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and K + K ---+ P+I do not appear because their rates have been found to be negligible. 

dR7r+P---+al'rp---+7r+1 = F
4
(t7r ) (_(1.461T2.3094 + 0.727) (0 566T1.4094 _ 0 9957)PO) 

Po d3p T-2.8 exp (2Tpo)0.86 +. . T 

dR7r+p---+wt_ch---+7r+, = F4(fw) ((1.865Tl.02 - 2.6) + (3 053T1.8 _ 1038)PO) 
Po d3p T-I exp (2Tpo)0.62 . . T 

dR7r+7r ---+al'rp---+P+1 = F4(t7r) (_ (9.314T-o.
584 

- 5.328) (0 3189To.721 _ 0 8998)PO) 
Po d3p T5 exp (2Tpo)-0.088 +. . T 

dRP---+al'rr~7r+7r+, _ F4(t7r ) (_ (-35.459T1.126 + 18.827) -121 PO ) 
Po d3p - T2 exp (2Tpo) (-1.44TO.142+0.9996) . T 

dR7r+K*---+K+, = F4(fn) (_ 0.35 + (2 3894To.03435 _ 3 222)PO) 
Po d3p T-3.75 exp (2Tpo) 1.05 . . T 

Po dR7r+;;K*+1 = Fi,;7r) exp ( _(5.4018T-o.6864 - 1.51) (2Tpo)0.07 - 0.91 ~) 

dRp+K---+K+, = F
4
(tK) (_ (0.9386T1.55I + 0.634) (0 568To.5397 _ 1164)PO) 

Po d3p T-3.5 exp (2Tpo) 1.01 +. . T 

dRK*+K---+7r+, F 4(tK) (-(6.096T1.889 + 1.0299) po) 
Po d3p = T-3.7 exp (2Tpo)(-1.6I3T2.162+0.975) - 0.96 T 

(2.53) 

The parametrizations for the nonstrange reaction channels in the present work 

differ from the on es 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 (II) yields smaller emission rates than set (1) for the (leading) 

7rp ---+ 7r1 process at high energies. In addition, our results using set II are another 

rv40% 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 KI ---+ KI 

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 7r pal 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 (al) from the strangeness sector. This allows to simultaneously 

satisfy the (electromagnetic) Ward identities and fix both the strange vector mass, 

mK*=895 MeV, independent of the p mass, and the universal coupling constant as 

to match the empirical value [46] of the K* width, r(K* ~ K 7r)~50 MeV, giving 

gK = 9.2. 

The results for the strange and non-strange sectors, with form-factors, are summa

rized in Fig. 2.6 for a temperature T=200 MeV. Above Po=1 GeV, production rates 

are dominated by 7r + P ~ 7r + 'Y reactions, especially by the w t-channel exchange. 

Below 1 GeV, 7r + 7r ~ P + "land p ~ 7r + 7r + "lare the dominant mechanisms. In 

the strange sector, the main emission source is 7r + K* ~ K + 'Y, in complete analogy 

to the 7r + P ~ 7r + 'Y reaction in the non-strange sector. Overall, the total strange 

contribution accounts for rv 25% of the net contribution around Po = 1 GeV, while 

this reduces to rv 15% at Po=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 (M2 = P~ - p2 > 0) 

vs. lightlike (M2 = 0), respectively. We recall that baryonic sources are very im

portant [54, 55] for understanding the observed excess in low-mass (M :S 1 GeV) 

dilepton production in (semi-) central Pb-Au collisions at both full (160 AGeV) [56] 

and lower (40 AGe V) [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 2 -+ 0, directly yield 

pertinent photon emission rates via Eq. (2.1). Within the vector dominance model 

(VDM), one has (schematically) 

m4 

Imllem = L r ImDv 
V=p,w,cp gv 

(2.54) 

(mv, gv and ImDv: 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 g~/ g~~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, L:pn , 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 (L: pB ), calculated by 

Rapp, Chanfray and Wambach, in Ref. [47], and mesons (L: pM ), calculated by Rapp 

and Gale in Ref. [48]. The p-h (h=7r, K, p, N, ~, ... ) interactions are incorporated 

through self-energy expressions of type [64] 

L:~~(po,p; T) = J (~:~3 2w~(q) [jh(Wh(q)) - fPh(Wh(q) + Po)] M~~(p, q) , (2.55) 

where the isospin averaged p scattering amplitude M ph is integrated over the thermal 
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distribution jh(Wh(q)) = [exp(wh(q))/T ± 1]-1 of the corresponding hadron species 

h with Wh(q) = Jm~ + if. 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. AlI 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. 

7t 

(a) 

-1 

N 

(h) 

7t 

~ 
·· .. M.·: 

(c) 

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 7rp 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 J.tB=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 AGe V). 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, Po ;: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 .6.(1232), N(1520), as weIl as .6.(1232)N- I and 

N N-I excitations in the two-pion cloud of the p (which, to leading order in density, 

correspond to t-channel one-pion exchange (OPE) in pro cesses of type 7f N ----+ Î N). 

These contributions should be rather reliable for baryon densities up to at least normal 

nuclear matter density, Po = 0.16 fm-3 , being constrained by photo-absorption spectra 

on nucleons and nuclei [61]. 

Beyond l'V 1 Ge V, mesonic (resonance) states become the dominant source of pho

tons in the many-body approach, which includes radiative decays of w(782), hl (1170), 

al(1260), h(1285), 7f(1300), a2(1320), w(1420), w(1650), K*(892) and K I (1270). In 

particular, the w ----+ 7fÎ decay exhibits an appreciable low-energy strength, consistent 

with the early results of Ref. [49]. Note that aIl hadronic vertices carry (dipole) form 

factors with typical cutoff parameters of around 1 Ge V, as extracted from an optimal 

fit to measured hadronic and radiative branching ratios within VDM [48]; t-channel 

exchange pro cesses between mesons as discussed in Sec. 2.2.4 (e.g., al-exchange in 

7f p ----+ 7fÎ) 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 Ge V and therefore 

do not significantly figure into bulk (low-mass) di lepton production, the latter being 

dominated by (transverse) momenta PT ;:S 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 aIl of the emission rates shown in Figs. 2.6 and 2.8: 

double-counting and coherence. The al 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 7fpal complex. If 
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coherence is unimportant, t-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 t-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 (q + if. -7 9 + ')') and the 

Compton scattering of a quark with a gluon (q + 9 -7 q + ')', if. + 9 -7 if. + ')') 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 q + if. -7 9 + ')' pro cess is [8] 

a qq--+g, _ eJ 7fŒsŒ Ta 2 m m m m d 2 8 {( 2 2)2 2 2 

dt - ( -;-) s(s - 4m2 ) (i,j) t - m 2 + U - m 2 + t - m 2 + U - m 2 

1 (t -m
2 

U - m
2
)} 

- 4" u - m2 + t - m2 ' 
(2.56) 

where m, e J are the mass and charge of the quarks, and Ti~j is the generator of the 

strong interaction (L.i,j,a Ti~j = 4). For Po » m and Po » T, we have that s » m 2 . 

The cross-section is then dominated by the terms with t -7 m 2 and U -7 m 2
. We have 

that t - m2 = -2po(Eq - IptlcosO,q), where Eq, pt are the energy and momentum of 

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

(2.57) 

Thus, for Iptl » m, the angular distribution of 1/(t-m2) is very narrow around O,q = 

0, which implies that If ex: pt. So, the differential cross-section can be approximated 

by 

(2.58) 
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where a(8)qij-+9/ is given by 

aqij-+9/(8) = jdtdaqij-+g-y rv (e f )2 (Ta)247fŒsŒ [ln (~) -1] 
dt e t,J 8 m2 

(2.59) 

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: 

(2.60) 

with 

() (
ef)2( a)227fŒsŒ[ (8) 1] 

a 8 qg-+q-y rv -; Tt,j 8 ln m2 + 2" . (2.61) 

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

given by 

(2.62) 

where JF, JB are respectively the Fermi-Dirac and Bose-Einstein distribution function, 

and the factor (2Ns + 1) is the spin degeneracy. The factor 2 in the second term takes 

care of both qg ---+ q, and gg ---+ g,. After sorne algebric manipulations, the photon 

production rate is finally expressed as 

dR (ef)2T2ŒsŒ [(4PoT) ] 
Po d 3p = ~ -; 47f2 JF(PO) 2ln ---:;;;!2 - C ann - CCom (2.63) 

with C ann = 1.91613 and CCom = 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

thermalloops resummation (HTL), defined latter in Chapter 6, it corresponds to sub

stitute the vacuum mass by the effective thermal mass : m ---+ V2mF = T J 47fŒs/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: 

For massless quarks, the cross-sections have singularities at t = 0 and u = O. Follow

ing Kapusta et al. [49], we can dei ete the region of phase space causing the divergence 

by introducing a regulator kc , such that 

-3 + k~ :::; t :::; -k~, 2 k~ :::; 3 < 00 (2.65) 

while for t > -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 

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- / d4p is from 

Eq. 6.38. The exact results, for kc = V2mF' are shown by the solid lines in Fig. 2.9, 

while the quark-photon conversion are shown by the dashed lines. Then, ab ove Po = 1 

GeV, i.e. in the region where Po » T, we can observe the validity of the quark-photon 

conversion approximation. 

The bremsstrahlung (q + 9 ---+ q + 9 + 'Y) and annihilation (q + il + 9 ---+ 9 + 'Y) 

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 aIl energy below 3 Ge V 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, incl uding al7r pw exchange and the strange 

sector, with consistent form-factors, are an overall factor rv 2 higher that the results 

shown in Ref. [49], for 7rp 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 employa 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 fml c, which relates to the 

initial longitudinal extent of the firecylinder as ~z ~ ~y to with ~y ~ 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 Hne: result from Kapusta et al. [49] for 7fp 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

des. The subsequent volume expansion, VFB(t), is carried through QGP, mixed and 

hadronic phases until "thermal" freezeout at T fo =100-120 MeV, where hadrons cease 

to interact. Cylindrical volume expansion is assumed: 

(2.67) 

with ro = 1.2A 1/3 for central collisions. The parameters vz , az and a.l are adjusted to 

the finally observed fiow velocities. 

The equations of state (EoS) for QGP and HG are modelled via thermal quasipar

tides and a resonance gas (induding about 50 species), respectively. Based on the 

conservation of net baryon-number, NB, 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 /LB-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 (/17r' /1K, 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 specifie entropy, S/NB , is fixed to reproduce observed hadron 

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

dNthermal 1 Ymax ( dR ) 
Po ~3p (PT) = !:::.Y ! dy! dt VFB(t) Po d3p (Po = PTcosh(y - Yo)) , 

Ymm 

(2.68) 

averaged over a rapidity interval, [Ymin, Ymax] according to the experimental coverage 

(!:::.y = Ymax-Ymin)' To incorporate transverse expansion in the spectra, in the thermal 

rest frame isotropie photon momentum distributions are boosted into the laboratory 

(lab) frame using an average of about 70% of the time-dependent transverse (surface) 

expansion velo city 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[/1x/T] factor. For example, the production rate for 'if + 'if ~ P + 'Y 

will be multiplied by exp [2/17r/T] while the production rate for 'if + P ~ 'if + 'Y will 

received a exp[3/17r/T] factor, since the p ~ 'if'if decay gives /1p = 2/17r' 

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-nu cleon 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 Xt = 2PT / J SN N, extracted from fits to data in Ref. [76]. 

For Xt ;:::, 0.1, corresponding to center of mass energy in the nucleon-nucleon system 

J SN N ;S 50 Ge V and photon transverse moment a PT above 2 Ge V, the cross section 

fit (at midrapidity, y=O) reads 

d3aPp (JSNN )3.3 pb 
Po d3; = 575 (PT )9.14 GeV2' (2.69) 

We supplement this with a smooth cutoff for Po ~ 2GeV, where the parametrization 

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

( )

5 
1.25 

F = 1 1 for PT < 2 Ge V , 
+~ 

F = 1 for PT 2:: 2 Ge V (2.70) 

The "regulated" p-p cross-section is now 

d
3
â

PP 
[575 (JSNN )3.3] pb 

Po d3; = F X (PT )9.14 GeV2' (2.71) 

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

b prediets the prompt photon spectrum to be 

dNprampt d 3 âPP 

Po ~3p (b;PT, Y = 0; Vs) = Po d3; ABTAB(b) 

d3App N a, coll 

= Po d3p a~~ (2.72) 

with TAB as the nuclear overlap function, N eall as the number of primordial N-N colli-

sions, and a;~ as the inelastic N-N cross section. The lack of a consistent microscopie 

description of photon production in P-P complicates the task to assess nuclear correc

tions, such as shadowing or intrinsic kT 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 kT 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) kT-smearing to p-A data. The latter is modelled by 

folding the parameterized spectrum over a Gaussian distribution 

f (k ) = 1 -k}/(Llk}) 
1 T 7r(tlk:j,) e . (2.73) 
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Here, fI represents the transverse momentum distribution of an incoming partons, 

and is normalized to 

(2.74) 

The total transverse momentum distribution of a system of two incoming partons 

would be 

(2.75) 

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

dNprompt N d3 âPP -;-t 
Po ~3 (b; PT, Y = 0; Vs) = ~~l f d2kT h(kT )PO-d3 'Y (1 kT - P TI) (2.76) 

P app P 
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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 (~k~)~0.1-0.2 Gey2. 

In principle, there is a third source of photons corresponding to emission after 

initial nuclear impact, but before the formation time Ta (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-initia 

simulations [81]. 

2.7 Results 

2.7.1 SPS 

In this section we compute transverse momentum spectra at midrapidities from 10% 

central Pb(158AGeY)+Pb collisions for which photon spectra have been measured by 

WA98 [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], 7rpK* K gas (within MYM) and w t-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 

za=1.8 fm (corresponding to Ta ~ 1 fm/c and initial temperature Ti = 205 MeY) and 

final temperature Tfo~ 110 MeY reached after a total lifetime of rv 13 fm/co Due 

to transverse expansion, the total hadron gas yield outshines QGP emission at aIl 

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 PT ;S 1 Ge Y; this region is thus intimately 

related to the low-mass (and low-transverse momentum) di lepton 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 WA80 [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 PT:S1GeV is reduced by up to 30%, whereas it is essentially unchanged 

beyond PT':::::.2 GeV, thus reflecting emission close to Tc. 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 PT=2 GeV), 

whereas the low-momentum region is only mildly affected. The critical temperature 

has been set to Tc =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 = Tc. 

10' 10' '\, ,\ 
208Pb(158AGeV)+208Pb ""'\"""\, 208Pb( 158AGeV)+ 208Pb 10' \\ 10° , \ 

',\ 

" '~ 10" 10" '<~ 
10% Central Collisions 1 0% Central Collisions " '", ." '1'~ "~,:, ~~., ç 10" "" 2.35<y<2.95 > 10" '~~~~, 2.35<y<2.95 

',~, Q) 
al ':' ~ Q. " 10,3 "':'~~,~ 10,3 " Hadron Gas c. '.~ '" 

Cl. ~<','~,~ 

~ " , thermal "C ~,~~,,\ 
10~ " , --,.. 10" "', Z " Z 

'0 
, 

"C ----- 'tfo=13fm/c ". "'", 
- in-medHG 

~, 10,5 
~ 

., , " 10,5 ~.~~ .... 0 
. ",.', 't

fo
=9fm/c ',.,'~ t-ch 

+K,K* Cl. ---- 1tpa,+Ol 
',~,>, -.-.-. v =0 't =13fm/c ", 

10" -.-.- QGP (Hoop) 
" 

10" flow ' fo '~, , 
',,:, 

", '\., " ' .... ~, 
0 2 3 4 0 2 3 4 

PT [GeV] PT [GeV] 

Figure 2.12: Integrated photon emission from various thermal sources in an exp an ding fireball model 
for central Pb+ Pb collisions at SPS. Left panel: hadronic emission (T ~ Tc= 175 Me V) from the 
meson gas component (dashed Hne) and the in-medium p spectral function (solid Hne) compared 
to QGP emission (Tc ~ T ~ TF205 MeV) (dashed-dotted Hne). Right panel: Sensitivity of the 
total HG yield to thermal freezeout (long-dashed Hne: Tfo=13 fm/c corresponding to Tfo=106 MeV, 
dotted Hne: Tfo=9 fm/c corresponding to Tfo=135 MeV) and transverse flow (dashed-dotted Hne: 
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 fm/c, the latter im

plying Ti =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 Nf = 2.5 corresponding to a total degeneracy dQGP=(10.5Nf +16)=42 (in 

our default calculations we use dQGP=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 Tc. Implementing such a 

reduction into the entropy density (which is the relevant quantity for the fireball evo

lution) by using dQGP=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 PT ::; 1 GeV, and thus do es 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 Ti =205 MeV, supplemented by prompt (pQCD) photons from 

primordial N-N collisions without any nuclear effects, cf. Fig. 2.14. Up to trans

verse moment a of about 1.5 Ge V 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 PT':::::.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 aU sources discussed here, 

cf. Fig. 2.15. Clearly, when going to (for SPS conditions) rather short formation 

times of TO é:::: 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 WA98 [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. 1[0 or 'Y spectra is that 

(2.77) 

with N=2 [88]. Alternatively, based on a careful analysis of the target (A) depen

den ce 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-N collision number. In this eventuality, N ~ 2. Re

calling that, from Fig. 2.11, (~k~)=0.1-0.2 GeV2 gives a reasonable description of the 

'Y spectra in p-C, (~k~)-values between 0.2 and 0.3 GeV2 seem appropriate for central 

Pb-Pb collisions. One should also note that the pertinent spectral enhancement in 

the PT~3 GeV region amounts to a factor of around 3, which is quite consistent with 

the nuclear enhancement in 1[0 production observed in the same experiment [90]. In 

Fig. 2.16 we have combined the baseline thermal yield (70=1 fmlc, i.e. 1i=205 MeV) 

with 3 values for the nuclear kr-broadening, i.e. (~k~)=O, 0.2 and 0.3 GeV2 . The 

thermal plus Cronin-enhanced pQCD spectra provide good description of the WA98 

data, even with an initial temperature as low as Ti =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 corn mon 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 PT=2.55, 1.7 and 1.55 GeV, 

corresponding to (~k~)=O, 0.2 and 0.3 GeV2 , respectively. Again, this compares weIl 

with the calculation of intermediate-mass dileptons in Ref. [68], where the DreIl-Yan 

contribution was found to exceed the thermal one at MILIL~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, dNchldy. In central Au+Au colli

sions at full RHIC energy (Vs = 200 AGeV) experiments have found [91, 92] about 

a factor of 2 increase as compared to maximum SPS energy (Vs = 17.3 AGe V). Ex

trapolations into the LHC regime (Vs = 5500 AGeV) suggest another factor of up to 

rv4 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. AlI 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. MB :::: 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 

ab ove ), but also requires to evaluate baryonic photon sources with the sum of the 

baryon and antibaryon density. 

