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Photon emission from a parton gas at chemical nonequilibrium

Christoph T. Traxler and Markus H. Thomia
Institut fur Theoretische Physik, Universtt&iessen, D-35392 Giessen, Germany
(Received 2 August 1995

We compute the hard photon production rate of a chemically nonequilibrated quark-gluon plasma. We
assume that the plasma is already thermally equilibrated, i.e., describable by a temperature, but with a phase-
space distribution that deviates from the Fermi-Bose distribution by a time dependent(fagtaity). The
photon spectrum is obtained by integrating the photon rate over the space-time evolution of the quark-gluon
plasma. Some consequences for ultrarelativistic heavy ion collisions are discussed.

PACS numbds): 25.75—q, 12.38.Mh, 24.85tp

[. INTRODUCTION For times 7> 7, we assume that the distribution func-
tions can be approximated by
Hard photons are a promising probe for the fireball cre-
ated in ultrarelativistic heavy ion collisiond]. As they are
leaving the fireball without further interactidiz], they are Nr8(E)=Xaqo( D7 (1)
probing the various stages of the collision directly. Concern-

ing the quark-gluon plasmeQGP phase, photon emission e  py equilibrium Fermi-Bose distribution functions with a
has been considered so far mostly at thermal and chemicgme-dependent temperature multiplied by a time dependent
equilibrium[3-5]. Here we will investigate the photon pro- factor A, , which describes the deviation from chemical
duction from a chemically nonequilibrated QGP, startingequilibrium. This factor, called fugacity, takes account of the
from a simple model for the chemical equilibration of a par-yndersaturation of the parton phase space density, i.e.,
ton gas in ultrarelativistic heavy collisio$]. This model 0=<\qe=L1.

predicts that the QGP possibly formed at RHIC and LHC is 1o jowest order perturbative QCD the phase space will be
always far from chemical equilibrium, showing a strong un-populated by the reactions

dersaturation of the phase space in particular for quarks,
which are the source of photon emission. In the next section
we present a short review of the parton chemistry model,

before we calculate the hard photon production rate from %he time evolution of the quark and gluon densities, which

\(/:vk:eegwlgsyy Qgtgiq:";bgt?;edoggitgg dggs ;Qtser(;tilrI]L Itr;“fe%‘olt\éﬁre proportional to the fugacities, can de determined by rate
P pectra, . y Integ 9 P equations, where the equilibration rates entering these equa-
rate over the space-time evolution of the fireball, and discus

some consequences for RHIC and LHC. Similar investi affons follow from the cross section of the above reactions.
tions have bgen erformed in Refg—9] to.which we com-g The cross sections are calculated from the lowest order ma-
pare our results P e trix elements, where the thermal gluon and quark mass, also

depending on the fugacities, serve as infrared cutoffs:

g9—ggg, gg—qa. 2

Il. PARTON CHEMISTRY m2=x.l 1+ Ne ﬂ 3
g g 6 3’
The chemical equilibration of quarks and gluons has been
described by means of rate equations for the quark and gluon Ng|g2T2
phase space density after thermal equilibrium s¢6]nHere mg: At ?q 5 (4)

we speak of thermal equilibrium as soon as the momentum
distribution of the partons becomes exponential and isotro-
pic. According to the event generator HIJINGO] the pri- ~ whereN; denotes the number of active flavors in the parton
mary hard parton collisions result already in an exponentiagas, for whichN;=2.5 was choser(In chemical equilibrium

p, distribution [11]. Subsequent longitudinal expansion the thermal masses follow from the zero momentum limit of
leads to an isotropic momentum distribution in the centrathe gluon and quark self-energies in the high temperature
slice (Az=0.5 fm) at a time 7,,,=0.3 fmk at RHIC and approximation/13] leading to

Tiso= 0.2 fmfc at LHC after the primary collisiong5] corre-

sponding torp= 0.5-0.7 fm¢ after the maximum overlap of ) 2g? N¢\ (= .
the nuclei[11,12. my=—7 1+ 5/, dk k rg{k),
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0.6 . —— T — Landau-Pomeranchuk effect in the gluon bremsstrahlung is
T RHIC 084 \T LHC i treated by taking into account the rescattering of the radiated
AuthAu 1 Au+Au gluon. Then gluons with larger formation times can also be
S(s) =200 AGeV | sar(s) = 6000 AGeV emitted[17]. Furthermore, the procesgy<>ng, n>3, can
be included, leading to gluon production rates about twice as
large[18].

