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Features of photons radiated off quarks escaping from a quark-gluon plasma
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Radiation of photons off quarks escaping from a quark-gluon plasma and thereby accelerated by
the confining color field is studied. The rate of emission of these photons is found to increase with
their rapidity for a given energy. The pr spectrum of the photons thus radiated is compared to those
due to the Compton and annihilation processes in the quark-gluon plasma (QGP) after accounting
for the space-time evolution of the plasma. The largest contributions are seen if the current mass for
the quarks is used and then the photons produced due to the color-confining mechanism operating on
the quarks are found to give a contribution of about 100 % at very low pr and about 10-20 % at the
transverse momenta of 2-3 GeV as compared to the photons due to the Compton and annihilation
processes in the plasma. However, if a larger value is associated with the mass of the quark, this
radiation is very strongly suppressed. This uncertainty raises doubts about the usefulness of such
radiations as a signature of a QGP, which is rather unfortunate as these photons are known to be

polarized.

PACS number(s): 12.38.Mh, 13.85.Qk, 25.75.+r

L INTRODUCTION

One of the most important challenges in high energy
nuclear physics at the moment is the creation, detection,
and study of the quark-gluon plasma — a deconfined
state of strongly interacting matter. It is likely to be pro-
duced in collisions involving heavy nuclei at the Relativis-
tic Heavy Ion Collider (RHIC) at Brookhaven National
Laboratory and at the Large Hadron Collider (LHC) and
the Super Proton Synchrotron (SPS) at CERN. It does
not seem to be unlikely that the quark-hadron phase
transition is already taking place in S+Au collisions at
the SPS. This has led to one of the best coordinated inter-
national efforts both theoretically and experimentally in
recent times, which has paid rich dividends. Thus by now
a series of very reasonable signatures of the formation of
a quark-gluon plasma (QGP) have been identified, and
detailed experiments have been planned to verify them.

High energy photons and dileptons provide one of the
most reliable messengers of the advent of the QGP as
they have a very large mean free path which allows them
to escape the system without any further (final state)
interaction. Their production cross section is also a very
rapidly increasing function of the temperature, and thus
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they are produced most copiously just when the system
is at its hottest (and densest) which allows them to probe
the nascent QGP.

The experiments planning to use high energy photons
to probe the QGP have to confront two rather daunting
problems. The first one involves a very large background
of photons produced by the decay of 7° and 7 mesons.
Fortunately, the problem gets easier with the increase in
transverse momentum of the detected photons, and for
/7% > 0.05 and pr > 1 GeV, it may become tractable
(1, 2].

The other problem has its origin in the finding of Ka-
pusta et al. [3] which simply states that a hot hadronic
gas “shines just as brightly” as the QGP at the same tem-
perature. However [4], a hadronic gas will have a smaller
entropy density as compared to the QGP at the same
temperature. Additionally, it will appear only during
the mixed phase and the hadronic phase of the evolution
of the system produced in relativistic nuclear collisions
when the temperatures are lower than during the (early)
QGP phase. In spite of this, as the system will undergo
a rapid transverse expansion during the latter stages of
the evolution [5], the thermal photons from hot hadronic
matter get “blueshifted” into the (transverse momentum)
window available for thermal photons originating from
the QGP. This makes the identification of “golden pho-
tons” produced from QGP somewhat involved.

In view of the above, the study of mechanisms which
could lead to enhanced production of high energy pho-
tons from the QGP but not from hot hadronic matter can
be very rewarding indeed. Two such efforts immediately
come to mind. First, the fact that the quarks and the
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gluons are confined within the boundaries of the QGP
leads to an enhancement of their distribution function
by many orders of magnitude above the Boltzmann dis-
tribution normally assumed for this purpose, for larger
transverse momenta [6]. This effect is obviously absent
for the hadronic gas and may lead to a greatly enhanced
production of high energy photons due to the Compton
and annihilation processes in the QGP [7].

In the present work, we concentrate on yet another
unique mechanism which could provide high energy pho-
tons from the QGP but is absent for a hot hadronic gas.
Consider the quarks confined in the QGP. The quark-
‘near the surface having momenta pointing outwards wil
try to escape the plasma. The collective color field of the
plasma will get into action, masquerading as a chromo-
electric flux tube. Now one of the following two things
can happen. Either the flux tube will fragment, releasing
a color singlet ¢g pair, or the flux tube will pull the quark
back into the plasma, ensuring confinement. However, in
this latter process, the quark will suffer a rapid accelera-
tion which will lead to a radiation of photons similar to
the magnetic bremsstrahlung [8] in ordinary electromag-
netic plasma. It has been suggested [8] that this radiation
may be as strong, or even an order of magnitude stronger
than the (“standard”) radiation due to the Compton and
annihilation processes. In the following we reexamine the
importance of this signature of the QGP in the light of
recent (and more accurate) determination of the rates
for photon emission from QGP due to the Compton and
annihilation processes, and study its features in detail,
specifically at SPS, RHIC, and LHC energies.