Third, the transverse expansion (i.e. flow velo city ) increases by about 20% from 

SPS to RHIC (presumably further at LHC), whereas the total fireballlifetime does 

not appear to change much. The latter, however, is likely to increase at LHC, due 

the significantly larger system sizes towards thermal freezeout. 

AlI 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 

1/2 
Au+Au, s =200A GeV 

in-med HG 
t-ch • - 1tpa1+0l +K,K 

QGP (Tj=370 MeV) 

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, TO = 1/3 fm/c, as used before in di lepton [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::S:1 GeV, the major source are still 

thermal hadrons included in the in-medium p spectral function, whereas the range 

Po 2: 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, sm aller fugacities imply larger temperatures, 

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



2: PRODUCTION OF LOW AND INTERMEDIATE PT PHOTONS 51 

di lepton production in Ref. [69], where it has been found that the net effect consists 

of a slight hardening of the QG P emission spectrum wi th a pi vot point at M ~3 Ge V. 

The prompt photon contribution will be calculated later in Chapter 4, with others 

high-PT reactions. 
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Figure 2.18: Integrated photon emission from various thermal sources in central Pb+Pb collisions 
at the LRe; li ne 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 fmjc (translating into Ti~850 MeV for dNchjdy~3000), 

the QG P domination in the window PT > 1 Ge V 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 PT=l GeV. 

2.8 Summary 

In the present chapter we have attempted an improved evaluation of hadronic ther

mal emission rates for real photons, suit able 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 aIl 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 7fpal 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 sect or 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 Ge V. 

(iii) As the single most important process at high energies we have identified w t

channel exchange in the 7fp -+ 7f, 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 aIl 

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 

kT-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 
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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 (T(~200-240 MeY) and transverse momentum 

broadening ((L1k~)~O.2-0.3 Gey2). 
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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 = J41fas « 1. Particles with momentum of order T, where T is the temperature, 

will be called hard, while particles with momentum of order gsT will be called soft. 

3.1 Photon production through bremsstrahlung and anni-

hilation pro cesses 

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(aas ). The 

bremsstrahlung (q + q(g) --+ q + 1 + q(g)) and annihilation (q + if + q(g) --+ 1 + q(g)) 

reactions are shown in Fig. 3.1. Here, the photons and the incoming quarks and anti

quarks are hard : Ikl «V l]tl «V T. Naïvely, one expect those pro cesses to contribute 

at O(aa;) to the photon production rate. However, when the exchanged gluon is 

soft, I-VI «V gsT, its propagator l/q2 «V l/g;T2 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 

54 
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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: () f"V gs. 

p e 

and 

+ 

Figure 3.1: Bremsstrahlung and annihilation processes. 

The collinearity condition requires that the component of t transverse to the 

incoming quark is O(gsT). In coordinate space, it means that the photon and the 

quark overlap in space over a time interval t F f"V 1/ g;T. 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 aIl 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 pro cess 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, Iqî I"V gsT, their 

propagator must be resummed, as indicated by the dark circles. This resummation 

is performed in the hard thermalloops (RTL) approximation [150]. 

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 Ip + k) (p, kl for bremsstrahlung and Ip, (k - p)) (kl 

for annihilation. They find [96] 

ko dRbrem+anni = L (e f )2 30: 100 dP11 J d2
PT fF(PII + ko)[l - fF(PII)] 

d3k f e 47r2 
-00 27r (27r)2 2[PII(PII + ko)J2 

x [p~ + (Pli + ko)2]Re {2PT . f(PT; Pli, k) } (3.1) 

where Pli and PT are the components of p respectively parallel and perpendicular 

to k. The sections of the Pli integral with Pli > 0, Pli < -ko and -ko < Pli < 0 

correspond respectively to bremsstrahlung from quarks, bremsstrahlung from anti

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

2PT = ù5Ef(PT;PII,ko) + 2; g; J (~2:)2C(qT)T [f(PT;PII,ko) - f(PT - qT;PII,ko)] , 

(3.2) 
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and the energy difference between the initial and the final states is 

bE = P~ + 2m~ ko 
2 PII(ko + Pli) , 

(3.3) 

where V2mp = gsT/V3 is the effective quark thermal mass. Here C(qi-) is the 

differential rate to exchange transverse (to the parton) momentum qi-. In a hot 

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

(3.4) 

where mD 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 

(3.5) 

with 

B(x) = ~ [o.548In(12.28 + l/x) + O.133x 1 
y 2" X

3
/
2 JI + x/16.27 

(3.6) 

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

complete leading order as 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. lndeed, 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 t f rv 1/ g;T. This is pictured in Fig. 3.4, for a 

gluon bremsstrahlung process. The corresponding equation for the gluon production 

rate, from q(p + k) -+ q(p) + g(k) and q(p) + ij(k - p) -+ g(k), is 

dRg g; joo dp J d2h 
ko d3k = 16(2n)3k6 ~ NsdsCs -00 2n (2n)2 fF (p + ko)[l - fF(p)][l + fB(ko)] 

p2 + (p + kO)2 
X 2( k)2 2h· ReF(h,p,ko), (3.7) 

p p+ 0 

where Ns is the spin-antiparticle degeneracy, and ds is the color degeneracy. 

p+k 

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: dr~i~~,k). It represents the probability, 

per unit of time and gluon momentum k, that an initial quark with momentum p 

pro duces a gluon. The gluon production rate can be written in terms of the transition 

rate by: 

k 
dRg _ k dN9 _ "Number of quark, with mom. p k dqg(p, k) 
0- - 0 - ~ X o--'-"---c::-:---

d3k d3kd3xdt p Volume dtd3k 
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(3.8) 

Hence, the transition rate can easily be obtained from Eq. 3.7 (with p --7 P - ka) 

and Eq. 3.8. As the gluon can also scatter into the medium, the other transitions 

9 --7 gg and 9 --7 qq have to be evaluated also. The complete expression for all those 

transition rate turns out to be 

df(p, k) Csg; 1 1 
-----::-':--:---'... = -- x 

dkdt 167rp7 1 ± e-k / T 1 ± e-(p-k)/T 

f 
d2h 

x (27r)22h' Re F(h,p, k), 

l+(1-X)2 
x3(1-x)2 

x 2+(1-x)2 
Nf x2(1-x)2 

l+x4+(1-x)4 
x3(1-x)3 

q --7 qg 

g --7 qq 

9 --7 gg 

x 

(3.9) 

where the gluon energy has been set to k to simplify the notation. Here Cs is the 

quadratic Casimir relevant for the process (in QCD, 4/3 for pro cesses involving a 

quark and 3 for the pure glue process), and x k/p is the momentum fraction in 

the gluon (or the quark, for the case 9 --7 qij). The factors 1/(1 ± e-k / 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(gT2
) 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: 

2h = ù5E(h,p, k)F(h) + g; f ~:fC(q-L) { (Cs - CA/2) [F(h) - F(h-k q-L)] 

+(CA /2)[F(h) - F(h+pq-L)] 

+(CA /2)[F(h) - F(h-(p-k) q-L)] } . 

(3.10) 

The energy difference between the final and the initial states is given by 

h2 m2 m2 m2 

6E(h,p, k) = 2pk(p-k) + 2: + 2(;~~) - 2; , (3.11) 
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where m2 are the medium induced thermal masses, equal to m't/2 for a gluon and 

C f g;T2 /4 = g;T2 /3 for a quark. For the case of 9 ---+ qq, (Cs - CA /2) should appear 

as the prefactor on the term containing F(h - p ql..) rather than F(h - k ql..). 

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 

moment a p less than the factorization energy E fact = f-12 L2 / Xh [97], where f-1 is the 

typical size of the soft momentum exchange, À 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 f-1 ~ 0.5 GeV, L ~ 5 fm and À ~ 1 

fm, this limits the moment a to the region p < 30 GeV. This is not a big problem at 

RHIC energies, where VSNN is only 200 GeV, and it also covers the PT 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 

Pg(p, t = 0) and the hard quark plus antiquark distribution Pqij(p, t = 0) with time, as 

they traverse the medium. The joint equations for Pqij and Pg are 

dPqij(p) = r E-( +k) df3g(p+k, k) _ E-( ) df3g(p, k) + 2~ ( +k) dfgij(p+k, k) 
dt lk qq p dkdt qq P dkdt 9 P dkdt' 

dPg(p) _ r _( )df3g(p+k,p) ( )dfJ'g(p+k, k) 
dt - lk Pqq p+k dkdt +Pg p+k dkdt 

_~ ( ) (dfgij(P, k) + d~~(p, k) 8(2k- )~ 
9 P dkdt dkdt Py , (3.12) 

where the k integrals run from -00 to 00. The integration range with k < 0 represents 

absorption of thermal gluons from the QGP; the range with k > p represents anni

hilation against an antiquark from the QGP, of energy (k-p). In writing Eq. (3.12), 

we used dfffg(p, k) = dfffg(p, p-k) and similarly for 9 ---+ qq; the 8 function in the 

loss term for 9 ---+ 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, Pqq(p) = 6(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 g; or as. 

Wh en evaluating them numerically, we have used as = 0.3, as it is expected for a 

QGP with temperature T t'V 400 MeV [11]. 

The time evolution of the initial quark+antiquark jet distribution 

(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 dNqq / dyd2PT is taken from Eq. 4.48, for RHIC. We 

observe that the PT suppression sc ales 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, PT < 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 Hne. This line has been evaluated in a no-LPM scenario, which correspond 

to solving Eq. 3.10 under the assumption that 6E is much greater than the collision 

term which follow it. While the LPM effect turns out to be small for PT t'V 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 sorne major ways. The biggest 
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T=400MeV 

- t=O fmlc, LPM 
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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 

aIl 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. AlI are calculated completely within the framework of hard 

thermal loop resummed leading order thermal QCD. Henee, gain or loss due to the 

absorption of thermal partons as weIl as the loss proeess of pair annihilations with the 

thermal partons are fully included in our calculation. These are missing in the ap

pro aches mentioned above. In Ref. [98], thermal absorption and stimulated emission 

were introdueed in the framework of GLV. This was done only up to the first order in 

the opacity expansion without including the annihilation proeess 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-PT PHOTONS. 

In this chapter, we use the AMY formalism to calculate the PT 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 (VS = 
AJsNN=200A GeV) and Pb-Pb collisions at the LHC (VS=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 RAA at RHIC, assuming an initial temperature Ti =370 

MeV and a formation time Ti =0.26 fm/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 PT photons. Photons coming from primordial hard N-N scattering 

turn out to be the dominant contribution at RHIC for PT > 5 GeV, while the jet

photon conversion in the plasma dominates for 2 < PT < 4 Ge V, and are thus 

important for reproducing the new data from RHIC. The range 8 < PT < 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 (N N) 

spectrum with geometrical and in-medium factors. 

The production of high-PT particles can by calculated within the factorization 

theorem [99]. The production of a jet (fast parton having rl;t » 1 GeV), at the 

partonic level, imply a timescale rv 1/ rl;t, which is mu ch sm aller than the timescale 

for the fragmentation of this jet into pions. Thus, we can factorize those two pro cesses 

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 Xa = Ea/ EN, is g(xa, Q), where Ea and EN are the parton and 

nucleon energies in the N N center of mass, while Q is the factorization scale. The 

parton distribution function (PDF) is normalized as 

(4.1) 

where the sum runs over flavours. The cross-section for the subprocess a + b ---7 C + d 

is [99] 

1 2 d4pcd4Pd 
daa+b--+jet+d = 4EaEbiVa _ vbIIMa+b--+c+dl (27r)2 

X c5
4 (Pa + Pb - Pc - Pd)c5(p~)c5(p~) (4.2) 

In the factorization limit, all external particles are assumed to be on-shell. The c-jet 

cross-section at the N N level, assuming that the momentum's components of a and 

b, transverse to the beam direction, are negligibles, will be 

da'1fB--+c+x = L J dXa g(xa, Q) J dXb g(Xb, Q)daa+b--+c+d 
a,b 

= L J dXa g(xa, Q) J dXb g(Xb, Q) 
a,b 

S daa+b--+c+d d3pc A A A 

x-Kjet c5(s + t + u). 
7r dt Ec 

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

IMa+b--+c+d 1

2 

167rS2 

(4.3) 

(4.4) 
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with 

The factor K jet accounts for higher order effects. According to [100], K jet is almost 

y,;t independent at RHIC energies. We will use K jet rv 1.7 for RHIC and 1.6 for the 

LHe, based on these results. 

Now, we introduce the pion fragmentation function D7ro/c(z, Q'), which represent 

the probability for ac-jet to fragments into pions. The fragmentation of a jet into 

pions involves small momentum exchange: thus D7ro/c is not calculable in perturbation 

theory, and experimental input is needed. The collinearity of the fragmentation imply 

that the mesons come out rv parallel to the incoming quark, and z = IzY 7rl/lp\1 

represent the fraction momentum transfered to the pion. The pion cross-section 

becomes: 

da~N = L J dXa g(xa, Q) J dXb g(Xb, Q)daa+b-tc+d J dzD7ro/c(z, Q') 
a,b,c,d 

L J dxadxbg(Xa, Q)g(Xb, Q) J dzD7ro/c(z, Q') 
a,b,c,d 

J 
d3p S daa+b--+c+d A 

x EcC;Kjet dt 6(s+t+û) (4.6) 

With the integration elements given by d3pcl Ec = d3p7r 1 E7r 1 Z2 = d2PT dy 1 Z2, the pion 

differential cross-section is 

For all our calculations, we set the factorization scale (Q) and the fragmentation scale 

(Q') equal to PT. We use the CTEQ5 parton distribution function [101], and the 7r 

fragmentation function as extracted from e+e- collisions [102]. 

Fig. 4.1 shows our calculation for the spectrum of high PT 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 ofparticle production (PT> 5 GeV le) [104], while lOW-PT 
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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 N N scattering. This represents a solid baseline result. 

In AB collisions, in the approximation of superposition of independent N N colli

sions, the yield of 7r is given by 

dNAB 
'Ir (Neon) da"itfv 

ain dyd2PT 
(4.8) 

where dafrfv / dyd2PT is the cross-section at the N N level (including initial and final 

state effects), (Neon) is the average number of N N collisions and ain is the total 

inelastic nucleon-nucleon cross-section. The high PT data in AB collisions can be 

characterized by the nuclear modification factor: 

dafrfv / dyd2
pT 

da: N / dyd2PT 
(4.9) 

In the absence of nuclear effect, we get RAB = 1. The signature of a Cronin effect 

would be RAB> 1, while high PT suppression would give RAB < 1. To obtain the 

high PT 7r
0 cross-section in AB collisions, we will modify da"itfv / dyd2PT in sorne ways. 
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First, the PDF of a nucleus differs from that of a proton; 

(4.10) 

where the nuclear modification of the structure function RA takes into account shad

owing and anti-shadowing [105]. In this work, we use RA(xa , 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 y'SNN' 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 coyer only 

the high-PT range of the spectrum, where nucleus-nucleus collisions are expected to 

scale with the number of nucleon-nucleon collisions. At lower PT values, the interfer

ence between differents N N 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 RdA < 1 in this region. For the high-PT range, we see that 

the 1.1-1.2 averaged value of RdA 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 RdA 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: Neutra! pion spectra in d-Au collisions at RHIC, for JSNN = 200 GeV. The data points 
are from PHENIX and the solid line is the calcu!ated resu!t 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 En is estimated to be l'V Rn Err , where Rn l'V Hm is the size of the m rr 

pion. For a 10 GeV pion, this gives 7"1 l'V 35-70 fm/co This is mu ch 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(-va;) 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 c of momentum Pf, the vacuum fragmentation 

function is normalized as 

" (P f / Pi d 0 0 D (0) _ 1 _ P f - Pi _ P f 
L.....; Jo Z Z hic Z - -

h 0 ~ ~ 
(4.11) 

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

fragmentation function 

(4.12) 

where z' / z is a normalization factor, z = PT/Pi, z' = PT/PI and PT is the momentum 

(transverse) of the final hadron h. As we calculate only midrapidity hadrons, we have 

Ipl = PT· lncluding now the distribution of possible final states, this is most conve

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

iJ 1[0/ c ( z, Q, r 1., n) = J d P!: (Pqq / c (P!; Pi 1 d) D 1[0/ q ( z', Q) + Pa / c (P!; Pi 1 d) D 1[0/ 9 ( Z' , Q)) , 

(4.13) 

where Pqq/c(p!;pild) and Pa/c(p!;Pild) 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 c and momentum Pi, after a propagation distance d in 

the hot-medium. This path length is not the same for an 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 an transverse positions r 1. and 

directions n. Since the number of jets at r 1. 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 rl.. For central collisions where the impact parameter b ~ 0, 

we get 

(4.14) 

For a hard sphere which we use for simplicity, this probability is 

P(rl.) = 7r~l (1- ~1) e(Rl.- rl.), (4.15) 

which is normalized to yield J d2r 1. p(r 1.) = 1. Since the direction of the jet is fixed 

by the pion direction (n = ~), the final in-medium modified fragmentation function 

is 

(4.16) 



4: PRODUCTION OF HIGH-PT PHOTONS. 70 

The AA cross-section is now given by 

daPti f daa+b-+c+d D7ro/c(z, Q) 
d d2 = L dxadxb 9A(Xa, Q)9A(Xb, Q)Kjet dt ' 
Y PT a,b,c,d 'Tf Z 

( 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 sim ply 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 PT neutral pion spectrum at RHIC is weIl re

produced by a hydrodynamical model incorporating transverse expansion, while the 

model fails for PT > 3 Ge V, suggesting that high-PT 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 

(4.18) 
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The energy-momentum tensor is 

(4.19) 

E 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 t and z direction 

only: 

u~ = ~: = (~:' 0, 0, ~ ) (4.20) 

where we have defined the proper time T = vt2 - Z2. We now define the space-time 

rapidity: 

'T/ = ~ln (1 + z/t) 
2 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. 