Despite all these uncertainties, we think it worthwhile to
study the consequences of this parton chemistry scenario, as
has been done in the case of charm producfit®. The
l ) other way around, by comparing the particle production

................... 11 T (photons, dileptons, chapmpredicted by this scenario, with
00— 0.04+——! . experimental data, one might be able to extract information

T } o 7 ] 6 o o 7 X -
< [fac]  ffave] on the equilibration in ultrarelativistic heavy ion collisions.
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FIG. 1. Temperature, quark fugacity, and gluon fugacity for an lll. PHOTON PRODUCTION RATE

Au+Au_collision in RHIC (s"?=200A GeV) and LHC In thermal and chemical equilibrium, the production rate
(s7°=6000A GeV). The data were taken frof6]. of hard photons with energig>T can be computed using

In the chemically nonequilibrated parton gas the equilibriumthe _Braaten—Yuan p(escriptic[ll9]. This r_esullts in a deco_m—
position of the rate into a soft part, which is treated using a

distribution functions are replaced leading to(3) and
P tg) gto(3 resummed quark propagator according to the Braaten-

(4).) In addition, gluon radiation in the first reaction is as- , S
sumed to be suppressed if the mean free path of the gluons fjsarski method20], and a hard part containing only bare

the parton gas is smaller than the formation length of théPfoPagators and vertices. In the soft part the resummed quark
emitted gluon. In this way the so-called Landau- propa_gator takes care of medium eff(;,\ctzs in theT QGP; e.g., it
Pomeranchuk effect is taken into account phenomenologi€ontains the thermal quark masg = g°T /6, which serves
cally. The results for the equilibration rates can be found in@S an infrared cutoff in the case of a vanishing bare quark
Ref. [6]. mass. The har_d part follows from the momentum integration
Together with the equation describing energy conserva@Ver the matrix elements that lead to photon emission in

tion in the case of a purely longitudinal expansi@] the 'owest order(quark pair annihilation, Compton scattering
rate equations determine the evolution of the quark andvith an mmal_gluor) muluphgd by the distribution fu.nctlons
gluon fugacities\; 4(7) and of the temperaturg(r). These of the iIncoming and outgoing partof3]. A separation pa-
equations are solved numerically together with the followingr@meterke is introduced, which allows one to distinguish
initial conditions atr, resulting from HIJING:)\8=0.09, betvveen soft and hard momenta of the |ntermed|at9 quark.

0 b Assuming the weak coupling limit argiT<<k.<T, the final
Ng=0.02, andTo=570 MeV for RHIC andAy=0.14,  regyit is independent of the separation sdale This proce-
)\820.03, andT,=830 MeV for LHC, respectively. The re- dure has been demonstrated in R¢8&4] using Boltzmann
sults are shown in Fig. 1(Recent investigationg12] with  distribution functions for the incoming particles, and in Ref.
slightly changed initial conditions and a somewhat larger rat¢5] using full Fermi-Bose distribution functions with a non-
for the gluon production gave similar reslt¥he tempera- zero quark chemical potential. Unfortunately, the Braaten-
ture drops faster than in the Bjen scenario[14] Pisarski method is based on the principle of detailed balance,
(T3r=cons}, since energy is consumed by parton produc-which holds only in full equilibrium, and thus is not appli-
tion. The main result of these investigations is a clear deviacable for the chemical nonequilibrium stage.

tion from chemical equilibriunfundersaturationat RHIC as Since there exists so far no consistent method for treating

well as LHC, especially for quarks. medium effects at nonequilibrium, we propose the following
The following problems and criticisms associated withprocedure. We only consider the hard part of the photon rate

this model and its results should be mentioned. and replace the cutok? by 2m§ as suggested by the equi-

(i) The initial fugacities from HIJING are very small in librium result[3]. For the thermal quark mass we adopt the
contrast to the one following from the parton cascade modeformula (4) containing the fugacities, thus taking into ac-
[15], which gives)\gzl and )\8:0.7. The reason for this count nonequilibrium effects. This approximation is in line
essential difference is not clear yet. with the estimates of the equilibration rates calculated in Ref.

