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High-energy photons from expanding quark-gluon plasma and hot hadronic matter
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The emission of high-energy photons from an expanding quark-gluon plasma {QGP), which undergoes

a first-order phase transition to a hot hadronic gas before freeze-out, is evaluated. Compton and annihi-

lation processes in the quark-gluon plasma and an exhaustive array of hh ~by reactions as well as de-

cays in hot hadronic matter are considered. We find that, if the initial temperature of the QGP is more

than twice the critical temperature, then, beyond a transverse momentum of about 2—3 GeV, the pho-

tons from the QGP outshine those having their origin in hadronic matter. We further note that the in-

crease in degrees of freedom in the hot hadronic matter reduces the lifetime of the mixed phase.

PACS number(s): 12.38.Mh, 24.8S.+p, 25.75.+r

One of the most spectacular predictions of QCD is that
with increasing density and/or temperature hadronic
matter is dissolved into a quark-gluon plasma (QGP).
The hope that such temperatures and densities may be
realized in ultrarelativistic heavy-ion collisions has led to
extensive experimental and theoretical efforts to identify
possible signatures of the quark-gluon plasma. It is gen-
erally accepted [1—7] that high-energy photons originat-
ing from the annihilation process qq~gy and QCD
Compton process qg~qy and qg~qy can be an excel-
lent probe of the plasma, as they interact only elec-
tromagnetically with the medium and consequently have
a very long mean free path. Thus the photons retain the
memory of the early times of the QGP rather effectively.

It is important, however, to study the characteristics of
these photons in order to distinguish them from the pho-
tons which have their origin in direct QCD processes, in

hadronic matter, created during the cooling and hadroni-
zation of the plasma and in the hadronic decay after the
freeze-out Thus .it is generally felt [8] that the photons
originating from hadronic matter dominate in the region
of small transverse momenta (pT (2 GeV) and the direct
QCD photons do so at large pT (-4 GeV or higher),
leaving open a window around pT -2—4 GeV, where the
photons radiating from the QGP dominate. Obviously,
the precise location of this window is determined by the
initial temperature of the plasma and the dynamics of the
space-time evolution.

These aspects of the photons as a signature of the QGP
have been brought into sharp focus by the recent work of
Kapusta, Lichard, and Seibert [9], who have evaluated
the rates for emission of photons from QGP and hadrons
to the same order and found them to be nearly identical
at a given temperature. We find in the present work that
by taking into account the hydrodynamic expansion of
the plasma in space and time, the photons from the QGP
dominate over those from hadronic matter for pT & 2 —3

GeV if the initial temperature of the plasma is twice the
critical temperature ( T, ) or more.

We would like to add a word of caution at this stage.
The results of Kapusta, Lichard, and Seibert are often
misinterpreted to imply the inadequacy of photons as a
signature of the QGP. In the context of ultrarelativistic
heavy-ion collisions, however, the plasma formed has to
undergo a dynamical evolution with time governed by an
isentropic and not isothermal expansion. We show in this
work that taking account of the entropy conservation
during the evolution leads to a separation of the kinemat-
ical region where contributions from the hadronic phase
are overshadowed by those from the QGP part.

We start by noting that the net rate [9] from hard and
soft momentum transfers in qq~gy and q(q)g~q(q)y
processes is given by
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and the differential cross sections for the reactions
~m.~py, ~p ~my, ~m ~gy, and erg ~my are taken

where we have taken g =5 with o., =0.4 and considered
only u and d quarks.

The rate for the hadronic reaction hh ~h y is given by

dRI 1 deg d p~ d p2 d p3

d3p 2 (2~)3 (2m. ) 2E, (2m ) 2E~ (2n. ) 2E3

fi«i )fz«2)[1+f3«3)]
x (2~)'S(p~+ p~2 p~3 p~) I M, I'——

(2)
("deg" denotes degeneracy), where M;, the amplitude, is
obtained from
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from Kapusta, Lichard, and Seibert [9]. The purely elec-
tromagnetic annihilation m+m ~yy is considered for
the sake of completeness. We have also considered the
vector decay co ~m. y, p ~m+m y, as well as m. ~yy.