AIso, 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: 

Vz = z/t ( 4.22) 

With this, the space-time rapidity becomes equal to the rapidity: 

'T/ = ~ ln ( 1 + z / t) -t ~ ln (1 + v z) = y . 
2 1 - z/t 2 1 - Vz 

( 4.23) 

This imply that dN/dy, and aIl thermodynamic quantities are also independent of 'T/. 

Eq. 4.18 now simplifies to 

ds 

dT 
S 

T 

where s = (E + P) /T l is the entropy density, and the solution is 

ST = C(r). 

(4.24) 

( 4.25) 

1 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 

inc1uded. The entropy density for a gas of quarks and gluons is [111] 

( 4.26) 

We take the number of quark flavor as Nf "" 2.5 to account for the mass of s quark. 

This gives a QGP degeneracy of gQ = 16 + 21/2 Nf = 42.25. Henee, Eq. 4.25 gives 

the well-known relation 

3 3 1 

T T = Ti Ti = C (r) (4.27) 

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

energy density will goes like f(r~) ex P(rd: 

(4.28) 

The C constant is adjusted by [32, 112] 

gQ7r
2 T/ 1 J 2 C 

fi = 30 = 7r RI d r ~ f (r ~, Ti) = 7r RI . (4.29) 

Then, the initial temperatures in the transverse direction is assigned according to 

_(30CP(r~))1/4_ [( r2 )]1/4 
T(r, Ti) - 2 - Ti 2 1 - R2 

gQ7r ~ 
(4.30) 

Putting Eqs.(4.27) and (4.30) together, we get the temperature evolution of a QGP 

expanding in 1-D as 

1/3 [( 2 ) ]1/4 
T (r, T) = Ti (~) 2 1 - ~I (4.31) 

The jet evolves in the QGP medium until it reaches the surface or until the tem

perature reaches the transition temperature Tc. In our calculation, we assume a 

first-order phase transition. The total entropy density during the mixed phase, which 

begins at Tf and ends at TH, is 

( 4.32) 
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where fQGP 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 (gH = 3), is 

(4.33) 

From Eq. 4.24, we find 

( 4.34) 

Here rd = JlQ is the ratio of the degrees of freedom in the two phases. The gluons 
9H 

production rates are then scaled accordingly for T > Tf : 

df(p, k) f df(p, k) 
dtdk -+ QGP dtdk ( 4.35) 

We take the critical temperature Tc 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 Ti and the temperature are related by [113] 

r.3Ti = 7f2 _l_dN 
t ((3)gQ 7f Ri 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 rv constant in the range f y, with fy > b.y, where b.y 

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 

Tl > b.y/2, is highly suppressed. From ref. [114], dNch/dy for charged particles in 

central Au-Au, turns out to be rv constant, within 5% changes, in the range f y = 2, 

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

momentum PT > 5 GeV, which is b.y < 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 Hnes 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 RAA for pions 

The result of our calculation for RHIC energy is summarized in Fig. 4.3 together 

with the PHENIX data [12]1. To cover the uncertainties in the initial conditions, we 

consider two different sets, one at a relatively high temperature of Ti = 447 MeV and 

a relatively short initial time of Ti = 0.147fmlc taken from Refs. [32, 112], and one 

at a lower temperature Ti = 370 Me V and somewhat later time for the hydrodynamic 

evolution of Ti = 0.26 fml c taken from our study of 10W-PT photons, Chapter 2. Those 

two sets correspond to dN 1 dyly=o rv 1260, estimated for central collisions in Ref. [112J. 

In deriving these results, we have used as = 0.3. If the value is larger then energy loss 

will be greater, so RAA will be smaller; if it is smaller, then RAA increases. Besides 

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

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

the new data (http:j jqm2005.kfkLhu). 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(r.d 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 (rl. = 0). Comparing the dotted line with the solid line, it is apparent that 

the absolute magnitude of the RAA depends very mu ch 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 RA' 

In Fig. 4.3, one can see that both ~ = 447 Me V and Ti = 370 MeV describe 

the real data reasonably weIl. This is somewhat surprising. Since the density of 

thermal particle is proportional to T 3
, the density at 44 7 MeV is about 1.8 times the 

density at 370 MeV. Yet the energy loss does not refiect 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 corn mon curve 

regardless of the initial temperature (cJ. 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 T passes Ti for the 10wer temperature, the 

evolution of the two systems is identical. Therefore, if energy loss at the beginning of 

the evo1ution is small compared to the later time energy loss, the amount of energy 

10ss de pends mostly on the duration of the QGP phase è:::.T = Tf - Ti. Since Tf » Ti, 

the duration of the QGP phase is approximate1y the same for high temperatures. We 

have verified that the energy loss between the times corresponding to Ti = 1000 MeV, 

~ = 447 MeV and Ti = 370 MeV are at most about 10%. 

Since the suppression is mainly controlled by the duration of the evo1ution, the 

suppression shou1d be sensitive to the particle rapidity density dN / 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 Ti = 370 MeV to Ti = 1000 MeV. However, the suppression shows a strong 
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dependence on dN 1 dy; going from dN 1 dy 

suppression by a factor rv 1.5. 

680 to dNldy 1260 increases the 

1~A~u-+-A~u~@--S~1/-2-2~O-O~A--G~e-V~'--~~'--~~ 

o • PHENIX 1[0 

0.8-Central7t (0-10%) - T
j
=1000MeV,dN/dy=1260 

- Tj=447 MeV, dN/dy = 1260 

0.6-
<t: 

- Tj=370MeV, dN/dy = 1260 

~E =~E(r=O) ... T.=1000 MeV, dN/dy = 680-
eff 1 

••• T j=447 MeV, dN/dy = 680 ~<t: 
0.4-

.... T. = 370 MeV d ~/dy = 680 

! ! 1 l -
! !III!I ~ .. :f' .::: :N:::"::: l l l l.:~·. .. .. . 0.2 - ~r ~: .. ~: ~r~. ~:,~,~,~'~ T'~'~=9~=f===i 

-
1 

2 
1 1 1 

468 
PT (GeV/c) 

1 

10 12 

Figure 4.4: Nuclear modification factor for pions at RHIC, taking aIl jets to originate at the center of 
the nucleus. Data points are from PHENIX [12]. The soHd Hnes are for initial conditions which le ad 
to a particle multiplicity of dN 1 dy = 1260 while the dotted Hnes are for initial conditions leading to 
dN 1 dy = 680. For each set of lines, the initial temperature is, from bottom to top, 1000, 447 and 
370 MeV. 

For the LRC, we use the initial temperature from Chapter 2, Ti =845 MeV, giving 

Ti = 0.088 fml c for dN 1 dy rv 5625 [112, 140]. At this energy, jets could in principle be 

produced with energies as high as -JSNNI2 = 2750 GeV. Rowever, 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 RAA of pion with PT ;S 30 GeV, for the LRC, 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 LRC 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 LRe for different cuts on the energy of an 
incoming jet in the QGP. We assume here that aU 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 qij pairs, which subsequently fragment. This is shown by 

the double dot-dashed line, which include only incoming gluons in the QGP. Those 

gluons can pro duce 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 mu ch longer than at RHIC. The 

cooling is governed by the product T3 T ex: 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 do es not. The 
dot-dashed line include only incoming quarks in the QGP, while the double dot-dashed line include 
only incoming gluons. For alllines, 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 QG P and the hadron gas phase 
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will increase RAA by rv 20%. At the LHC, at the critical point, a much larger fraction 

of jets are out of the medium, such that RAA is quite insensitive to assumptions 

related to the transition. Our initial conditions correspond to an initial time sm aller 

than the corn mon value of Ti=0.6 fm/c used in hydrodynamic calculations [116J. We 

have verified that going from Ti=.26 fm/c (Ti = 370 MeV) to 0.6 fm/c (Ti=280 MeV) 

increases RAA by less than 20%. 

In this section, the AMY formalism has been applied to successfully reproduce the 

7r
0 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 7r
0 --+ ',(Y decay. We define by 'prompt photons', the sum of the direct 

and the fragmentation contributions. The expression for prompt photon production 

is 

K, and K brem are correction factors to take into account NLO effects; we evalu

ate them using the approach of Aurenche et al. [117], obtaining K,(lO GeV)rv 1.5 

for RHIC and LHC and Kbrem (10 GeV)rv 1.8 at RHIC and 1.4 at LHC. AU scales 
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(renormalization, factorization and fragmentation) have been set equal to the pho

ton transverse momentum PT. The photon fragmentation function D,le is extracted 

without medium effects in e- + e+ collisions [118]. The validity of this expression 

for PP collisions at Vs = 200A Ge V is shown in the left panel of Fig.4.8 with data 

from PHENIX [119]. It appears clear that the baseline mechanism of high PT photon 

production in nucleon-nucleon collisions is un der 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, (Neou ) 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 weIl reproduced by the same mechanism described 

above, but with shadowing effect included. Note that, as it was for 7f, Cronin effect 

doesn't seem necessary for reproducing data at RHIC. 
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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. AH lines include shadowing effects. 

In AA collisions, there is an addition al source of high PT 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 (q+iJ -+ g+'Y) or a Compton (g+q -+ q+'Y) 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: 

fF -+ fJet/2 + f}et/2 -+ fJ!t/2. We get 

dR _" (e f )2 T
2

o:o:s qij(;;:;-t) [ ( 3E, ) ] 
dyd2PT - 7 -;- 87r2 fjet p, 2ln 7rO:

s
T - C ann - CCom , (4.38) 

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

particles is defined as 

(4.39) 

where Ni is the number of particles i and gi is the spin-color degeneracy. The phase

space distribution function for an incoming jet, assuming a Bjorken 'TJ - Y correla

tion [121], is 

f qij(-t ~ t ) = (27r)3P(r.d dNJ!t !O( _ ) 
Jet ,jJ, 0 d d2 u 'TJ y 

gqTPT Y PT 

_ (27r)3P(rJ.)to PT dNJ!!O( _ ) 
- . / 2 2 E2 d d2 u Zo V z to , 

gqV to - Zo y PT 
(4.40) 

where 'TJ is the space-time rapidity and to is the formation time of the jets, and Zo 

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, !Jet can be factorized into a position-space 

and a momentum-space part: 

f qij(-t ~ t) = (-t t)~ dNJ!(E, t) 
Jet ,jJ , X, E2 dE 

_ (-t _ A P )~ dNJ!t(E, t) 
- X t 1 pI' to E2 dE ' (4.41) 

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

sections (lqij-+g, and (lqg-+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 

f~ij (7 ---;;;} t) 1 = (2n)3P(lwtl)to 1 dNJ!t ( t)6() 
Jet ,1' 'y=o vi 2 2 d d2 PT, ZO, 

9q to - Zo PT Y PT 

y"" 

R...L 

1 /'-. 

1 t 

x 

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

( 4.42) 

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

photon's creation coordinat es are 

x = r(sinljJ x + cosljJ y) , ( 4.43) 

and the propagation direction of the jet, during the time i, is 

( 4.44) 

The jet's initial position is then given by: 

1 wt 1 = IX - dl = 1 rsinljJ x + (rcosljJ - i) yi = vi (r cos ljJ - tF + r2 sin 2 ljJ , 

(4.45) 



4: PRODUCTION OF HIGH-PT PHOTONS. 83 

where cP is the angle in the plane Zo = 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 d~~;T (PT, t). The output of Eq. (3.12) is Pqij(E, t), 

where 

( 4.46) 

In this equation, we got rid of an unimportant phase factor relating dN / dE (sin

gle differentiation) to dN / dyd2pT (triple differentiation). The initial distributions 

Pqq(E, to) and Pg(E, to) are fixed by the initial jet distribution at mid-rapidity: 

dNjet (Neoll ) J daa+b-tjet+d XaXb 
d d2 A = a· L dxag(xa, Q)g(Xb, Q)Kjet(PT) dt 7l"(X - ~eY) 

y PT t=O zn a,b a y'SNN 

(4.4 7) 

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

dNjet 1 a 
2 = K jet ( ) , 

dyd PT i,y=O PT + b e 
( 4.48) 

where PT 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 2.041 x104 1.6 7.872 

RHIC if 39341.45 1.947 8.919 

LHC q 968.7 0.605 5.278 

LHC if 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: 

dN"( ! ! ! ! dR dyd2PT = dTT rdr dcP dry dyd2PT (E"( = PT cosh (y - ry)) 

= ! dt J rdr ! dcP J dz dY~~PT (E"( = PTcosh(yo)). ( 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 Yo = Y - 7]. The space-time rapidity is given by 

7] = ~ ln ( (t + z) / (t - z)). 

High-PT photons are emitted preferentially early during the QGP phase, when 

the temperature is at its highest point. lndeed, explicit hydrodynamic calculations 

show that the nuclear space-time geometry smoothly evolve from 1-D to 3-D [122J. 

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 [122J. For such 

a geometry, specifie calculations [123J suggest that the flow effect on photons and 

dileptons from the QGP is not large at RHIC and LHC for PT > 2 GeV. Assuming 

again a 1-D expansion, we get the production of photons fromjet-medium interactions 

from Eqs. (4.38), (4.42) and (4.49), 

dNJet-th 1 _ = 2 f dt {R.l rdr r d<jJ (27r)3p(lwtl) ~ dNqij (PT, t) 
dyd2PT y-O Jo Jo 9q PT dyd2PT 

~ (e:) 2 T;~~, [2 ln (1f~~) - CM' - Ccom] , (4.50) 

where the temperature T evolves according to Eq. (4.31). The <jJ integration can be 

done as follow: 

,(r, t) = fo7r d<jJP(lwtl) = fo7r d<jJ 7r !i (1 - 1:1) ()(R-L - Iwtl) 

= 107r d",_2_ _ r + t - 2trcos<jJ ()(R2 _ 2 _;'2 2 ~ "') 
( 

2 <2 ~ ) 
'/-' R2 1 R2 -L r t + tr cos,/-, 

o 7r-L -L 

The ()-function leads to three possibles cases. 

(1) r2 + f2 - 2ir > Ri : 
Then we get simply , = O. 

(2) r2 + f2 + 2ir < Ri : 

(4.51) 

(4.52) 
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(3) r2 + f2 - 2tr ~ Ri ~ r2 + f2 + 2tr : 

This imply the foUowing condition on <jJ: 

r 2 + f2 - Ri 
cosA. > cos Uo = A 

'f' - 2tr ( 4.53) 

which gives 

_loua dA. 2 ( r
2 + f2 - 2trcos<jJ) _ 2uo ( r2 + f2) 4tr sin Uo 'Y - 'f'-- 1 - - -- 1 - + --~ 

o ~m m ~m m ~m 
(4.54) 

AU thoses conditions are summarized in the foUowing: 

o 

(4.55) 

for the cases that r2 +f2-2tr > Ri, r2 +f2+2tr < Ri and aU other cases, respectively. 

Then, the final expression for the jet-photon production becomes 

dNJet-th 1 = 
dyd2PT y=o J Io

R.L (2~)3 1 dNqij 
2 dt rdr-- d d2 (PT, t)"((r, t) 

o gq PT Y PT 

'" (e f )2 T2QQs [21 (~) _ C - C ] ~ 8 2 n T ann Corn 
f e ~ ~Qs 

J dNJet-th 1 

= dt dtdyd2PT y=o ( 4.56) 

As before, we assume a first order phase transition beginning at the time Tf and 

ending at TH = rdTf [110]. After Tf we scale the production rate by fQGP (Eq. (4.34)), 

such that 

(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, Qs = 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 mu ch sm aller that the one observed from RAA 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, sorne of the photon rate arises from before, rather than after, the jet has lost 

mu ch energy. 

RHIC 

- .- - no E-Ioss 
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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 Ti = 370 MeV at RHIC and Ti=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 a ex: b3CPjet- P ,) (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 f dtd3x!JQ! = llt (27r)3;3
Nqij

. The Fig. 4.11 
9q p 

shows the ratio (dNt:!~r / dy / d2PT ) / (dNg:~-;~~./ dy / d2PT ), where dNt:!~tth / dy / d2PT 

is obtained with the exact result definition, Eq. 2.66, and dNg:~-;~~./dy/d2PT assumes 

the jet-photon conversion approximation. The effect of the approximate cross-section 

is to boost photon toward higher PT values, as photon get 100% of the jet's energy, 

while for the exact calculation, photons are emitted with a sm aller fraction of the 

jet's energy, giving a ratio greater that one in the intermediate PT region. From 

Fig. 4.11, the error related to using the approximated cross-section, for RHIC condi

tions (T rv 400 MeV), is found to be less than rv 25% for 2 < PT < 6 GeV, but the 

error increases for higher values of PT. Fortunately, as we will see in the results sec

tion, the jet-photon conversion contributes to the photon yield mainly at intermediate 

PT, 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 PT 
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values is less important for incoming thermal partons. 1 have verified that for the 

LHe, (T rv 800 MeV), the range of validity of the approximated cross-section, within 

30%, is 7 < PT < 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 drq---tqf(p, k)/dkdt follows 
2 

the same expression as drQ---tq9 (p, k)/dkdt in Eq. (3.9), but with Cs -+ ~, CA -+ 0, 

m, = 0 and g; -+ e2
. The photon bremsstrahlung distribution is given by 

dP,(p, t) = ! dk R-( k) drq---tqf(p+k,p) 
dt qq P + dkdt . (4.58) 

It is assumed here that the photon production rate is perturbative, so that the quark 

plus anti-quark distribution Pqq 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, 

dNjet-br 1 - 1 dNjet-br - ~ J d2 P( )P ( d) 
d d2 y=o - n( ) d - r..l r..l , PT, , 
Y PT PTH Y = 0 PT PT 

(4.59) 

where r..l is the position where the jet has been created, and d = d(r..l) is the distance 

crossed by the jet in the plasma. The factor O(y = 0) corresponds to a dcjJ and a dy 

integration around the transverse plane Zo = O. This factor can be absorbed in the 

definition of the initial distribution Pqq(PT, 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 pro duces 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 pro cess is however the dominant lll

medium mechanism when the incoming particle is thermal [66J. This is because ther

mal particle distribution function is mu ch steeper than for jets, implying that pro cess 

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 fq(E + llE), the annihilation contribution involves fq(E - llE). Since 

the thermal distribution is steep, i.e. fq(E + llE) « fq(E - llE), the bremsstrahlung 

contribution will be suppressed. 