(i) The introduction of time-dependent distribution func- [6]. In addition, we assumg =0 since the photon rate is not
tions such ag1) for describing a nonequilibrium situation sensitive to a nonzero quark chemical poter{&dl Further-
contradicts a perturbative expansion in the real time formalmore, the fugacities show up in the distribution functions of
ism by leading to singularities in loop diagrafis6]. How-  the incoming and outgoing partons, for which we adopt the
ever, here we only want to employ the distributidd$ as a  nonequilibrium distributiong1), under the momentum inte-
phenomenological ansatz, and we do not consider loop diagral defining the photon rate.
grams. We now compute the hard photon production rate, starting

(iii ) Uncertainties in the equilibration rates have a signifi-from the following equation for each contributigannihila-
cant influence on the evolution of the fugacities. In particu-tion, Compton of the photon rat¢5] (summed over the pho-
lar, a larger gluon production rate could be obtained if theton polarizations



1350 CHRISTOPH T. TRAXLER AND MARKUS H. THOMA 53

dn O(P(E1,E»))niny(1£n3)

1 © 7k2
2E = dsf ¢ dt ./zzf dE, dE , 5
d3pd*x 8(277)7E,Lk§ —s+12 2 1.7 g2 - C JP(E;,E,) ©

2 denotes the square of the matrix element for the annihilation or Compton process summed over the initial and
final parton states ang| the parton distributions, where the plus sign in fronhgfcorresponds to the annihilation process and
the minus sign to Compton scattering. The polynomialis given by P(E;,E,)=—(tE;—UE,)?>— 2ES(tE;+UE,)
— s?E?+ 5%t + st? with the Mandelstam variables t, andu= — (s+t), and® is the step functionE andp are the outgoing
photon energy and momentum, relatedBby p=|p|, since the photon is on shell. Finaliyn is the number of photons that
will come out of the plasma celi®x during dt with a momentum ind3p aroundp. Equation(5) is already written in a
Lorentz-invariant fashion and can be related to the rapiditydVia E=dp,d pydy= d?p.dy.
Let us now introduce the fugacity factors () by the replacement

NiNo(1En3)—=N1NAoNo(1EA3N3).
We decompose this product as follows:
N1NAaNo(1EN3N3) =N iAo 3N Ny (1EN3) + AN o(1—N3)ngNy. (6)

Here, the first term leads to the equilibrium photon rate as computed iff Refultiplied by)xg)\g
dn Saah 2\ A4ET
(2 ) =T X 9y2g-EIT |n< 2 )—1.42.
C

E d3pdix 97
Herek? is the infrared cutoff of the hard contribution for which we will usm?as discussed above. In order to fi{rl, one
has to use Boltzmann distribution functions instead of the full quantum-mechanical distribution functions on the incoming
legs. This underestimates the contribution coming from the Compton scattering process and overestimates the contribution of
the quark—antiquark-annihilation process, but the two errors cancel up to a maximum error of about 10% in the end, as is
shown by numerical analysis in Rgb].
The second term of6) results in the rate

AAo(1-Ng) J J j J’ O(P(E, ,Ex))nyn,
= ds dt )? dE, | dE .
(%ﬂp 8(2m)'E d Ersue Jr ° P(E. ,E,)

We treat this term again in the Boltzmann approximation, usiigy=e~5+'T. The distribution functions are constant in the
innermost integral, and can be drawn out in front. Now all the integrals are elementar@@)aaduces in a few steps to

)

2E—dn 8
d’pd*x/, (8)

2

dn 10a aq
- +Aghq(1—Ag)
2

—E/
dSpdAX - 9 4 T2 ET[)\ )\g(l )\q)

k2
—2+42e” kc/4ETE ( )}

ks
k/4ET
1+2e % E( ET

(2E 4ET

(©)

For a consistent computation to ordef«g), we approximate

k? AET k2
~K2I4ET _ <
2e E (4ET) 2y+2In k§ )+O(4ET)
and obtain
dn 10aas et 4ET 4AET
2Ed3pd4X = 9 T e A )\ (1 A ) 1-2y+2In k—g +)\q)\q(1—)\g) —2—-2y+2In k—g . (10

The photon rate is the sum ¢7) and (10) after insertion ok;=2m;=0.2292T2(\ g+ \/2).

Our result for the nonequilibrium photon rate differs from the one found in R&f8], where the equilibrium rate was
simply multiplied by the fugacities of the incoming partons and the equilibrium quark mass was used as infrared cutoff. Our
formula also differs from the one of RgP], where more elaborate nonequilibrium distributigdstner distributions were

assumed, which are, however, not in line with the parton chemistry model presented [6]Ref.