In Fig. 1 we have plotted our results for the compar-
ison of rates for photons from QGP at T= 160 MeV and
those from the reactions hh ~hy, as well as vector de-

cays. We find that the rates are quite similar at T=160
MeV as well, as was found at T=200 MeV earlier [9].

We also show the emission rate of photons from ha-
dronic matter consisting of an ideal gas of pion$, only,
when the a+ m —+yy and the ~ —+yy processes contrib-
ute. This result provides a justification for the neglect of
the hadronic contribution to the photon count rate before
freeze-out for hadronic matter consisting of pions only
[10]. Interestingly enough, we find that the contribution
of the m —+yy channel is about 5 times that for the

~yy before freeze-out.
The results of Fig. 1 have relevance for the mixed

phase, when the quark matter and hadronic matter coex-
ist at the same temperature. In favorable cases in heavy-
ion collisions at ultrarelativistic energies, the QGP will be
formed at an initial temperature T; (larger than the criti-
cal temperature T, ). The QGP will expand and cool until

it undergoes a phase transition to a hadronic gas, which
will further expand until it freezes out. Thus the dynam-
ics of the expansion will play a crucial role in providing
the window for the photons from the QGP.

We take the bag-model equation of state for quark
matter for simplicity and write

QGP VERSUS PIONIC AND HADRONIC GAS
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and
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where g; is equal to 3, 9, 3, and 1 for m., p, co, and q, re-

spectively.
Thus we can visua1ize the finite-mass hadronic matter

as considered here as consisting of massless hadrons hav-

ing an efFective degeneracy g,fr(T) such that the expres-
sion for sH is satisfied and use it later to obtain lifetimes,
etc., of the mixed and hadronic phases. We note that

g,s =3 for an ideal gas of (massless) pions usually taken to
describe the hot hadronic gas. We insist that the high
temperature of the hadronic matter created during the
hadronization does not allow us to treat the hadronic
matter as an ideal gas of (noninteracting) pions. We fur-
ther recall that an interacting pion gas can be shown to
have properties similar to a noninteracting ideal gas con-
sisting of pions and resonances [11]. The velocity of
sound (c,) is then obtained as

T dS
Cs

$ dT
da, s( T)

a,tr(T) dT

We find that c, =0.238 over the relevant temperature
range for hadronic matter (see also [12]). This provides
sufficient support for the methodology adopted here for
handling the hadronic phase.

Realizing that, we can write [6]
1/4

for an ideal gas of (u and d) quarks and gluons. The ha-
dronic matter is considered to be a mixture of nonin-
teracting a, p, ~, and g mesons, such that
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FIG. 1. Emission rate per unit volume for photons from a
quark-gluon plasma and a hot hadronic gas at T=160 MeV.
For the QGP, Cornpton (qg~qy) and annihilation (qq~yg)
processes are considered. The reactions n.m.~py, mp~m. y,
m.m.~gy, and ~g~m. y and decays aP~m y and p ~m.+~ y
have been considered for the case of the hadronic gas. In addi-
tion, the emission from a pionic gas are also shown for compar-
1son.

We find that the change in the value of the critical tem-
perature due to the change in the composition of the ha-
dronic rnatter envisaged here is only a few percent for a
given bag constant B. Thus the richness of the hadronic
matter considered here does not change the lifetime of
the QGP to any significant extent.

We use Bjorken hydrodynamics [13]with only longitu-
dinal isentropic expansion so that sv.=const through the
QGP and the mixed and hadronic phases.

Now the result for emission of photons from an ex-
panding QGP up to the freeze-out point is given by
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where

8(M)=8(s& —s)8(s —sH) . (10b)

Here s& and sH are the entropy densities at the critical
temperature.

The basic rates for the emission of photons from the
QGP and hadronic matter are taken from the relations
given above. A Monte Carlo program has been written
to perform the entire integration numerically. The pho-
tons radiating from quark matter evidently originate
from a pure QGP phase as well as the QGP part of the
mixed phase. Similarly, the sum of the contributions of
the hadronic phase and the hadronic part of the mixed
phase would be called the contribution of hadronic
matter.