Recently, Zakharov has also considered bremsstrahlung emission of photons from 

jets [124J. 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 cornes 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 

dRth- th _ '" (e f )2 T
2

ŒŒsf ( h) [21 (3PTCOShYo ) _ c - C 
d d2 - ~ 4 2 F PT cos Yo il T ann Com 

Yo PT f e 1f 1fŒs 

+ 4B (PT C;hYo
) 1 

(4.60) 

with B(x) 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 _ ! d ! d2 ! d dRth - th ( - _ ) 
d d2 - 'T 'T X -L 'TJ d d2 Yo - Y 'TJ 
Y PT Yo PT 

l Tf {R..L r1max dRth - th 
=27r d'T'TJo drrJ_ d'TJ d d2 (YO=Y-'TJ)· 

Ti 0 -TJmax Yo PT 
(4.61) 

The limit of integration 'TJmax is given by 

- -ln z 1 (1 + vmax
) 

'TJmax - 2 1 - v~ax (4.62) 

where the maximum speed in the longitudinal direction is 

max PN p!m~ 
V z = Vprojectile = -E = 1 - --. 

N SNN 
(4.63) 

EN,PN and mN are respectively the energy, momentum and mass of an incoming 

nucleon in the nucleus-nucleus center of mass. For RHIC, Vs = 200A GeV, this gives 

'TJmax = 5.36, while for LHC, Vs = 5.5A TeV, this gives 'TJmax = 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 i =370 MeV at RHIC and T i =845 MeV at the LHC. 

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

baIl model [69J used for lOW-PT photons in Chapter 2 is compared to the 1-D Bjorken 
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expansion used in this chapter, for the same initiaIs conditions (Ti, Ti). 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,-prompt _ dO",-prompt (Neon) 
dyd2PT dyd2PT O"in 

(4.64) 

where we take the values (Neon) = 975, O"in = 40 mb for RHIC [29] and (Neon) = 1670, 

O"in = 72 mb for the LHC [125]. daJ;J;;;pt is 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 7r0 --+ "(. 

The preequilibrium contribution of photons, corresponding to photons emitted 

after the transit time of the two nuclei but before thermalization time, is not explicitly 

inc1uded in this work. However, a rough estimate might be had by choosing a sm aller 

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 cornes from the decay 

7r
0 --+ "("(. This is given by [126] 

dN7r-+n dN7r dP ( ) 
,-BG _ J d 7r d2 7r P7r --+ P, 

dyd2PT - Y PT dy7r d2p?J. dyd2PT 
(4.65) 

AlI 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 d ~~; " : 
y PT 

(Neoll ) dO"~~ 
O"in dyd2PT 

( 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(pn: -+ Pl') _ 6(EJm - T) 
dyd2PT 271" EJm 

(4.67) 

normalized to 

J d d2 dP(pn: -+ Pl') = 2 
YPT dd2 • 

Y PT 
( 4.68) 

We can express the photon energy in the pion center-of-mass frame, EJm' in terms of 

O,En: and PT, which are respectively the angle between ri n: and ri l' in the laboratory 

frame, and the pion and photon's energies in that frame. We get rlJm from a boost 

f3 = 1 ri n: 1/ En: in the pion direction ?TIl : 

~l' _ . 0 A (cosO - f3) A 

jJ cm - PTsm 71"1- + PT VI _ f32 71"11 (4.69) 

giving 

E l' _ I~l' 1 _ . 20 (En: cos 0 - Pn:)2 
cm - jJ cm - PT sm + 2 

mn: 

(4.70) 

Using the relation 

(4.71) 

(4.72) 

where the Jacobian is 

(4.73) 
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The pion momentum P7r is solution of 

(4.74) 

which gives: 

(4.75) 

The lower bound of the cosine integration is given by 

1 - 4p~(1 - cos2
1 . )/m; = 0 -+ coslmin = JI _ m; . 
mm 4PT 

(4.76) 

The'ljJ dependence in Eq. 4.72 is included in the pion rapidity y7r. However, for high

PT photons, coslmin rv 1, such that y7r = Y = 0, and the 'l/J integration gives a factor 

27r. Thus, we obtain 

dN7r~'Y'Y 1 dN7r p2 

'Y-BG = 2 r dcos{} (P7r' y) 7r 
dyd2PT } coslmin dy7r d2Pr PT Ip7r - E7rcos(} 1 

(4.77) 

To have a more complete picture of the photon background, we can also include 

the TJ contribution: TJ -+ "( + "(. With the TJ branching ratio p1~'Y'Y /P1 rv 40% [127J 

and its relative yield NTf / N7r
Q 

rv 0.5 [128], the total photon-background contribution 

becomes 

(4.78) 

4.2.5 Results 

The contributions to high PT 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 RRIC and the LRC. The energy 
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loss is included in all pro cesses involving jets. Prompt photons have been split into a 

primary hard direct component (N-N) and a fragmentation component (jet-frag.). All 

those pro cesses, 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 PT 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 PT spectrum down to rv 4 GeV. A few reasons explain 

this difference. The jet energy loss is included here; the constants C ann and CCom 

appearing in Eq. (4.38) have been set equal to 1.916 in Ref. [32J; the K jet factor in 

the original publication is larger than ours: K jet = 2.5 is used for both RHIC and 

the LHC while we use K jet = 1.7 for RHIC and 1.6 for LHC. Finally, no Ky factor 

has been used for the primary hard direct contribution in Ref. [32J. 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 PT 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 lin es ) 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: (Ti = 447 

MeV, Ti=0.147 fm/c),(7i = 370 MeV, Ti=0.26 fm/c) and (Ti = 280 MeV, Ti=0.6 

fm/c). As the high-PT photons are produced early in the collision, they may be 

affected by the choice of initial conditions. However, the high-PT region is dominated 

by jet-therm pro cesses, which are weakly sensitive to (Ti, Ti), since the jet distribution 

function !Jet has a weak temperature dependence. We see that going from Ti=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-PT photons at mid-rapidity in central Au-Au collisions at 
RHIC (left panel) and Pb-Pb collisions at the LHC (right panel). Solid Hne: jet-photon conversion in 
the plasma; dotted Hne: bremsstrahlung from jets in the plasma; short dashed Hne: thermal induced 
production of photons; long dashed line: fragmentation of jets out si de the plasma; and dot-dashed 
Hne: 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, (Ti = 447 MeV,Ti=0.147 fm/c); dashed line, (Ti = 370 MeV,Ti=0.26 fm/c); and dot-dashed 
line, (Ti = 280 MeV,Ti=O.6 fm/c). 

fm/c to Ti=0.26 fm/c increases the photon production in the QGP phase by less 

that a factor 2; this addition al contribution could be interpreted in sorne 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 Ti = 370 MeV and Ti=0.26 fm/co For a 

better comparison with data, we have extended our calculation down to PT=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. Wh en 

the jet-photon conversion is not included (dot-dashed line) , the total photon pro

duction is reduced by up to 45 %, around PT = 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 aIl pro cesses 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 
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double dot-dashed line, prompt contribution; dotted line, hadron gas contribution; and the solid 
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specially the jet-thermal process, is very important for PT < 6 GeV. However, those 

data contain large error bars which prevent a strong daim 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 PT =6 GeV. The range 2 < PT < 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 pro duces an error sm aller 

than 25% (see Fig. 4.11). Finally, below PT = 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 PT, for the centrality class 0-20%. 

Very recent intermediate PT photons data have been presented by PHENIX, in 

the centrality dass 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 daim that, 

according to our calculations, a contribution from the QGP is necessary to reproduce 

the experimental measurements, since only the line induding 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 rv 3 around PT=3 Ge V (dot-dashed line). 

Our prediction for the LRC is shown in Fig. 4.18. The signature of the QGP phase 

is mu ch st ronger than at RRIC, increasing the photon yield, relatively to pp scaled 

to Pb-Pb collision, by one order of magnitude around PT = 3 GeV, where the hadron 

gas contribution turns out to be negligible. 

,.....-, 10° 
C'I 

'> 10.1 

(!.) 

y =0 
'Y 

Pb+Pb atLHC 
0- 10 % Central 

d 10.2 \ 
......... \ 'il 

\ . 
.... 'il • - prompt+QGP+HG 

. _. - prompt+QGP (no jet-th) + HG .... ". 
.... " v, - - prompt (no E-loss) ". "1> 

'~ """..,:: 
''liiil. 

T.=845 MeV 
1 

Figure 4.18: Production of photons at the LHC. Same Hne description that for the top panel of 
Fig. 4.16. 

An interesting way to visualize the in-medium effect is to plot the nudear modi

fication factor RAA for photons, as we did for pions (see Eq. 4.9). In the absence of 

medium effects, we expect to have RAA rvl. We can see however from Fig. 4.19 that 

RAA is much greater than 1, especially when the jet-photon conversion is induded, 

reaching a factor 4 for RRIC around PT =2 GeV, and more that a factor 10 at the 

LRC. 

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

ground photons 

dd~l-dBG + L: aIl other sources 
/ 

PT Y 
'l'Total 'l'BG = -----'~"-----;d=Nl---B-G----

d2 pTdy 
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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 pro cess but the dashed lines don't. 

(4.79) 

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 < PT < 9 GeV. 

Without the thermal contributions, the resulting line (dot-dashed) does not overlap 

at aU 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 pro cess as we have seen in Fig. 4.14. We also show the weak effect 

of the initial temperature. The ratio "(Total/ "(BG at Ti = 447 Me V is only enhanced by 

l'V 5% relatively to the result at 7i=370 MeV. FinaUy at the LHC (right panel), the 

thermal contribution is also visible: including the photons from the thermal phase 

enhances the calculation by l'V 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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calculations have been confronted with available data from RHIC and turn out to be 

in good agreement. These results reinforce the idea that high PT 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 ~ =370 MeV and a formation time Ti=0.26 fm/c, corresponding 

to dN/dy=1260. Those parameters are consistent with the analysis in Chapter 2. 

R AA has shown a large dN / dy dependence, but a weak dependence on the initial 

temperature Ti (provided the starting time Ti is changed to keep dN / dy constant). 

The calculation included the nuclear geometry; assuming that aH jets are produced 

at the center overestimates the suppression by f"'o.J 50%. 

We have also computed the production of high PT 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 isotropie around the beam axis. 

We show that a sizeable azimuthal asymmetry, characterized by a coefficient V2, 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 'if /2 with respect to that 

associated with the elliptic anisotropy of hadrons, leading to negative values of V2. 

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 pro cesses 

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

TA(?~J = J dZa PA(?~, za) (5.1) 

where PA is the nu cleon density. The thickness function is normalized to 

J d?~TA(?~) = J d3
x PA(?t) = A (5.2) 

102 



5: NON-CENTRAL RELATIVISTIC HEAVY ION COLLISIONS 103 

For a collision A - B at an impact parameter b, the overlap function of the nuclei is 

(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-nu cleon collisions at b is simply given by 

(5.4) 

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

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

the number of combinat ions of having one nucleon scattering n-times. (T~~b) (Jin) n 

gives the probability for the nucleon to scatter n-times, where (Jin is the inelastic 

nucleon-nucleon cross-section, and (1 - T~~b) (Jin) AB-n 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 

( 
TAB(b) )AB 

t(b) = 1 - AB (Jin (5.6) 

Since, we must have P(b) + t(b) = 1, we can write the differential cross-section as 

d(J AB TAB (b ) 
( )

AB 
d2b (b) = P(b) = 1 - t(b) = 1 - 1 - AB (Jin (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 bx < b < by, are included in a x - y% 

centrality class, where bx and by are solutions of: 

rbx(y) d2 b ~ 
x( )01 _ JO d2b 

Y 10 - rOOd2b~ . 
JO d2b 

(5.8) 
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Assuming that an inelastic nucleon-nucleon collision happens, the probability to emit 

a prompt photon is given by the ratio (J,-prompt! (Jin, where the prompt photon cross

section is given by 

J 2 d(J,-prompt ( ) 
(J,-prompt = dy d PT dyd2PT 5.9 

and d(J,-prompt! dyd2PT is given in Eq. 4.37. Wh en particles are produced at midra

pidity with a large PT, we can assume that a nucleus-nucleus collision represents an 

addition of nucleon-nu cleon 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 N N collisions times the probability to emit a prompt 

photon: 

( ) ( ) (J,-prompt ( ) 
N,-prompt b = n b = TAB b (J,-prompt 

(Jin 
(5.10) 

It follows that 

(5.11) 

Note than d(J,-prompt! dyd2PT gets an impact parameter dependence when final state 

effects are present. The averaged number of photons emitted in a centrality class 

x - y% is given by 

dN ,\,b~ dN]-prompt (b) J d2b C(b) dN]-prompt (b) 
,-prompt _ wb_b", dyd2PT _ <" dyd2 pT 

dyd2PT L:~~b", P(b) J d2bç(b)d~~bB (b) 
(5.12) 

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

6. For an uniform distribution of impact parameter, ç is constant. This gives 

dN rby db b dN]-prompt (b) rby db b T (b) da]-promPt (b) 
,-prompt _ Jb", dyd2PT _ Jb", AB dyd2 pT 

dyd2PT rby db b ~ (b) rby db b ~ (b) Jb", d2b Jb", d2b 
(5.13) 

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

sorne averaged impact parameter between bx and by and factorized from the integral: 

dN da]-promvt (b) rby db b T (b) 
,-prompt dyd2PT Jb", AB 

dyd2PT rby db b ~ (b) Jb", d2b 

(Neoll ) d(J,-prompt (b) (5.14) 
(Jin dyd2PT 
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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 

N _ Ji: dbbTAB(b)CJin _ Ji: dbbn(b) 
( coll) - rby db b ~(b) - rby db b ~(b) . 

Jb x d2 b Jbx d2 b 

(5.15) 

Now, as we did in Chapter 4, we have to include the energy suppression of the 

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, (J), and propagates thereafter in the hot matter in the direction cP, relatively to 

the x-axis. The jet will suifer the suppression induced by the medium, during an 

amount of time t x , 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: 

(5.16) 
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The maximum radial distance from the center, r max, depends on the angle 0: 

(5.17) 

We also need to evaluate the initial radial distribution of jets P(r~). Assuming a 

uniform distribution of nucleons Po in the nucleus, the number of nucleons, per unit 

area, at a transverse distance r from the center of the nucleus is 

(5.18) 

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

(5.19) 

where the normalization factor C is fixed by 

{27r (Tmax 

Jo dOJo drrP(r~,b)=l. (5.20) 

In the limit b = 0, it reproduces the radial distribution from Eq. 4.15. Finally, to do 

the calculations, we need to evaluate TAB(b). We could start with a nucleon density PA 

and evaluate the thickness function TA 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 TAB , 

given by Wong in Ref. [65]: 

(5.21) 

with 

r 2 A 2/3 r 2 B 2/ 3 

{32 = 0.682 + ° + --=0'----_ 
3 3 

(5.22) 

and ro ",,0.97 fm. This gives a good reproduction of the (Neall ) values calculated in 

Ref. [125]. 
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5.1.2 Thermal pro cesses 

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 fiow during the QGP phase. For peripheral collisions, 

there is, in addition to transverse fiow, an elliptic fiow [122J. But again, this elliptic 

flow will take sorne time to develop, so that its effect on the early QG P 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 

(5.23) 

The initial energy density is given by 

(5.24) 

with 

(5.25) 

where A.t is the surface are a of the interacting zone, in the transverse plane (see 

Fig. 5.1): 

(5.26) 

At thermalization, the averaged energy density is [111 J 

(5.27) 

It follows that 

(5.28) 
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The initial conditions are fixed by Eq. 4.36, extrapolated to non-central collisions: 

3 71"2 1 dN 
Ti(b) Ti = ((3)gQ Adb) dy(b) (5.29) 

where the particle radidity densities dN / dy are obtained from Ref. [92] for different 

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

time integration: 

dN thermal 1 1027r Iormax (b) fT/max dR d'Y-d2 (b)= dTT dB drr d7]d d2 (E=PTcosh(y-7])). 
y PT Ti 0 0 -T/max y PT 

(5.30) 

The average over impact parameters is done as before: 

dN rby db b dNtbermal (b) 'Y-thermal Jbx dyd2PT 

dyd2PT rby db b ~ (b) 
Jbx d2 b 

(5.31) 

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

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

(5.32) 

5.2 Pion and photon yields 

The nuclear modification factor of pions at RHIC, as been evaluated in Fig. 5.2, for 

peripheral collisions. RAA, for centrality class x - y%, is calculated by 

R
AA 

= O"inJ~7r dcjJdN:A/dyd2PT = J:: dbb J~7r dcjJTAB (b)dO"'iv1v/dyd2PT 

(Neou ) Jo
27r 

dcjJdO";;N /dy/d2PT 271"dO";;N /dy/d2PT J:: dbbTAA(b) 

(5.33) 

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, Ti = 0.26 fm/c, corresponding to the value taken 

for central collisions at RHIC in Chapter 4. The initiaIs temperatures are fixed by 

Eq. 5.29. The corresponding initiaIs temperatures are respectively Ti =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 [12J even though the errors bars are large. It is important to notice that the 

free parameter of the AMY formalism is as. In this thesis, we take as = 0.3, but 

the sensibility of AMY to as is shown in Fig. 5.2. As the gluon bremsstrahlung rate 

goes like a;, the jet suppression and RA~ 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-PT region is dominated by 

the primary hard direct contribution coming from initial N N scatterings. Since, this 

is a non-thermal process, as is rather determined by 

127r 
(5.34) 

where the momentum scale Q has been set to PT, N j =3 and the QCD scale A rv 200 

MeV. AIso, the region 2 < PT < 4 GeV is dominated at RHIC, by the jet-photon 

conversion. Increase as increases the jet-photon production rate, but also enhances 

the suppression of the jets distribution function rH prior they pro duce photons, so 

that those two opposite effects almost cancel. Finally, the thermally-induced radiation 

from the QGP depends of course on as, but they are subdominant in the high-PT 

range. 