IV. PHOTON SPECTRUM

In the simplest of all models of a central ultrarelativistic heavy ion collision, one imagines two flat nuclei which penetrate
each other and fly apart afterwards, creating a longitudinally expanding, cylindrical quark-gluon plasma tube between them. A
Minkowski diagram of this event is shown in Fig. 2.
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For the total photon yield, we take the rate as given in the last section and the fugacities shown in Fig. 1, and integrate over

the plasma space-time volume, using
4 71 Ynuc
d*x=Q| drr~ dy,
plasma 70 ~Ynuc

where the times after the maximum overlap of the nucleigre0.7 fmk and ,=4 fm/c and the rapidity of the nuclei is
Ynue= 6 at RHIC andry=0.5 fmk, =,=6.25 fmk, andy,,=8.8 at LHC, respectivel\Q is the transverse cross section of the
nuclei; for gold,Q~180 fr?. We obtain for the photon spectra

( 2dn )
d?p, dy (11)

_ Tld fYnuchZE dn)
=R 9T, I PEwEpax

Y.py 70 ~Ynue glocrestep cosiy—y’), T=T(r),\=\(7)

(The two expressions in large round brackets are Lorentzompensated by the small fugacities of our model. Using the

scalars; we can Lorentz transform them by simply transformfugacities as plotted in Reff12], the photon yield is the same

ing their argument, i.e., the photon energy. The photon enas in Fig. 3 within a factor of 2.

ergy in the laboratory frame equajs cosh); the photon Spectra for different rapidity regions are plotted in Fig. 4.

energy in the comoving frame of the plasma is thenWithin the limits given by the nuclear rapidities, the trans-

p, coshiy—y’). The superscript “loc rest” serves to remind verse momentum spectra do not depend on the photon rapid-

us of this transformationHere we assumed that we can useity. In other words, the photon rapidity distribution closely

the fugacities for times> 7, not only for the central region resembles the underlying quark rapidity distributif22].

and neglected the transverse expansion of the fireball, whichhis is easily understood, as the rapidity distribution of

can be treated in a hydrodynamical mof&l]. massless isotropic radiation @waysa bell-shaped curve
Figure 3 shows the individual contributions of different with a full width at half maximum(FWHM) Ay~1.6. This

time intervals between, and r; to the photon spectrum. is small compared with the nuclear rapiditigg, (. = 6—8.9

Summing up these contributions gives rise to the concavat high energies. Therefore, if we Lorentz transfaishift)

shape of the photon spectrum in Fig. 3. Clearly the spectrurthe rapidity distribution of the photons according to the ve-

is dominated by early times corresponding to high temperalocity of the plasma cell they originate from, we get essen-

tures[8], especially for large photon energies. Hence it istially the plateau-shaped distribution of the quarks, smeared

rather insensitive to the uncertainties of the equilibrationout a little bit. This is schematically shown in Fig. 5.

rates. Compared to chemical equilibrig=\,=1 at an

initial temperature ofT;=300 MeV, as was considered for

SPS energie§21], the photon yield from the QGP is sup- V. CONCLUSIONS

pressed by about a factor of 10 (RHIC) to 10" (LHC). We have studied the photon production from a chemically

This would imply that photons from the QGP cannot be ob-ngonequilibrated parton gas presumably produced at RHIC
served. Although the photon rate is enhanced by the high

initial temperaturel ,=500—-800 MeYV, this increase is over-

10-3_RHI&: ' ——total yield ' . 10_2':LHCI

T
total yield

A ——07-1.36 fmfc 3 3 ——0.5-1.65 fmic

Tt = ---- 136202 fc ] b -~ 16528 fmic

: - N 202268fmic ] 1 N\ o 2.8-3.95 fm/c

: 2 ., - 268334fme | kL O\ - 3.95.5.1 fim/c
expanding hadron gas 107 3 s 3ddfmie 10740 N T 5.1-6.25 fm/c

thermalized but
chemical

non-thermalized non-equilibrium

early stage A 3 ] B
z AutAu N N Al + Au "«.\\'\.\ . *
 |sa(9)=200 AGeV, V. 1 6 |sar(s)=6000 AGeV .
- 10 T T LI 10 — T T T
Au Au 10 15 20 25 30 10 15 20 25 30
pr[GeV] pr[GeV]