In Fig. 2 we show our results for two typical initial
temperatures T; =1.5T, and 2T, for a Pb+ Pb sys-
tem. The initial formation time of the QGP is taken as
~; =1 fm/c. These along with a value for T, =160 MeV
here uniquely determine the particle rapidity density

PHOTONS FROM EXPANDING QGP
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FIG. 2. Emission of photons from a longitudinally expanding
QG& up to the time of freeze-out, considering a first-order

phase transition at T, =160 MeV. The formation time of the

plasma, ~;, is taken as 1 fm/c (see text). The solid curves give
the contribution of quark matter, and the dashed curves give

the results for hadronic matter. Two typical initial tempera-
tures are chosen as 1.5T, and 2T„which along with ~; uniquely
determine the particle rapidity density (dN/dy ) for the
0 Pb+ Pb system considered here. The freeze-out tempera-

ture Tf =140 MeV.
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through its relation with the entropy density [6,14]
(which is also shown on the figure for easy reference).
Results for T, =200 MeV are given in Fig. 3.

We see that when the initial temperature is 1.5T, the
photons from quark matter outshine the photons from
hadronic matter for pT larger than 3—3.5 GeV. The situ-
ation improves substantially for the larger initial temper-
ature considered. For the most optimistic cases con-
sidered likely to be realized at CERN Large Hadron Col-
lider (LHC) and BNL Relativistic Heavy Ion Collider
[14], the photon signal from quark matter considerably
outshines the background from hadronic matter beyond
pT-2. 5 —3.5 GeV. This is a very convenient window as
the direct QCD photons do not contribute significantly
here [15]. In fact, one can argue that for higher energies
at RHIC and/or LHC the hadronic background at larger

pT could perhaps be reliably evaluated using perturbative
estimates of minijets [16—18], making the photon signals
cleaner indeed.

It may be further argued that ~; =1 fm/c assumed here
is definitely not the only acceptable [19—23] choice. In
fact, the uncertainty principle provides that if the initial
temperature of the plasma is T;, then ~, —1/3T; as the
corresponding energy scale is -3T; [16,24]. We also
realize that, because of the onset of minijet phenomenon
at larger incident energies, the average transverse
momentum of the particle increases [25], which should
again imply a smaller r; [24]. This along with
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whereas for the present case of hadronic gas consisting of
m p, co, and g mesons,

a
a,(t(T, )

(12)

Referring to Eq. (9), we note that g, tt is 4.9 at 160 MeV
and 6.3 at 200 MeV. This leads to a decrease by a factor
of 1.7 and 2.3, respectively, in the lifetimes of the mixed
phases consisting of heavier mesons compared with the
case of a pionic gas. The freeze-out time for our case is
also reduced correspondingly [19]. Noting that the
"richness" of hadronic matter does not affect the lifetime
of the pure QGP phase, we see immediately that a realis-
tic description of hadronic matter considerably reduces
the hadronic background to the QGP signal. These argu-
ments also hold for the dilepton spectrum.

It could be of interest to consider a scenario when
there is no phase transition. We start by finding the tem-
perature of a "hot hadronic gas" which has the same ini-
tial entropy density as the QGP considered here upon for-
mation, i.e., at ~;, for a meaningful comparison. In Table
I we give the result for such an exercise for the four cases
considered here.

We see that the hadronic gas scenario without a phase
transition has to have very large initial temperatures
indeed in order to provide the reasonable particle rapidi-
ty densities considered here. Even though we find it very
difficult to imagine a hot hadronic gas at such large tem-
peratures, we have made such a "mindless" comparison

dX/dy —T; r; can give much higher initial temperatures
for the same multiplicity densities as considered here
[19]. We note that the contributions of the mixed and ha-
dronic phases remain unaltered when T, and (dN/dy )
are fixed. The results for higher initial temperatures are
then easily visualized from Figs. 2 and 3 by having an in-
creased QGP contribution. We would like to remark
here that this favorable shift in the window for QGP pho-
tons to a lower pz has been possible because the reduced
lifetime of the mixed phase as envisaged here.