Our photon yield calculations, for non-central Au-Au collisions, are shown in 

Fig. 5.3 along with PHENIX data [129J. Each contributions are averaged over impact 

parameter according to Eqs. 5.13 and 5.31. The solid lines, include aIl pro cesses dis

cussed in Chapter 4, after background subtraction, while the dashed lines represent 

the N N 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 PT < 4 Ge V, the solid lines stand 

ab ove the dashed lines, implying a non-negligible QGP contribution, according to our 

calculations. For more central collisions, including the QG P enhances the result by 

a factor rv3 around PT =2 GeV, while this factor reduced to rv 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, O:s=O.3; dashed lines, O:s=O.34. 

collisions. Since the initial temperature decreases with increasing impact parameter, 

the cooling is faster and the expected lifetime of the QG P phase is smaller, for more 

peripheral collisions, so that the QGP contribution and the PT suppression become 

smaller. Finally, the ratios of aIl photons over aIl 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 I-D Bjorken 

expansion, extrapolated to non-central collisions, can correctly describe high PT 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 aIl photon sources after background subtraction, while the dashed lines represent N N 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-PT, and a simple optical-depth argument 

for intermediate- to high-PT 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 anisotropie pressure gradient which is larger where 

the material is thinner, Le. in the reaction plane, in a direction parallel to the impact 

parameter (in the x-direction, see Fig. 5.1). This in turn translates into a larger flow 
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Figure 5.4: Ratio of aH photons over aH 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 Vk defined from the particle yield dN / PTdpTdcjJ, a function of period 21l", 

as 

dN dN [ 1 d d dcjJ = d d 1 + L 2Vk(PT, y) cos(kcjJ) 
PT PT Y 21l"PT PT Y k 

(5.35) 

with the coefficients Vk given by 

v ( ) _ It
r 

dcjJ coskcjJ dN / dyd2PT 
k PT, Y - Ig1r dcjJ dN / dyd2PT 

(5.36) 

The angle cjJ is defined with respect to the reaction plane (see Fig. 5.1). At midrapidity 

aIl odd coefficients vanish for symmetry reasons, leaving the coefficient V2 to be the 

most important one. We average over the impact parameter belonging to the x - y% 

centrality class, in the following way [133] 

v ( )1 _ I:: dbb I021r dcjJcos2cjJdN/dy/d2PT(b)· 
2 PT,y x-y - I:: dbb Ig1r dcjJdN/dyd2PT(b) 

(5.37) 
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The size of V2 determines the ellipsoidal shape of the anisotropy. From what was 

said above it is clear that the elliptic anisotropy coefficient V2 is always positive for 

hadrons at low and intermediate PT 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 PT emitted into this 

direction. This implies that the "optical V2" for hadrons is also positive. RHIC 

measurements [134] of pion and kaon V2, for the centrality class 0 - 20%, 20 - 40% and 

40 - 60% are shown in Fig. 5.5. The data coyer however only the low to intermediate 

PT region, which can be explained by recombination models [132]. Our calculations, 

however, include only jet-fragmentation, so that our results are only reliable above 

PT = 4-5 GeV. There is no overlap between data and our calculations, but a naive 

extrapolation of the data toward high-PT values would suggest sorne agreement with 

our results. Fig. 5.5 shows also the effect of as on V2. It appears that V2 follows also 

a a; scaling: increasing as to a: will increase the suppression, and V2, by rv (a:/as)2. 

5.3.2 Photon V2 

In this section, we discuss the elliptic anisotropy of direct photons. We concentrate on 

intermediate and high PT and argue that sorne of the pro cesses 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 sorne 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 

'if /2. Correspondingly, V2 is negative in this case. 

Let us now discuss the different contributions to the photon spectrum and their 

expected V2 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 7f and K mesons in Au-Au collisions at RHIC, for different centrality 
class. Solid lines, 0:8 =0.3; dashed lines, 0: 8 =0.34. 

pro cesses a + b ---t 1 + c, see Eq. 4.37, are produced symmetrically with 

(5.38) 

Here aa+b-+'Y+c is the cross section between partons and fa/A is the parton distribution 

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 st art 

to propagate through the plasma. This is the optical mechanism that leads to positive 

V2 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 
dNjel- frag dN f ( cjJ) 1 

d dcjJ = L dE (8) Df-+'Y(Z,PT) 
PT PT f E=PT/z 

(5.39) 
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where dNf (cp) / dE is the distribution of jet partons of kind f with energy E leaving 

the fireball in the direction given by the angle cp. 

The thermal photon emission from the plasma is not prone to any optical effects, 

but the emitting matter might experienee an anisotropie hydrodynamic push. How

ever, we neglect this here for two reasons. First, we are only interested in intermediate 

and large PT > 3 GeV /e, 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 PT > 3 Ge V / c are emitted within the 

first 1 fm/c, where the expansion is purely longitudinal [122, 123J and where the time 

is not sufficient to effectively convert the spatial asymmetry into a fiow anisotropy 

[135J. 

The interaction of jets with the medium can produee photons in different ways. 

In the jet-photon conversion, discussed in Chapter 4, the entire momentum of the 

jet is transfered to the photon, PI >:::: Pjet. It is clear that an anisotropy in cp is 

introdueed 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-indueed bremsstrahlung 

(jet + q(g) -+ jet + q(g) + ,) increases with the path length of the jet. Henee 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 (Vs = 200A GeV). Photon spectra at midrapidity with their depen

denee on the azimuthal angle cp are calculated as described above for three different 

eentrality classes. Our initial temperatures, fixed with initial time Ti = 0.26 fm/c, 
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are T i =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. 

•• N-N + jet-frag. 
- direct y 
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Figure 5.6: V2 as a function of PT for Au+Au collisions at RHIC. Three different centrality bins are 
shown. The dotted 1ines shows V2 for primary hard photons and jet fragmentation on1y, and the 
solid line includes aH direct photons. Energy 10ss is included in both calcu1ations. The dashed 1ine 
is the same as the solid line but without energy 10ss of jets taken into account. 

Fig. 5.6 shows V2 of midrapidity photons, as a function of PT 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 V2 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 V2 for induced bremsstrahlung and jet

photon conversion is indeed negative. Together they are able to overcome the positive 

V2 from fragmentation, leading to an overall negative elliptic anisotropy for direct 

photons at not too large PT. Only ab ove 8 GeV je the V2 of direct photons would 

become positive again, because the yield of photons from fragmentation is dominating 
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over induced bremsstrahlung and jet-photon conversion, see Fig. 4.14. The dashed 

lines in Fig. 5.6 show the V2 for direct photons with no jet energy loss included. In 

this case, fragmentation photons do not exhibit an anisotropy and V2 is only due 

to jet-photon conversion. V2 measurements with sufficient accuracy could therefore 

constrain models for jet energy loss. We also verified the dependence of V2 on the 

temperature of the medium, by varying the initial temperature Ti with Ti~3 kept 

constant. The resulting changes are small : a change in Ti of 40% generates a shift 

in V2 of less than 20%. 

-0.053 4 5 6 7 8 3 4 5 6 7 8 3 4 5 6 7 8 
PT (GeV/c) PT (GeV/c) PT (GeV/c) 

Figure 5.7: V2 as a function of PT 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 Hne includes jet-photon conversion, primary hard and thermal photons. The dotted Hne add 
the background from neutral mes ons decays to the sum of aH other sources of photons discussed 
here, while the dot-dashed line do the same, but for 0: 8 =0.34 rather that O:s=0.3. Data for inclusive 
photons are from PHENIX [137]. 

The absolute size of V2 is not large. It is about 2-3% for the 20-40% centrality bin 

around PT = 4 GeV je and up to 5% for the more peripheral bin. Dilution of the signal 

by the isotropie primary and thermal pro cesses and partial cancellations between the 

optical and reverse optical mechanisms are reasons for this. In Fig. 5.7 we show sorne 

V2 signaIs that might be detectable at RHIC in the near future. We show the elliptic 

anisotropy for photons before background su btraction (dotted lines). In this case 



5: NON-CENTRAL RELATIVISTIC HEAVY ION COLLISIONS 118 

the V2 signal is dominated by contributions from decaying 7r
0 and TJ hadrons. The 

resulting V2 is positive and larger in magnitude. Only fragmentation of hadrons has 

again been included, so that the contribution at low to intermediate PT is not shown, 

where production of hadrons through recombination is likely to dominate, or to have 

a non-negligible contribution, and willlead to larger values of hadronic V2 [132] (see 

Ref. [136] for calculations of inclusive photon V2, including decay of recombined pions 

as well). The effect of as is also studied in Fig. 5.7, for the inclusive photon V2: higher 

values of as pro duce 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 

PT >3 GeV are shown in Fig. 5.7. There is no overlap in PT between data, stopping 

at PT rv 4.5 GeV, and our calculations, but at least, a naive extrapolation of the data 

toward higher PT 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) , aH 
photons after background subtraction (dashed line) , and jet-photon conversion, thermal and primary 
hard photons (dot-dashed line) at the LRe, 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 smaU solid angle around cjJ, jet and photon with high PT. 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 

pro cesses only. They contribute with different signs and one notes a characteristic 

change of sign from negative values at low PT to larger positive values, up to 5%, 

at large PT, where fragmentation dominates. The dash-dotted line shows the V2 of 

aU isolated direct photon pro cesses , including primary, thermal and jet-photon con

version. Only jet-photon conversion gives a (reverse) optical anisotropy, so that the 

resulting V2 is relatively large and negative. 

As we have discussed already, the Bjorken I-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 coefficient V2 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%, V2 of inclusive photons reaches almost 5% (dotted line), 

while V2 for photons not associated with jets (dot-dashed line) , is t'V -1.8% around 

PT =6 GeV. 

5.4 Conclusion 

To summarize, we present the first calculation of the lowest order azimuthal asymme

try coefficient V2 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 V2. 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 PT. The V2 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 PT dependence for V2. The ar

guments presented here for direct photons immediately apply to the production of 

lepton pairs as weIl. Dileptons from annihilation of jets in the medium and from 

medium-induced virtual photon bremsstrahlung should also exhibit negative V2' 



6 

HIGH-PT DILEPTON PRODUCTION 

We calculate the emission ofhigh momentum lepton pairs in central Au+Au collisions 

at RHIC (VSNN =200 GeV) and Pb+Pb collisions at the LHC (VSNN =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 rv 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 pro cess [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 [112J 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 + 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 (Db ----t e+e-X) 

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

(nO ----t ,e+e-, w ----t nOe+e-) at low mass M :S 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. [144J. 

In Ref. [112J 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 pro cess 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, 13J and through the disappearance of back-to-back 

correlations of high PT hadrons [14J. 

In this chapter we revisit the leading order dilepton production from jets [149J 

and we explore the effect of energy loss. The dominant mechanism for jet energy 

loss is induced gluon bremsstrahlung [19, 20J. 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 infiu

enced by the choice of the cutoff p;t. 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 T, and soft momenta, on the order 
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of gsT, where gs 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 (RTL) resummation technique developed in 

Rer. [145J. This technique has been used thereafter in Refs. [146, 147, 148J 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 III 

Sec. 6.3 in the framework of relativistic kinetic theory. In Sec. 6.4, we include these 

dilepton production rates into a I-D expanding QGP, and in Sec. 6.4.3, we turn to 

the Drell-Yan pro cess 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 nnite-temperature neld 

theory 

6.2.1 Derivation of the production rate expression 

The probability for a transition from an initial state 1 to a final state F, plus a lepton 

pair e+e-, with PI = PF + P+ + P-, is [33J 

(6.1) 

In quantum field theory, it can be written as a time ordered product [8]: 

(6.2) 

where (Fe+e-)o and 10 are assympotic states, eigenstates of the unperturbed La

grangian. The interaction Ramiltonian is given by 

(6.3) 
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J1ep and Jhad are the leptonic and hadronic current densities, while AIL is the electro

magnetic field. We get 

8[F = I( (Fe+e-)o If d4Xd4yJ~ep(x)Jiad(y)T[AIL(x)AV(Y)]1 (I)o )1 2 

= If d4xd4y (01 T[AIL(X)AV(y)] 10) ((e+e-)o IJ~ep(x)1 0) (Fo 1 Jiad(y) 1 10 )1
2 

(6.4) 

where the photon propagator is given by 

and the vacuum-dilepton pair transition is [8] 

The x- integration produces a delta function, 

such that 

S IF = e'lf d'y (p+ ~:_ )' ü,(p_ l'Y" v,' (p+) (Fo 1 J;"d (y) 1 10) e;Y(P++P-) l' 
=e2 f d4zd4y(FoIJ~ad(Y)IIo)(IoIJiad(z)IFo) 

x ei(p++p- )(y-z) 1 
(p+ + p_)4 

X L vs' (p+)fus(p-)us(p-hIL vs' (p+) . , 
S,s 

The summation can be handled easily: 

, s,s 

Now, from translation invariance, we have 

(6.5) 

(6.6) 

(6.7) 

(6.8) 

(10 1 Jiad(z) 1 Fo) = eiP1Z (10 IJiad(o) 1 Fo) e-iPFZ = ei(p++p-)z (10 1 Jiad(O) 1 Fo) . 

(6.10) 
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Putting this back into the transition probability expression ,we find 

SIF = e2Vt f d4 y (Fa IJ;ad(y) 1 la) (la IJiad(O)1 Fa) 

xei(p++p-)y 4 (pJ.LpV +pvp~ _gJ.LVp .p_) 
(p+ + p_)4 + - + + (6.11) 

where V is the volume, and t the time. To obtain the production rate, we average 

over initial state, with the Boltzmann factor e-(3PI/Z, Z = l:l e-(3Pl, f3 = l/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 Vt, 

such that: 

e+e- f d3p+ d3p_ SIF e-j3PI 
R = 2(27r)3 E+ 2(27r)3 E_ H V t ---z-, 

= e2 f d
3
p+d

3
p_ 1 e-j3(E++E_) 

(27r)6E+E_ (p+ + p_)4 

X (p~p~ + p~p~ _ gJ.LVp+ . p_) 

-j3PF 
X f d4y ei(p++p-)y L (Fa IJ;ad(y)Jiad(O) 1 Fa) T 

F 

(6.12) 

The expression in the last line corresponds to the current-current correlation func-

tion [150]: 

-j3PF 
W:V(p) = f d4y ei(p++p-)y L (Fa 1 J;ad(y)Jiad(O) 1 Fa) T 

F 

= f d4y ei(p++p-)y Tr [e-j3H J;ad(y)Jiad(O)] 

fJ.Lv(p) 
(6.13) 

where we have define p = p+ + p_. The spectral function fJ.Lv can be written in term 

of the improper photon self-energy PJ.LV [33]: 

(6.14) 

In lowest order in e, the improper photon self-energy PJ.LV corresponds to the retarded 

photon self-energy rr~v. We finally get 

Re+e- = e2 f d
3
p+d

3
p_ 1 e-(3(E++E_) 

(27r)6 E+E_ (p+ + p_)4 
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x (p~p~ + p~p~ _ gtLV P+ . P- ) 

-2ImII:v (p) 
x e-(3(E++E_) _ 1 . 

Converting the total rate into a differential one, we find 

2~ ImIIR 

126 

(6.15) 

( tLv+tLv IW ) tLv 
--:-(2-7r--:-)-:-6(-:-p-+-+-p-_"--'-)4 p+p- p-p+ - 9 p+. p- e(E++E-)/T - 1 

(6.16) 

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

momentum p: 

(6.17) 

After integration over leptons momentum, using current conservation (ptLII:v = 0), 

we get 

(6.18) 

where If = pt + p!., E and Mare 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 = If d4x (b)o IAtL(x)1 0) (Fo IJ~ad(x)1 10 )1
2 

(6.19) 

while the production rate become 

dR'Y 1 ImII RtL 
E---- tL 

d3p - (27r)3 1 - eE / T . 
(6.20) 

Comparing Eqs. 6.18 and 6.20, we can express the dilepton production rate as 

dRe+c _ 20; EdR'Y* 
d4p - 37r M2 d3p (6.21) 

where 

dR'Y* dR'Y 
lim E-

d3 
= E-

d3 
. 

M--+O P P 
(6.22) 
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+ 

q-p 
Figure 6.1: Resummed photon self-energy diagrams . 

• = + + + ... 

Figure 6.2: Resummed quark propagator. 