FIG. 3. Midrapidity (y=0) photon yield from various stages
FIG. 2. Minkowski diagram of a relativistic heavy ion collision (proper time slicesof the plasma evolution. The top curve is iden-
(RHIC) creating a quark-gluon plasma. We compute the photortical to the y=0 curve in the next figure.
yield of the plasma between timeg and 7, .
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FIG. 4. Photon spectra for various fixed rapidities.
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FIG. 5. Rapidity distributions of photons, partons, and those
photons originating from a parton cell within the rapidity interval

AYpart-

distributions look thermal, and that the photon emission is
dominated by early times. This result suggests that the pho-
ton emission from the plasma phase is not observable. In
contrast, the parton cascade model predicts almost complete
saturation of the parton phase-space densities at the onset of
thermal equilibrium with similar initial temperatures
(To=500-800 MeV. Hence the photon yield from the

and LHC. We have neglected the prethermal stage as well §§3sma is enhanced by about a factor of (RHIC) to 1C°
the mixed and hadronic phases of the fireball. Using the ung_Hc) compared with our estimate and might be visible, in
dersaturated parton densities, following from rate equationgarticular for photon energies between 2 and 3 Gay

of the parton chemistry based on initial conditions predicte

£onsequently, photon data at RHIC and LHC might allow a

by HIJING, the photon yield is suppressed by a factorgjstinction between the initial condition predicted from

102 (RHIC) to 10! (LHC) compared to a fully equili-
brated QGP at an initial temperature B§=300 MeV. This

large difference relies on the fact that the HIJING model

predicts a very small quark densifgnly 2—3 % of the equi-
librium valug at the timery, from which time on the parton

HIJING and the one from the parton cascade model.

ACKNOWLEDGMENT
This work was supported by BMBF and GSI Darmstadt.

[1] P. V. Ruuskanen, Nucl. PhyA544, 169c(1992.

[2] M. H. Thoma, Phys. Rev. 31, 862(1995.

[3] J. Kapusta, P. Lichard, and D. Seibert, Phys. Rev4D1298
(1991.

[4] R. Baier, H. Nakkagawa, A. Ni@wa, and K. Redlich, Z. Phys.
C 53, 433(1992.

[5] C. T. Traxler, H. Vija, and M. H. Thoma, Phys. Lett. B16,
329(1995.

[6] T. S. Birg, E. van Doorn, B. Miier, M. H. Thoma, and X.-N.
Wang, Phys. Rev. @8, 1275(1993.

[7] E. Shuryak and L. Xiong, Phys. Rev. Lef0, 2241(1993.

[8] B. Kampfer and O. P. Pavlenko, Z. Phys.62, 491 (1994).

[9] M. Strickland, Phys. Lett. BB31, 245 (1994).

[10] X. N. Wang and M. Gyulassy, Phys. Rev.44, 3501(1991).

[11] K. J. Eskola and X. N. Wang, Phys. Rev.49, 1284(19949).

[12] P. Levai, B. Muller, and X. N. Wang, Phys. Rev. &1, 3326
(1995.

[13] V. V. Klimov, Zh. Eksp. Teor. Fiz82, 336 (1982 [Sov. Phys.
JETP55, 199 (1982]; H. A. Weldon, Phys. Rev. 26, 1394
(1982; 26, 2789(1982.

[14] J. D. Bjarken, Phys. Rev. 27, 140(1983.

[15] K. Geiger, Phys. Rep., Phys. R8p8 237(1995.

[16] T. Altherr and D. Seibert, Phys. Lett. 833 149 (1994.

[17] R. Baier, Yu. L. Dokshitzer, S. Peignand D. Schiff, Phys.
Lett. B 345 277 (1995.

[18] L. Xiong and E. Shuryak, Phys. Rev. 49, 2203(1994.

[19] E. Braaten and T. C. Yuan, Phys. Rev. Lé, 2183(1991).

[20] E. Braaten and R. D. Pisarski, Nucl. Ph#337, 569 (1990.

[21] N. Arbex, U. Ornik, M. Plimer, A. Timmermann, and R. M.
Weiner, Phys. Lett. B845 307 (1995.

[22] A. Dumitru, U. Katscher, J. A. Maruhn, H. Siker, W.
Greiner, and D. H. Rischke, Frankfurt Report No. UFTP-381/
1995, 1995.