In order to understand this, we note that during the
mixed phase the quark matter and hadronic matter are at
the same temperature T„and hence the contribution
from the mixed phase is proportional to (r& —

2& ), where

~H gives the end of mixed phase and ~& the end of the
QGP phase in the rest frame of the plasma. Thus, if the
hadronic matter consists of only pions,

a
7H 7Q

as a purely academic exercise of the count rate for pho-
tons for the two scenarios. In Fig. 4 we consider the case
when the QGP is formed at an initial temperature of
T,-=1.5T, with T, =160 MeV. We see that, because of
the larger initial temperature, the slope of the spectrum
in the hot hadronic gas scenario is smaller. The
difference would be even larger for the other cases in
Table I. However, we strongly feel that too much impor-
tance should not be attached to this result, as we have
used ground-state hadronic properties (obtained at T=O)
even at such higher temperatures. The temperature
dependence of these quantities will only introduce a fur-
ther uncertainty.

The conclusions of the present work should be
qualified with the following observations. We have not
included the bremsstrahlung processes leading to the pro-
duction of the photons in the QGP and hadronic matter.
Ho~ever, hadronic bremsstrahlung may give photons
having a pr=100 MeV [15]. The photons from brems-
strahlung in quark matter, on the other hand, make only
a negligible contribution beyond pr =1.5T, [6,19], where
the photons from Compton and annihilation processes
dominate.

One might question the neglect of the contribution of
strange quarks. It is felt [26] that if we include the con-
tribution of s quarks in quark matter, we should also in-
clude the contribution of str'ange mesons in hadronic
matter. It is quite likely then that the two contributions
to the basic rates are rather similar and then our basic
findings wi11 not be altered.

In all the results reported here, the temperature depen-
dence [27] of the masses and coupling constants in the
hadronic phase has been ignored. It is generally felt [26],
though, that the present estimates of these dependencies
have their largest uncertainty around the critical temper-
ature. Extracting reliable estimates in this region, which
is of interest in the present context, is a nontrivial task,
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TABLE I. Comparison of the initial temperature in a QGP
scenario with that for a hadronic gas scenario, corresponding to
identical entropy densities at the initial time r; = 1 fm/c.
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FIG. 4. Comparison of the count rate of the photons from an
expanding plasma of (a) hot hadrons and (b) the QGP at the
same initial density. We have used ~; =1 fm/c, which then cor-
responds to dN/dy =1400.
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but work along these lines is in progress.
The assumption of only a longitudinal expansion up to

the time of freeze-out is not quite justifiable. However, it
is known [28,29] that transverse expansion starts playing
a significant role only after the rarefaction wave hits the
center of the plasma, i.e., after a proper time -R~/c, .
Thus transverse expansion is not significant for emissions
from the QGP phase. The reduction of the lifetime of the
mixed phase envisaged here, because of the increased ha-
dronic degrees of freedom, reduces its importance for the
duration of the mixed phase as well. The photons from
the hadronic phase may "experience" a transverse kick,
though, and appear in the pT window identified here,
thus polluting the signals of the QGP to some extent. On
the other hand, the lifetimes of the mixed and hadronic
phases will be reduced because of transverse expansion,
thus reducing their contribution. These competing as-
pects along with the possible inclusion of strange and

heavier mesons are under investigation [30].
In brief, we have obtained cross sections for the emis-

sion of high-energy photons from an expanding quark-
gluon plasma by convoluting their rates, as a result of the
Compton and annihilation processes in quark matter and
an exhaustive array of hadronic reactions and decays in
hadronic matter with the space-time history of the plas-
ma. We find that if the initial temperature of the QGP is
more than 2T„ then for pT )2 —3 GeV the photons hav-
ing their origin in quark matter dominate over those orig-
inating from hadronic matter. Such a scenario is crucial-
ly dependent on the reduction of the lifetime of the mixed
phase containing heavy mesons.
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