6.2.2 Dilepton production with HTL effects 

In the RTL 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 

(6.23) 

Using power counting [145, 150], the RTL resummation gives corrections of order 

g;T2 /1171 2 to each bare vertex of the first diagram of Fig. 6.1, while the bare prop

agators receive g;T2/1q - 171 2 and g;T2/1q12 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 ([17[ ~ T), so that vertex corrections 

q-p 
Figure 6.3: Effective photon self-energy diagram for hard external momentum p 



6: HIGH-PT DILEPTON PRODUCTION 128 

can be neglected, and at least one propagator is guaranteed to be hard. We assume 

that it is the propagator associated with momentum q - p. Then the propagator 

associated with q can be soft or hard, implying that is has to be resummed. AIso, for 

the high Ipllimit, the second diagram of Fig. 6.1 gives only g;T2/1p12 corrections 

to the first diagram. The resulting diagram that we need to evaluate (see Fig. 6.3) 

has the following expression [49]: 

(6.24) 

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

order corrections in g8' In order to have a complete next-to leading order production 

rate in the region Ipl » 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, Fo(x, t = 0) = Fo(x, t = i(3). 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: -iqo = n(2n + l)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 ipo -t E + if. 
The dressed fermion propagator, in Euclidian space (ri = -iqo,O + 7/. i), is given 

by [150] 

(6.25) 

where 

D±(q) = -iqo ± 17/1 + A ± B (6.26) 

The terms A and B describe the quark self-energy 

(6.27) 
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In the RTL approximation, one obtains [150J 

(6.28) 

where mF = gsT / J6 is the effective quark mass induced by the thermal medium and 

Qn are Legendre functions of the second kind. The bare propagator S(q) follows the 

same expression than SD(q), with D± replaced by 

(6.29) 

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

leads to 

(6.30) 

where we have defined k = q - p. 

At this point, it is convenient to introduce the spectral representation of the effec

tive quark propagator defined by 

(6.31) 

This imply 

with 
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Here, W± = w±(I-qI) correspond to the poles of the effective quark propagator. They 

are solution of D±(w, l-ql) = O. The solution w = w+ represents an ordinary quark 

with an effective thermal mass V2mF 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 

q+ and the plasminos by q_. The spectral density of the bare propagator is sim ply 

(6.34) 

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], 

ImT'LFl(iqo)F2(iqo - ipo) = 7f (1- eE/T) joo dw joo dw' 
n -00 27f -00 27f 

XPl(W)P2( -w')15(E - w - W')fFD(W)fFD(W') 

(6.35) 

where fFD is the Fermi-Dirac phase-space distribution function and Pi is the spectral 

density associated with Fi' We use the analytical continuation ipo --+ E + if with the 

dilepton energy E. Putting aIl information together, we obtain 

R 2,", (ef)2 ( E/T) f d
3
q joo dw Imll ft = -6e ~ - 7f 1- e -- -fFD(W) 

ft f e (27f)3 -00 27f 

X [p+(w, I-PI) {15(E - w + E l )(1 - q. k)fFD( -Ed 

+15(E - w - El )(1 + q. k)fFD(El )} 

+p_(w, l-p!) {15(E - w + Ed(1 + q. k)fFD( -Ed 

+15(E - w - El )(1 - q. k)fFD(Ed}] (6.36) 

with El = l-q - -PI. Since both E » T and El » T, the terms proportional to 

15(E - w + Ed are exponentially suppressed by the factor fFD(W) for w »T. AIso, 

because El corresponds to a massless parton, energy and momentum conservation 

does not permit the terms containing 6 (E + Iw 1 - El) for w2 > 1l}12, i.e. there is 
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no phase space available for the pro cess 1 -+ 2 + 3 if parton 1 is on-shell. These 

arguments lead to further simplifications and we have 

ImIIRJ.l = 6e2 "Ç" (e f )2 7f (1 _ eE / T ) J d3
q 

J.l 7 e (27f)3 

[ ( w~ - 1 q 1

2 
( (A A ) 

X !FD(W+)!FD El) 2 c5 E - W+ - El) 1 + q . k 
2mF 

w2 -lql2 A 

+ !FD(W-)!FD(EI) - 2 c5(E - W_ - Ed(l - il· k) 
2mF 

+ i: dW!FD(W)!FD(EI) {f3+(W, Iql)(l + il . k) 

+f3-(w, Iql)(l - il· k)} c5(E - W - Ed] (6.37) 

Now we analyze the integral over d3q = 1t112 d 1t11 dD. Wh en 1t11 becomes as large as 

El, the propagator associated with q does not have to be resummed. If 1t11 gets much 

bigger, implying El rv 9sT, then this is the propagator associated with El which 

should be resummed. We have a symmetry relatively to the point 1t11 = El, such that 

Jooo d 1t11 -+ Jooo d 1t1128(EI -1t11). We finally obtain the dilepton production rate, with 

RTL effects, by putting Eq. 6.37 into Eq. 6.18, which gives 

dRe+e- 2a2 (e f )2 (00 2 J dD 
d4p = 7f2 M2 ~ -; Jo 21t11 d 1t11 (27f )3 

[fFD (w+) !FD(EIl W~2~iq12 I5(E - w+ - E1)(1 - q. Pl)8(E1 - 1q1) 

+ fFD (W-)fFD (El) w~ - Jt11
2 

c5(E - w_ - EI)(l + il . PI)8(EI -1t11) 
2mF 

+ i: dwfFD(W)fFD(EI)c5(E - W - EI)8(EI - 1t11) 

{f3+(W, 1t11)(1 - il· pd + f3-(w, 1t11)(1 + il· Pl) }] , (6.38) 

where Pl = Pi/IPiI = -k. In the next section we will analyze the physical pro cesses 

behind the production rate derived above. This is done so that fFD(EI ) can be in

terpreted as the phase-space distribution function of an incoming parton of energy 

El' Once this is established one can apply the usual technique and obtain the pro

duction rate involving jets by substituting the thermal distribution fFD(Ed by the 

time-dependent jet distribution fjet(E I , t). 
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y 
q 

* y 

E,M 

a) b) c) 

Figure 6,4: Pro cesses extracted from photon self-energy in Fig. 6.3. In the picture, the particle with 
energy El is an anti-quark, but the quark contribution is also included in the calculation. 

6.3 Dilepton production rate [rom 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. lndeed, 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 El with a soft quasiparticle q+ or 

q_. 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 El 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 El 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 pro cess 

because hard thermalloops have imaginary parts for q2 < 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 ~ ,* + 3 + ... is 
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f(Edf(E2)(1 ± f(E3 )) ••• 

x 2(27r)3 (6.39) 

where M is the invariant scattering matrix element. 

6.3.1 Pole-Pole contributions (1 + q± -t "(*) 

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

where r+ii(Ed is the phase-space distribution of quarks and antiquarks with energy 

El, The square of the matrix element, after summation over spin and color is 

IMktal2 = IMl+Qv+'Y·1
2 

+ IM1+q_-+'Y·1
2 

= 6e' y (e:)' Tr [Pl (~>;+(q)u;+(q) + ~ u;- (q)u;- (q)) 1 (6.41) 

To go further, we need to find the completeness relations L:s u~±(q)u~±(q). The 

dressed propagator in Minkowski space is 

(6.42) 

and by definition, a propagator is given by [8] 

-'S ( ) = L:s u~+(q)u~+(q) + L:s u~- (q)u~- (q) + 
Z Dq 2 2 2 2 ... q - mQ+ q - m q_ 

(6.43) 

where m+ and m_ are the physical mass of the quasiparticles. The omitted terms in 

Eq. 6.43 correspond to the branch eut. For RTL, this branch eut, corresponding to 

the imaginary part of the quark self-energy, contributes for space-like quarks only. 

We exp and D± around the pole located at qo = w±: 
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From Eqs. 6.42, 6.43 and 6.44, we finally obtain the relation 

2:= u;± (q)ü;± (q) = w±(w~~21-q12) bD =t=:Y . q) . (6.45) 
s F 

Substituting this into Eq. 6.41 gives 

IM ktal
2 

= 12e2 2:= (e f )2 E~ [w+(w! -1-q12)(1 - q. pd + w_(w~ -1-q12)(1 + q. Pl)] 
f e mF 

(6.46) 

and the virtual photon production rate for this process becomes 

'Y. 

EdRkta _ 12 e2 (e f )2! d
3
q 

d3p - m} :y e 8(27r)5 

{fFD(W+)fq+q(EI)(w! - 1Q12)(1 - q. pd6(E1 + w+ - E)8(EI - 1Q1) 

+ fFD(W-)fq+q(El)(W~ - 1Q12)(1 + q. pd6(EI + w_ - E)8(E1 - 1Q1)} 

(6.47) 

We have introduced here the same cut 8(EI -1Q1) as in the previous section. Finally 

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

+ 'Y. 
dRkt:- = ~ E dRkta 

d4p 37r M2 d3p 

6.3.2 

= 2a
2 

,,(ef )2 (Xl 1Q12 d 1Q1 ! dO 
7r2 M2 7 e Jo (27r)3 

{ fFD(W+)fq+q(E1 ) (w! -lQ12) (1 - q. pd6(EI + w+ - E)8(EI - 1Q1) 
2mF 

+ fFD(W-)fq+q(EI) (w: -lQ12) (1 + q . PI)<5(EI + w_ - E)8(EI - 1Q1)} . 
2mF 

(6.48) 

Cut-pole contributions (1 + 2 -t 3 + ry*) 

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

and 6.4c are 

dRk~bC ! d
3
PI d

3
p2 d

3
p3 4 4 1 1

2 

E d3p = 2(27r)3EI 2(27r)3E2 2 (27r)3E3 (27r) <5 (Pl + P2 - P - P3) Mktb 
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(6.49) 

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

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

IM ktbl
2 

= IM ktcl
2 

= 3CF9;e
2 2: (e:r Tr [4 PIS;(p - pd P3SD(P - pd] , 

f 
(6.50) 

where CF = 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 pro cess shown in Fig. 6.4c, the particle with energy El is an antiquark and 

the one with energy E3 is a quark. There is also a contribution with El 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 98' 

After inserting 1 = J~oo dw <5(w - E + El) and using Pl = P - q we obtain 

"(* 

dRktbc {OO / d3q d3p2 
E d3p = J- oo dw 16(27f)5E

I 
(27f)3E2E3 <5(w - E + Ed 

[ <5(w - E2 + E3) IMktl rH (EdfBE(E2)(1 - fFD(E3)) 

+ <5(w - E3 + E2) IMktX r H (EdfFD(E3)(1 + fBE(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 

~, in the space-like region is [34] 

d
3 

{ Disc~(w, l-ql) = -i7fCF 9; / (27f)3~2E3 P3 <5(w - E3 + E2)fFD(E3)(1 + fBE(E2)) 

+<5(w + E3 - E2)fBE(E2)(1 - fFD(E3)) } fF1(w) (6.52) 
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Figure 6.5: Quark self-energy with gluon propagator in the loop. 

Eqs. 6.50, 6.51 and 6.52 lead to 

We can use the relation (see Appendix D) 

(6.54) 

which hold providing D±(q) = Dl(q*). This is indeed the case as can be inferred from 

the definition of D±, Eqs. 6.26 and 6.28. For w2 
- 1-V12 < 0, we use Eqs. 6.31, 6.32 

and 6.42 to express the right hand side as 

D· (-'S ( )) - _ CyD -')' . q) D' 1 _ b O + ')' . q) D' 1 
Ise Z D q - 2 Ise D+(q) 2 Ise D_(q) 

1 1 
= -i("O -')" q)Im D+(q) - ibO + ')'. q)Im D_(q) 

= -in(l-')', q)f3+(w, I-VI) - in(l + ')', q)f3-(w, I-VI) , 

(6.55) 

Using the latter result in Eq. 6.53 and carrying out the trace, we find 

EdRk~bC = 3e2 L (e f )2 100 

dw r>o 1q12 d 1q1 f dO 5(w - E + E1)r+ii(E1)JFD(W) 
d3p f e -00 Jo (2n)5 

x [f3+(w, 1-V1)(1 - q' Pl) + f3-(w, 1-V1)(1 + q' Pl) ] 8(E1 - 1q1) 

(6.56) 
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As before, we have introduced the term 8(El -1tl1), since we consider only the region 

where RTL may be important. The di lepton pair production rate for the pro cesses 

shown in Figs. 6.4b-c is 

dRe+e- 2 dR'* 
ktbc = ~ E ktbc 

d4p 371" M2 d3p 

= 1r;~2 ~ (e:) 2 i: dw f [~::)~<11 ! dno(w - E + E1)r+'(EdfFD(W) 

x [,B+(w, 171)(1 - Ct 'Ih) + ,B-(w, 171)(1 + Ct . Pl) ] 8(El - 1Q1) 

Once adding Eqs. 6.48 and 6.57, we find 

dR~~~_Th. = 20:
2 L (e f )2 (XJ 1Q12 d 1Q1 J dD 

d4p 71"2 M2 f e Jo (271")3 

(6.57) 

[{ fFD(W+)jQ+il(El) (w~ - Jtl1
2
) (1 - Ct· f>d15(E1 + w+ - E)8(EI - 1Q1) 

2mF 

+ fpD(W-)f'+«E1) (w:2;;;~<112) (1 + il· PI)o(EI + w_ - E)8(EI -[<11) } . 

+ 1: dw15(w - E + EdjQ+il(EdfFD(W) 

x [,B+(w, 171)(1- Ct· Pl) + ,B-(w, 171)(1 + Ct· Pl) ] 8(El -1Q1)] 

(6.58) 

This reproduces exactly the result from Eq. 6.38, when the particle associated to El 

is thermal, i.e r+il(El ) ---+ 2fFD(Ed, showing that both methods, finite-temperature 

field theory and the relativistic kinetic formalism, lead to the same result. 

We now briefiy 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 ks « T on the momentum 1Q1 in the loop-integral, such that 

o :S 1Q1 :S ks. They then added the Compton scattering and annihilation pro cesses 

coming from cutting the two-Ioop photon self-energy without RTL propagators or 

RTL vertices. Those two latter pro cess have an infrared divergence, which is regulated 

by imposing a low value cutoff ks for the exchange momentum. When adding aIl 
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those processes, the final production rate is infrared safe and independent of ks. 

They have also calculated the a 2a s 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 jHii -+ jj~-::ii. Here, we only consider the one-Ioop diagram from Fig. 6.3, 

but we use the dressed propagator S*(q) up to the scale 1il1 = kn where kc corresponds 

to El due to the e(El -1il1) function. With this method we do not have to specify the 

shape of r+ii until the end of the calculation. We have verified that our numerical 

result depends only weakly on the sc ale kc. For example, taking kc = 0.6 X El reduces 

the production rate by l'V 20 %. 

Fig 6.6 shows, for jq+ii(El ) -+ 2hD(El ), the different sources of dileptons at a 

temperature T = 300 MeV. In aIl cases, the particle with energy El 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-Ioop photon self-energy calculation with 

two bare propagators. The eut-pole contribution (long-dashed line) is dominant for 

M < 1 GeV. The corresponding physical pro cesses are the annihilation and Compton 

pro cesses in Fig. 6.4b and c. The sum of our HTL contributions is shown by the solid 

line. It agrees very weIl (within 30 %) with the sum of the Born term and the a 2 a s 

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-PT 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 I-D expansion [110], as in Chapters 4 and 5, that is eut 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 T = 300 MeV. Dotted line: Born termi short-dashed line: pole
pole contribution with different ratio Xi 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 2a s contributions from Ref. [148]. 

space-time rapidity 'Tlmax, the yield as a function of invariant mass M and dilepton 

rapidity Yd is given by the rate Re+e- = Re+e- (T, 'Tl, r.1) as 

(6.59) 

Since dRe+e- / dM2dYd is invariant under a boost in the z direction, we can do the 

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 se en from the FB, moves 

with rapidity y = 'Tl. Then, the rapidity YFB of a particle in the fireball frame is 

YFB = 'Tl + YLT (6.60) 
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where YLT is the rapidity of the particle in LT. The 77 integration of dRe+e- /dM2dYd 

is also a Lorentz invariant: 

(6.61) 

where 77FB and 77LT 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, 77FB = 77 while in LT, the medium is at rest, so 77LT = O. In LT, with the 

transformation 77 ----t -77 + 2Yd, we get for 77max » IYdl: 

(6.62) 
FB 

So, dRe+;-;;~=Yd) IFB is the production rate calculated in a slice of matter moving 

with rapidity Yd, as seen from the fireball frame. Henee the rate of lepton pairs with 

a fixed rapidity Yd integrated over the entire longitudinal extent of the fireball is the 

same as the rate of aIl lepton pairs integrated over rapidity from the slice of the 

fireball at 'T] = Yd. The yield of dilepton at midrapidity becomes 

(6.63) 

Eq. 6.18 has been used for the second line of the ab ove expression. Here Po is the three

momentum of the lepton pair with PT and Pz being its transverse and longitudinal 

momentum respectively. Then we have IPol = Jp} + p~, and Eo = JM2 + p} + p~ 
is the energy of the pair. The dilepton energy as seen from the lab frame is E = 

JM2 + p}. 
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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 PTeut for the transverse momen

tum of the lepton pair; second, a cut on the individuallepton rapidities which refiects 

the finite geometrical acceptance of any detector, is included, such that IYe± 1 :::; Yeut. 

We introduce a multiplicative factor Peut = P(IYé 1 :::; Yeut, PT) to include the latter 

condition. In the center of mass frame of the lepton pair, the distribution of positive 

leptons, normalized to unit y, is given by 

E~dP,'-+e+e- _ 6(E~ - ~) 
d3ptm 47f E6n 

(6.64) 

Then the probability for a virtual photon with momentum PT at midrapidity to 

emit two leptons with rapidities IYe± 1 :::; Yeut can be obtained by a boost back to the 

lab frame as 

P(I 1 ) J d3ptm E~dP,-+e+e- 8(1 1 ) Yé :::; Yeut, PT = ---P;+ d3 + - Yé :::; Yeut 
cm Pem 

Note that in this frame 

and E- = E - E+. 

d COS Odcp E+ 
( )

2 

= J 7f M 8(IYe± 1 :::; Yeut). 

1 E± + P; 
Ye± = 2" ln E± - P; , 
E+ = M2 

2( J M2 + p} - PT cos 0) , 

p~ = ±E+ sin 0 sin cp 

The di lepton yield through a 1-D QGP expansion is finally given by 

(6.65) 

(6.66) 

(6.67) 

(6.68) 

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 

;jet(.......... ) _ (21r)3P(r~) dN~qt 6( _ ) 
J qij x, p, to - d d2 TJ Y 

9qTPT Y PT 
(6.70) 

in a boost invariant Bjorken scenario. P(r~) represents the probability to create a 

jet at position r ~ in the transverse plane : 

2 ( r
2 

) P(r~) = - 1-~ 
1rR2 R2 

~ ~ 

e(R~ - r~), (6.71) 

where R~ = A1/ 3 1.2 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 fq+ii(E1) -? f~~t(El) into Eq. 6.58. Note 

that TJ = 0, together with the boost invariance of the jet distribution, imply that the 

longitudinal momentum of the jet parton vanishes, and that Pz = qz. After sorne 

algebra, we get 

with 1q1 = J q'f + q;. , represent the cp integration over the initial transverse distri-
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bution (see Sec. 4.2.1) 

o 

,= ~ ( _ r
2 
+ t

2
) 

Ri 1 Ri 
2ua ( r

2 + t2
) 4tr. 

'if Ri 1 - Ri + 'if Ri sm Ua , 

(6.73) 

for the cases that r2+t2-2tr > Ri, r2+t2+2tr ~ Ri and aIl other cases, respectively. 

Rere we have defined 
r 2 + t 2 

- Ri 
Ua = arccos ----= 

2tr 

The other quantities to be specified are 

q . P = PT qT cos O± + q; ; 

II -1 (p~ + q:} - (Eo - W±)2) 
(7± = cos 

2PTqT 

Et = Eo - w±. 

(6.74) 

(6.75) 

We get the jet-thermal result without RTL effects, i.e the Born term, by keeping only 

the pole-pole(q+) term in Eq. 6.72. In this case, we have to substitute: 

(6.76) 

This leads to the final expression for the jet-thermal dilepton yield without RTL 

effects: 
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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, 112J 

(6.78) 

We assume a first-order phase transition and use Eq. 4.34 as the fraction of the QGP 

present during the mixed phase [110J. The t integration is carried out from Ti to TH 

and in addition it is scaled between Tf and TH to account for the fact that only a 

fraction of the system is still a QGP, such that 

Tf TH 

f dt = f dt + f dt!QGP(t) . (6.79) 
Ti Tf 

Tf is fixed to be the time when the temperature reaches the critical temperature of 

160 MeV, while TH is determined by the condition !QGP = O. However, since signaIs 

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 DreIl-Yan process to order 0(0:8 ) in the strong coupling, which is the 

leading order result with non-vanishing PT of the lepton pair. We also have to take 

into account virtual photon bremsstrahlung from jets. The total DreIl-Yan yield is the 

sum of the direct and Bremsstrahlung contributions, aDY = adirect + afrag [151, 152J. 

The direct contribution in collisions of two nuclei A and B is given by [153J 

dadirect _ 0:20:8 L 
dM2dYd dpf - 3M2 SN N a,b 

x! dX
a 

!a/A(Xa , Q)!b/B(Xb, Q) 
XaXb 

1 Ma+b-tc+,y* 1

2 

X------~r=============~ 

SNNXa - J SNN M2 + SNN pfeYd 
(6.80) 

The squared scattering amplitudes 1 Ma+b-t c+,y * 1

2 
for the Compton and annihilation 

pro cesses of two incoming partons can be found in [153J. Wh en PT and Mare both 
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large and of the same order, the direct contribution is the dominant mechanism. 

However, when AQCD « M «PT, logarithmic corrections with powers of ln(p}/ M 2
) 

are large. They can be effectively resummed into a virtual-photon fragmentation 

function D,* /c(z, QF), giving rise to the fragmentation contribution 

dafrag 0:' / dz da A+B
-+

c+d 

dM2dYd dp} = 37r M2 Z2 dYd dp~T IpcT=PT/Z 

xD,*/c(Z,QF) . (6.81 ) 

The cross sections for the production of a massless partons c in A + B collisions, 

da A+B -+c+d /dYd dp~T' can be found in [99J. The factorization scale Q and the frag

mentation scale QF are both set to JM2 + p}. 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 di leptons 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 DreIl-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) 

D,*/c(Z,QF) = / d2r~P(r~) / dEf~Pqij/c(Ef;Eild)D~*/q(Z',QF) (6.82) 

where z = PT/ Ei and z' = PT/ Ef. Pqij/c(Ef; Eild) represents the solution to Eq. (3.12), 

which is the probability to get a given quark or an antiquark with final energy E f 

after a propagation length d, when the initial condition is a particle of type c and 

energy Ei' The propagation length d depends in turn of the transverse position r ~ 

where the jet has been created, and its direction. D~* /q is the leading order vacuum 

fragmentation function, taken from Refs. [152, 151]. 

We implement our cuts for the DreIl-Yan process as weIl, so that the final yield is 

given by 

dNDy _ 2(Ncou ) /00 d [dadirect dafrag 1 --- - PT PT + ---~-
dM2dYd ain dM2dYd dp} dM2dYd dp} 

PTcut 
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(6.83) 

Here we assume (Neou ) = 975, ain = 40 mb for RHIC [29] and (Neou ) = 1670, ain = 72 

mb for the LHC [125]. In our calculations we use CTEQ5 parton distribution functions 

[101] with EKS98 shadowing corrections [106]. 

The main background at RHIC energies for the dilepton production pro cesses 

considered so far is expected to be decay of open charm and bottom mesons [154]. 

During the initial hard scattering, c ë (bb) pairs are produced and can thereafter 

fragment into D(B) and 15(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 15(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: 

(6.84) 

which represent the production of correlated heavy quarks-antiquarks Q and Q, and 

their fragmentation into heavy hadrons H and fI. The leptons production yield is 

given by 

Ee+ Ee- dNHeavy-q = (Neou ) J d3PH d3pR EHERdaHR Ee+ PH---+e+ Ee- PR---+e-

d3Pe+d3Pe- ain EH ER d3PHd3pR d3Pe+ d3pe-

(6.85) 

where PH---+e+ represent the probability to get a lepton e+ from the H decay. The 

dilepton is finally expressed as 

dN H eavy-q = J d3Pe+ d3pe- Ee+ Ee- dN H eavy-q 6 (E - Ee+ - Ee-) 
dM2 dYd Ee+ Ee- d3Pe+ d3Pe- 2E 

x 6 ( - ~ ln (E + P;+ + P;- )) 
Yd 2 E e+ e-- Pz - Pz 

(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 PT photons 

(Chap. 2). For central Au+Au collisions at RHIC we have Ti=370 MeV, Ti=0.26 fm/c 

corresponding to dN/dy=1260. For LHC the values are 'Ii=845 MeV, Ti=0.088 fm/c 

corresponding to dN/dy=5625 [112, 140]. For the pro cesses involving the QGP, we 

assume three light flavors and we fix CYs = 0.3. As the jets are defined to be particles 

having a transverse momentum greater than a scale PQ, with PQ » 1GeV, we have set 

the di lepton momentum cutoff PTcut high enough to avoid any sensitivity to the choice 

of PQ' We take PTcut = 4(8) GeV for RHIC (LHC). The cuts on leptons rapidities 

emulate the PHENIX experiment at RHIC, Ycut=0.35, while we use Ycut =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, Le. from annihilation of a 

jet parton with a (q_ )-mode, are negligible, while the jet-pole interactions involving 

(q+)-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 ,8±(I<11) with ,8±(I<11) -+ 0 for 1<11 »T. When M 

is large, in order to keep the value of q modest, the energy Elof the incoming parton 

has to be large: El ;:::: M 2 /41<11. As the thermal phase space distribution function 

jPD decreases exponentially for large El, 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 El are not suppressed and the cut-pole contribution 
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Figure 6.7: High-momentum di leptons produced from the interaction of jets with QGP in Au+Au 
collisions at 200 GeV (RHIC). The initial temperature is T i =370 MeV. Short-dashed line: interaction 
of jets with poles with positive x; dot-dashed line: interaction of jets with poles with negative x; 
long-dashed line: interaction of jets with cuts; solid line: sum of the latter processes; and double 
dot-dashed Hne: interaction of jet with QGP without HTL effects (Born term). 

is important. Therefore the sum of aIl the jet-thermal pro cesses with HTL effects 

included (sol id Hne), is more important than the jet-thermal contribution without 

RTL effects (double dot-dashed line) by more than a factor 2 for M above 8 GeV. For 

M below 1 Ge V RTL corrections increase the Born term by one order of magnitude, 

because of the 1/ M 2 behavior in Eq. (6.72). 

In Fig. 6.8 we show the mass spectrum of dileptons in central Au+Au collisions 

at RRIC (y'SNN = 200 GeV) and central Pb+Pb at LRC (y'SNN = 5.5 TeV). AlI 

contributing sources are shown separately. For both collider energies, the jet-thermal 

contribution exceeds the thermal di lepton production by an order of magnitude, which 

was also the case for high-PT photon production. Rowever, at RRIC 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 pro duc-
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Figure 6.8: Sources of high-PT dileptons in central Au+Au collisions at RRIC (left) and Pb+Pb 
at the LRC (right). Solid lines, semileptonic decay of heavy quarks; dashed lines, direct Drell
Yan contribution; dotted lines, jet-thermal interaction with RTL effects; double dot-dashed lines, 
jet-fragmentation process; and dot-dashed lines, thermal induced dilepton production with RTL 
effects. 

tion and the jet-thermal contribution. At LRC, 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 RRIC and even more at LRC. 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 RRIC energy 

for Drell-Yan and thermal-thermal pro cesses without RTL 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 Yd = 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 RRIC. We observe that for the case without RTL 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 El, 
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the minimum energy for the thermal parton is E2min = M 2 /4El' This minimal value 

is then favored by the steep thermal spectrum, leading to a dependence of the yield 

as exp( -M2 /4E1T). This implies that dileptons with large mass M are more likely 

to be emitted at times where the temperatures T 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 RTL effects included leads also 

to a suppression factor rv 1.3 for the range dominated by the eut-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 PT in certain windows of the mass M. This is done by substi

tuting the integral over PT in Eqs. (6.69) and (6.83), by fdM 2 /(27rPT). The results 

for RRIC and the LRC 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 DreIl-Yan process dominates for high-PT dileptons at RRIC while 

the jet-thermal contribution, with RTL, dominates for PT <5 GeV, increasing by 

more than a factor 4 the jet-thermal contribution without RTL. At the LRC, jet

thermal dileptons (RTL effects included) are the most important source in the entire 

PT range, 8 < PT < 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 RRIC is shown in the left panel of Fig. 6.12. 

The solid line includes DreIl-Yan and QGP contribution (jet-thermal and thermal

thermal) with RTL effects. Leaving out the RTL resummation for jet-thermal dilep

tons (dashed line) reduces the yield by about 50% around PT=5 GeV. The absence 

of any jet-thermal interactions at aIl (dot-dashed line) would reduce the total yield 

by a factor rv 2 at PT=5 GeV. This emphasizes the importance of this process in the 
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Figure 6.11: PT 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 
pro cess without HTL effects; and dot-dashed lines: thermal induced reactions with HTL effects. 

presence of a QG P. 

The only potentially important contribution that is not included in our work is 

in-medi um bremsstrahl ung (q i --+ q h*) and annihilation (qiji --+ ry* i) of an incoming 
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thermal parton or jet, where i denotes a quark, antiquark or gluon. This goes beyond 

the current formulation of AMY. However, they have been calculated in Rer. [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 pro cesses (q + 9 -+ q + ,*, q + if -+ 9 + ,*). It thus turns out that ther

mally induced bremsstrahlung and annihilation are as important relatively to 2 -+ 2 

pro cesses, 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 pro cesses 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 cp and the J /'ljJ masses. As we could have expected from Fig. 6.7, the effect of the 
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RTL 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 Summaryand 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 thermalloop 

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 pro cesses by t'V 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 ofthis 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. 

ln Chapter 2, we have evaluated the photon production at low to intermediate PT. 

ln 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 al -+ 7r + p, and finite size effects 

have been taken into account by the inclusion of form-factors. AIso, the pertinence of 

new channels has been evaluated. Indeed, we have found that the t-channel exchange 

of w meson is the dominant source of photons with energy greater than f'-.J 1.5 GeV, 

in the hadronic sect or. Our new mesonic production rate, together with baryonic 

and QGP contributions, have finally been included into a fireball model, emulating 

155 
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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 (Ti =205 Me V), 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-PT 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 RAA for neutral 

pions, in the jet-fragmentation scenario, and compared with success to RHIC data, 

with an initial temperature Ti =370 MeV, a formation time Ti =0.26 fm/c and a 

ID 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-PT 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 < PT < 4 GeV, even when the PT 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 

V2· Though the absolute value of V2 is small when aIl sources of direct photons are 

included, it is increased when one select only photons not associated with high-PT 
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hadrons, and reaches -5%. We think that it would constitutes a good signature of 

the QGP. 

FinaIly, in Chapter 6, we have evaluated the production of high-PT 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 PT 

distribution of dileptons and real photons. Indeed, the jet-QGP direct interaction, 

with DreIl-Yan process, turn out to be the dominant mechanisms, at RHIC, orders 

of magnitude ab ove 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-PT sup

pression should be due to energy loss of jet propagating in the QGP, and that the 

intermediate PT 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 aIl pro cesses involving the QGP, it is 

always assumed that Œs 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. 



A 

PHOTON EQUILIBRATION TIME 

The evolution of the photon phase-space distribution f toward equilibrium is given 

by the Boltzmann Equation: 

af 
at = - fr d + (1 + J) ri (A.1) 

where rd and ri are the photon absorption and production rates. From detailed bal

ance [34], they are related to each other by the photon energy Po and the temperature 

T: 

(A.2) 

The production is also related to the photon self-energy: 

ImIIR 
ri = --,---------:-::::-:-

Po (1 - ePo / T ) 
(A.3) 

This gives 

(A.4) 

where the photon equilibrium function is defined by 

1 
n =-~-

eq ePo/T _ 1 . (A.5) 

The solution of A.4 is easy to find. It is 

f = neq + Ce-fi t/neq • (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: 

f(t = 0) = 0 -t C = -neq 

Finally, 

f(t) = neq (1 - e-t/ Teq
) 

where the equibration time is given by 

neq Po (1 - ePo /
T

) 

ImIIR 

(A.7) 

(A.8) 

(A.9) 

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 po=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 Teq =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-timeofthe fireball (tf i"..J 13 fm/c at SPS, and tf i"..J 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 

pro cess 1 + 2 ---+ 3 + 'Y is given by [8] 

J I d3p3 d3p 2 4 

(J = 4EIE2V I-2 2E3(21f)3 2po (21f) IMI <5 (Pl + P2 - P3 - p) (B.1) 

where VI-2 is the relative velo city between particles 1 and 2, P is the photon momen

tum, and Po its energy. By definition, a production rate is 

(B.2) 

where l is the intensity of the incoming projectile and n is the target density. Their 

expressions are: 

(B.3) 

g(Ei) is the energy density of particle i inside a volume V, and f(Ei) its occupation 

number. Putted together, this gives 

R = L dEI g(Edf(EI) L dE2 g(E2)f(E2) J 1 d
3
p3 d

3
p (21f) 

El V E2 V 4EIE2 2E3(21f)3 2po 

IMl2 
<5
4 (Pl + P2 - P3 - p)(l =F f(E3)) (B.4) 

w here the suppression (enhancement) factor has been introd uced for the particle in 

the final state. In the thermodynamicallimit (V ---+ (0), we have 

(B.5) 
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Finally, converting the total rate into a differential one, we get 

dR J d3p1 d3p2 d3p3 27r 2 

Po d3p = 2E1(27r)3 2E2(27r)3 2E3(27r)3 21M1 
J4(P1 + P2 - P3 - p)f(E1)f(E2)(1 =t= f(E3)) (B.6) 

With the identity 

(B.7) 

and the substitutions 

we get 

(B.9) 

where s, t, u are the Mandelstam variables. The elements ofintegration are d3p1,2/ E1,2 = 

IpdldE1,2d4>1,2dcos (}1,2. The angles are defined relatively to the photon direction, such 

that (}1,2 is the angle between P 1,2 and p, and 4>1,2 is the azumuthal angle following 

a rotation of Pl 2 around If. With this definition, we have , 

with 

This leads to the following relations 

(Pl + P2)2 = mi + m~ + 2E1E2 - 2lp11lp2lcos() 

(P2 - p)2 = m~ - 2E2po + 2polp2IcoS(}2' 

(B.10) 

(B.ll) 

(B.12) 
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Killing the integration over COS02 with 6(t - (P2 - p)2), and the integration over COSOI 

with 6((Pl + P2 - p)2 - mD, we get 

Po ~~ = 25(2~)8PÔ ! ds ! dt ! dEI! dE2 fo27r d1>l fo27r d1>2 IMI2 

6(s - mi - m~ - 2ElE2 + 2IPlllp2IcosO)f(El)f(E2)(1 =f f(El + E2 - po)) 

(B.13) 

with 

The roots of the remaining delta function are 

Using Jacobian, we can use the delta function to do the 1>2 integration: 

! d1>2 6(s - mi - m~ - 2ElE2 + 2lplllp2lcosO) 

= !d1>2 L 6(1)2 - ~j) 
j=± 211p lilp 2lsinOlsin02sin( 1>j - 1>d 1 

1 2 

- 21plllp21sinOlsin02 JI - cos2(1)+ - 1>1) 

1 4p6sinOlsin021p lilp 21 

- Iplllp21sinOlsin02 2poJaEi + 2bE2 + C 

JaEi + 2bE2 + C 

The coefficients in the denominator are given by 

a = -(s + t - m~ - mD2, 

b = Po [( s + t - m~ - mD (s - mi - mD - 2mi (m~ - t) ] 

+El(m~ - t)(s + t - m~ - mD, 

c = - (t - m~) 2 E~ 

(B.14) 

(B.15) 

(B.16) 
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-2po (2m~(8 + t - m~ - mD - (m~ - t)(8 - mi - mD) El 

+4P6mîm~ + m~(8 + t - m~ - mD2 + mî(m~ - t)2 
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-P6(8 - mi - m~)2 + (8 - mi - m~)(t - m~)(8 + t - m~ - mD. (B.17) 

The integration over <Pl gives 27r, and the production rate finally become 

(B.18) 

The lower bound for 8 has to satisfy : 

(B.19) 

Sinee 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 + 2 -+ 3 + "(. We have 

tmin(max) = (p2 - p)2 = (Pl - P3)2 

= mi + m~ - 2EfM EfM - (+ )2IItfM llItfM I 
= m2 + m2 _ 2 (8 + mi - m~) (8 + m§) 

1 3 2-jS 2-jS 

J(8 + mi - m§)2 - 48mi (8 - m§) 
-(+)2 2-jS 2-jS 

For fixed values of Po, 8 and t, we can find the lower bound for El from 

which gives 

t 2 2 2 ( )2 
U = -8 - + ml + m2 + m3 = Pl - P 

= mi - 2poEl + 21It llPocosOl 

-+ 2ElPO ~ mi - u - 2poiIt 11 

2 2 

E
min POml ml - U 
1 = +~--

mi - u 4po 

We can derive a similar relation for E2 from the definition of t: 

(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 (aE~+ 

2bE2 + C > 0), giving 

-b + v'b2 - ac -b - v'b2 - ac ----- < E2 < -----
a a 

(B.24) 

for a < O. 



c 
SCATTERING MATRIX ELEMENTS 

In this Appendix we present our scattering amplitudes expressions for each mesonic 

pro cess included in the photon production rate calculation (Eq. 2.4). 
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-Cil 
Mf·l.l = 2' EtL(q)E~(h)[("71 - "72)2{ _gtLVp . q l . h + p' q htLlV 

2(8 - mal + 2mal f al ) 

_ptLlVq . h + ptLqVl· h} + "72("71 - "72)m~(l. hgtLV - htLlV)}] 

-C§2 
Mf'1.1 = 2(t _ m~J EtL(q)E~(h)[("71 - "72)2{ _gtLVp . hl· q + p . h ltLqV 

+htLpVq ·l-ltLpVq . h} + "72("71 - "72)m~(-p. hgtLV + htLpV)}] 

MC'l.l = _2CgA2(1 _~) lVptL E (q)E* (h) 
c 2 (8 _ m;) tL v 

M C,1.1 = -2CgA2(1 _~) pVltL E (q)E* (h) 
d 2 (t _ m;) tL v 

Mf·1.1 = C [glw§2(1_~) + (~t -4C4§2) (gtLV q . h - htLqV )] EtL(q)E~(h) (C.l) 

where 8 = (p + q)2,t = (p - h)2 and u = (q - h)2. 

Ward identity: 

such that 

hvMf·l.l tLv = 0 

hvMf·l.l tLv = 0 

h M c.l.ltLV = -2C A 2(1 _~) l· hptL 
v c 9 2 (8 - m;) 

h Mc.l.l tLV = _2C A 2(1 _~) p' hl
tL 

v d 9 2 (t - m;) 

hvM~·1.1tLV = C§2(1 - ~ )htL (C.2) 

h Mc.l.ltLV = h M C.1.1tLv + h M C.1.1 tLV + h Mc.l.ltLV + h M C.1.1 tLv + h M c.l.ltLV 
v Va v b v c v d Ve 

= -2C§2(1- ~)(ptL _ [tL _ h
tL

) = C§2(1 _ ~)qtL (C.3) 
2 2 2 2 2 

Finally, 
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o 
,1t(p) Y(h) 

',..>1 + 7 
Py--~--- '",~~(l) 

(b) 

, 

+ 

o 
n(p) 

, , 

Y(h) 

p(q) 
, + 
-.", n(1) , 

(a) 

, , 

o + 
n(p) 1t (1) 
---)--- --)----

+ 
P 

P(q) Y(h) 

(c) 

o 
n(p) 
, , 

-." , , , 

Figure C.2: Diagrams for 7r0 + p+ -+ (al, 7r, p) -+ 7r+ + "f. 
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+ 
1t (p) Y (h) 

- - -) - - - -,---"VAJ 

- 0 
P(q) 1t (1) 
-+-------'- - - ) - - - -

(a) 

+ 0 
1t (p) 1t(l) 
---)--- --)----

1 + 
":'1t 

+ 
P 

- 0 
p(q) 1 1t(l) 

-
P(q) Y(h) 

_+)_--,-1 __ ) ___ _ 

(b) (c) 

+ 
1t (p) , , 

'.>1 , , , 

Figure C.3: Diagrams for 7r+ + p- ~ (al,7r,p) ~ 7r0 + 'Y-

Y(h) 

(d) 

C A

2 

M~·1.3 = 2(t -gm~J EM(q)E~(h)[(171 - 172)2{ _gMl/p . hl· q + p . h lM ql/ 

+hMpl/q .l-IMpvq . h} + 172(171 -172)m~(-p. hgMV + hMpV)}] 
6 I/IM 

M C.1.3 = 2CgA2(1 - -) P E (q)E* (h) 
b 2 (t _ m;) M v 

M C.1.3 = C fl (1- ~ _ 6(u - m~)) ((l + p). (q + h)gMI/ 
C 2(u - m~) 2 2m~ 

-2hM(1 + pt - 2qv(l + p)M)EM(q)E~(h) 
A2 6 A26 

M~·1.3 = C[ - gJlV~ (1 - 2) + :m2 (2h· p gJlV - 2hJlpv - qV(p/1 + lM)) 
P 
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+2C4f/(gMVq . h - hP,qV)]tM(q)E~(h) (C.6) 
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° ,n(p) y(h) , 7 '..>1 , 
, û) 0Y' ...... ) ..... , 0 

p (q) '.>l, n(l) , , , 

(a) 

° !t_(p~ ___ ~ 

(b) 

Figure C.4: Diagrams for nO + pO -+ (w) -+ nO + {. 

Ward Identity: 

hvM~·1.4Jtv = 0 

hvMf·1.4 Jtv = 0 
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(C.S) 
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Figure C.5: Diagrams for 1f+ + p- -+ (w) -+ 1fD + "(. 

o 
!t_(p~ ___ ~ 

+ + 

_P_(~T-) _:_ - ~ ?t_(!)_ 

(a) 

Figure C.6: Diagrams for 1fD + p+ -+ (w) -+ 1f+ + "(. 

( 

_g + (P-h)iJ(P-h)-Y) 

M~·1.6 = -Cgwp7r (p - h)a(P - h)yhlLqx (h t _ m;~ ElLl/aj3ExaY'YE~(h)Ea(q) 

(C.lO) 
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C.2 7r + 7r --+ P + 1 

From crossing symmetry, 

M C
.
2

.
1 (n+(p) + n-(q) -+ (al, n, p) -+ p0(l) + ,(h)) 

= MC'l.l (n+(p) + l( -1) -+ (al, n, p) -+ n+( -q) + ,(h)) 

+ 
1t(p) Y(h) 

--+--~ 

~-~~L--~ 
(a) 

1t-(q) Y(h) 
---~---..----.Nvv\, , -

..!1t 
+ , 0 

1t(p) : P(l) 
---~---~ 

(c) 

!:~~'V--- Y(h) 

[;

1 + 0 

~5~L-- P(l) 

(b) 

+ 
1t(p) Y(h) 
- - - ~ - - - ..----.Nvv\, 

, + 
-!-1t 

_ ' 0 
1t (q) : p(l) 
---~---~ 

(d) 

Figure C.7: Diagrams for 1l'+ + 1l'- -+ (al, 1l', p) -+ pO + ')'. 

M c.2.2 (n+(p) + nO(q) -+ (al, n, p) -+ p+(l) + ,(h)) 

= M c
.1.

3 (n+(p) + p- (-1) -+ (al, n, p) -+ nO( -q) + ,(h)) 

1t(P) Y(h) 
- - - ~ - - - ..----.Nvv\, 

, + 
"'1t o ' + 

1t(q) : p(l) 
- - - ~ - - - -'---+-'-'-'-

(b) 

+ 

"~(P)~Y(h) 
" P 

o ' + 
1t(q).-' P(l) 

.. ,,,"3! 

(c) 

+ 

,~~~,,~Y(h) 
o + 

1t(q) .-' p(l) 
/" 

, (d) 

Figure C.8: Diagrams for 1l'+ + 1l'0 -+ (al, 1l', p) -+ p+ + ')'. 
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(C.ll) 

(C.12) 
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C.3 p --+ 7r + 7r + r 

1t(p) •• 

pO(q) .,< Y(h) 

~' -
1t(I) 

- - ~ - - --

(a) 

Y(h) 
+~~ 

o 1t;" '...1 + 

~_.<~ - ,,~,(p) 

'..I,,~y) 

(c) 

-
1t(l)/ 

o .' 

~
P(q) /~ + y(h) 

a, 

1t(p) --~ ----

(b) 

(d) 

Y(h) 

p'(q)~ ~2 
'..>l, ... 

1t(p) " 

(e) 

M C.3.1 (l(q) -+ (al, 7r, p) -+ 7r+(p) + 7r-(l) + ,(h)) 

= M C
'1.1 (7r+( -p) + l(q) -+ (al, 7r, p) -+ 7r+(l) + ,(h)) 

° 1t(l!.-

~
(q /+ Y(h) 

a, + 

1t(p) 
--~- ---

(a) 

(b) 

Y(h) 

P(ql {:c:) 
'..01:" 
1t(p)' 

(d) 

Figure C.lO: Diagrams for p+ -+ (al,7r,p) -+ 7r+ + 7r0 + "(. 

M C
.
3

.
2 (p+(q) -+ (al, 7r, p) -+ 7r+(p) + 7r°(I) + ,(h)) 

= M C
.1.3 (7r+( -p) + p-(q) -+ (al, 7r, p) -+ 7r°(I) + ,(h)) 
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(C.13) 

(C.14) 
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C.4 7r + K* ---+ K + r 
C.4.1 M 7r++K *0-tK++Î = M 7r-+K *0-tK-+Î 

= M 7r++K *--tKO+Î = M 7r-+K *+-tKO+Î 

+ 

~]p~---~ 
+ 

1t(p) K(l) 
- - - ~ - - - "1' .. _ .. _)- .. _ .. _ .. 

1 + 
~1t 

*0 1 + 

K(q) : K(l) 
_._. _ .~._._. _.L. .. _ .. _)- .. _ .. _ .. 

1 

i JO 

*0 :K 
~(9~. __ ._.~ 

(a) (b) 

Figure C.ll: Diagrams for 7r+ + K*o -t K+ + 1-

g2 pV[J.L 
M C .4.

1 = 2C-k f (q)f* (h) 
a V2 t - m; J.L v 

2 

Mf.4·l = -0 gk 2 [- gJ.LV(q + h) . (l + p) + 2hJ.L([ + pt + 2qv(l + p)J.L 
4V2(u - mK *) 

+gJ.LV(m~ - m;)lfJ.L(q)f~(h) 

M C.4.1 = 0 g~ [VpJ.L f (q)f* (h) 
c V2 S _ m~ J.L v 

3g2 

M~·4.1 = -0 4J9J.LVfJ.L(q)f~(h) (C.15) 

Ward Identity: 
2 

h M C .4.1 J.LV = -0 gk [J.L 
v a V2 ' 

2 
h M C.4.1 J.LV = O~pJ.L 

v c 2V2 ' (C.16) 

(C.17) 
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o + 
1t(p) K(l) 
- - - ~ - - - "T .. _ .. _>_ .. _ .. _ .. 

1 _ 

i * 
~K 

1 

K(q) : y(h) 
_._._.~._._._.~ 

(b) 

Figure C.12: Diagrams for KO + K*+ --+ K+ + "(. 
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C.5 7r + K --+ K* + r 

M C .5.
1 (7r+ (p) + K- (q) -t K*O(I) + "((h)) 

= M C.4.1 (7r+(p) + K*O( -1) -t K+( -q) + "((h)) (C.19) 

+ 
1t (p) y(h) 
---~---~ 

1 + 
1 

i 1t ~o 
~S.q~_ .. _ .. _ .. :_._._+!\(!). 

(a) 

+ *0 

1t (p) K(l) 
- - - ~ - - - -!-._._.~._._._ .. 

1 

: + 
yK 

K(q) : y (h) 
_ .. _ .. -)_ .. _ .. -.'r--------vVtvv 

(b) 

Figure C.13: Diagrams for 1[+ + K- -+ k*o + /. 
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o _*0 

n(p) K(l) 
- - - ~ - - - -!-._._.~._._._ .. 

! 0 
o yK 

K(q) i 'Y (h) 
- .. - .. -)- .. - .. -.>----vVvvv 

(b) 

Figure C.14: Diagrams for 71"0 + k O -+ k*o + "1. 

M C.5.2 (7r0(p) + [(O(q) --t [(*0(l) + "((h)) 

= M C .4.2 (7r0 (p) + K*O( -l) --t KO( -q) + "((h)) (C.20) 
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C.6 p + K --+ K + r 
0.6.1 Mp++K--+KO+1' = Mp-+K+-+KO+1' 

= Mp++K°-+K++1' = M p-+K O-+ K -+1' 

(a) 

° K(l) 
f "-"-r"-"-" 
1 

: + 
y .K 

K(p) : Y(h) _ .. _ .. _)_ .. _ .. _~ 

(c) 

+ 
p(q) Y(h) 

+ 
p _0 

K(p) K(l) 
_ .. _ .. _)_ .. _ .. - "-"-r"-"-" 

(b) 

Figure C.15: Diagrams for p+ + K- -+ KO + 1'. 

177 



C: SCATTERING MATRIX ELEMENTS 178 

+ 
o + 

p(q~ K(l) 
r .. _ .. _)_ .. _ .. _" 

! -
1 

vK + 1 

K(p) i Y(h) _ .. _ .. _>- .. _ .. _~ 
(b) 

+ 
',l«p) y(h) 
"~ 

", 
"'. + 

", 
"~ K(l) , 

", 
(c) "'" 

Figure C.16: Diagrams for pO + K+ --+ K+ + "(. 

(C.22) 
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C. 7 K + K* ~ 7r + r 
C.7.1 M K -+K *O---t7r-+Y = M K ++k*0---t7r++r 

= M K o+K *----t7r-+Y = Mko+K*+---t7r++r 

, / 
~, ~ 

K(··~··'·.'.. Tt- ///~/~ (1) 

/:~~~)- - - > - - -~ 
_.-=;:-)_ .. _ .. _,- - - ~ - - - - -

K(p) : JO Tt (1) 
*0 't'K 

K(q): y (h) 
_._._.~._._._.~ 

(a) (b) 

}~\PJ- .. _ .. _ .. ~ 
! + :K 

Â 

K(q) ! Tt (l) 
_._._.~._._._.-I- - - ~ - - - -

(c) (d) 

Figure C.17: Diagrams for K- + K*o ---t 7r- + r' 

M C .7.1 (K- (p) + K*O(q) -+ 7["- (l) + ,(h)) 

= M CA
.
1 (7["+( -l) + K*O(q) -+ K+( -p) + ,(h)) (C.23) 
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o 
K(p) Y(h) 
-"_ .. _)_ .. _ .. _~ 

1 + 

K(p) n(l) _ .. _ .. _)- .. _ .. _.,.. - - ~ - - - -
1 -

i * 
*+ lK 0 

K(q) ; n(l) 
_._._.~._._._.i - - ~ - - - -

*+ tK 
K(q) : y(h) 
_._._.~._._._.~ 

(a) (b) 

'~~:,7 
*+ >- , 0 

K(q) :>1'/ '.>l, n(l) , , 
/ , ,,' , 

(c) 

Figure C.18: Diagrams for K- + K*+ -+ 11"0 + ,. 

M C.7.2 (K- (p) + K*+(q) ---t 7r°(l) + ,(h)) 

= M C
.4.2 (7r0

( -l) + K*+(q) ---t K+( -p) + ,(h)) (C.24) 



D 

~-SD DISCONTINUITY RELATION 

First, the quark self-energy is given by 

(D.1) 

the quark propagator is 

. "(0 - i . fI "(0 + i . fI 
-ZSD(q) = - 2D+(q) - 2D_(q) , (D.2) 

while the complexe conjugate of the propagator is 

. * "(0 - i . q "(0 + i . fI 
ZSD(q) = - 2D+(q) - 2D~(q) . (D.3) 

(D.4) 

With "(0"(0 = 1, i . fIi . fI = -1 and "(ai' fI"(o = -i . fI, the expression simplifies to 

S1J(q) Disc~(w, I-Vl) SD(q) = 2D+(q~D+(q) ("(0 - i· fI) (DiscA + DiseB) 

+ 2D~(q~D_(q) ("(0 + i· fI) (DiscA - DiscB) . 

(D.5) 

On the other hand, the right hand side of Eq. 6.54 is 

1 1 
Disc (-iSD(q)) = - (l- i· fI) Disc 2D+(q) - ("(0 + i· fI) Disc 2D_(q) 

( a A A) (0 A A) 
"( - "( . q D' D* ( ) "( + "( . q D' D* ( ) 

= - 2D+(q)D+(q) ISC + q - 2D~(q)D_(q) Ise - q . 

(D.6) 
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When D±(q) = D±(q*), it follows that 

DiseD~(q) = D~(qo + if) - D~(qo - if) 

= D±(qo - if) - D±(qo + if) 

= -DiseD±(q). 

With D±(q) = -qo ± Iql + A ± B, we get 

Dise (-iSD(q)) = 2~~(~)1·+~~) (DiseA + DiseB) 

b O + i . q) (D· A D· B) + 2D~(q)D_(q) Ise - Ise . 

Finally, from Eqs. D.5 and D.8, we obtain the relation 

S'D(q) DiseL.(w, Iql) SD(q) = Dise (-iSD(q)) . 
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(D.7) 

(D.8) 

(D.9) 
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