II. FORMULATION

A. General considerations

Let us briefly recall the basic formalism [8] for the ra-
diation of photons off the accelerating quarks near the
surface of the QGP. We use the chromoelectric flux tube
model [9] to visualize the confinement. This model ap-
proximates the interaction between the plasma volume
and any colored object crossing the boundary by a con-
stant force o ~ 0.2 GeV? which pulls the object back to
the plasma. The force is assumed to act along the normal
to the plasma surface (see Fig. 1). It is expected [10] that
the temperature of the QGP at the RHIC (LHC) could be
as high as 500 (900) MeV. Thus the de Broglie wavelength
of the quarks is much smaller than the transverse dimen-
sions of the QGP, making a semiclassical description of
their motion meaningful. At the same time the energy of
the v and d quarks (E) (=~ 3T) during the QGP phase
is many orders of magnitude larger than their (current)
mass ~ 5-10 MeV. (We shall return to the consequences
of taking a larger mass accounting for the many body ef-
fects on the quarks, or the constituent mass of the quark,
later.) Therefore, as pointed out by the authors of Ref.
[8], the so-called “coherent radiation length” [11]

lecoh ® 4TE(E —w)w tm™2 (1)

becomes very large compared with the radius of curvature

Y
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FIG.1. A quark near the surface tries to escape the quark-
gluon plasma. A chromoelectric flux tube is formed. It may
either fragment, releasing a color singlet ¢g pair, or it may pull
the quark back into the plasma. In the latter case the quark
will experience strong acceleration and radiate photons.

of the trajectory of the quarks, p ~ E /o, even when w is
quite close to the total energy of the radiating particle.
This provides that the radiated power is independent of
the mass of the particle [11], and, therefore,

%% =0.37¢2a(Eo sin )3, (2)
where e, is the charge of the quark in units of charge
of the electron, a is the fine structure constant, and ¢
is the angle between the momentum of the quark and
the normal to the surface of the plasma. The spectral
radiation density has been shown [8] to be given by

dI

aw—di—_-o.52e§aw1/3(a sing/E)¥3, 0<w< E .

3)

This relation is invalid only when w is very close to E.
The radiated photons are confined to a narrow angle
(= m/FE) and we assume them to be collinear with the
quarks. Using the laws of motion for the quarks moving
under the influence of the confining force near the bound-
ary and the distribution of the quarks in the plasma, the
spectral distribution of the photons emitted per unit time
per unit surface area of the plasma has been obtained [8]
as

dNn,
dS dt w? dw d2
_ 0.52g 3 53 2 .. 2/3
RC R i PV
*° w
X d¢ exp (—=¢) (€73 —1). 4)
[ e (-e) € <

In the above, ¢ is the angle between the normal to the
surface of the plasma and the direction of the emitted
photon, g is the number of the quark degrees of freedom
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due to spin and color and is equal to 2x3 =6, -, - €7

is sum of the squares of the charge fractions of the quarks
and the antiquarks given by 2 x (e2 + €2), and T is the
temperature of the plasma. The number of photons per
unit time per unit surface area is obtained by performing
the integration over the direction 2 and the energy w as

dnN, )
asa A .Z &

1=¢,q

aTll/S 0—1/3 , (5)

1.56 g 25/312(4/3)

A= e

~ 0.60 . (6)

In order to have an estimate of the importance of this
process, we apply it to the case of a longitudinally ex-
panding plasma according to the Bjorken hydrodynam-
ics [12] which is expected to be valid during the QGP
phase. This provides that dS dt = 27 Rt dz dt where R
is the transverse dimension of the system, and we obtain
the number of photons radiated per unit length per unit
time as

dNz2d
dzdt

=2nRr A Z e2| aT/3 o713, (7)
i=q,q

This may be compared to radiation of photons due to

Compton and annihilation processes in the plasma, which

are volume processes, and for which one of the best esti-
mates to date [3] is given by

dN 5 aog, ., 2912 E,
—_ = — +1
B edh, 9 e L 1n(47ra,,T + )
x exp(—E,/T) , (8)

where E, is the photon energy and a, is the QCD cou-
pling constant. The integration over the photon momen-
tum can be performed to get the number of photons emit-
ted per unit time per unit volume. We have found that
to a great degree of accuracy and for not too large values
of a, this can be written as

dNC+ann 5 Araa
Ty 3 A% 07T In(1/a,
Jiz 9 X g2 X 0.77% In(1/cs)
STaa
—W{ ln(l/as)T4 . (9)

It is worthwhile to recall that this estimate for photons is
more than twice the value obtained in early works [13].
This certainly reduces the relative strength of the ra-
diated photons studied here by a factor of 2. Again, we
write for the plasma undergoing a longitudinal expansion
according to Bjorken hydrodynamics d*z = m R% dzdt
and thus the number of photons radiated per unit time
per unit length of the plasma due to the Compton and
annihilation processes is given by

d NC +ann 5

—prz—'d‘?—" = 5 X 1.4R§~aasT4 ln(l/as) . (10)
This provides for an easy reckoning of the importance of
the mechanism leading to photons radiated off quarks due
to the action of the confining color field at the boundary,
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in situations likely to be attained during the early life
of the QGP as created in relativistic collisions of nuclei.
Thus we find that the ratio (R) of the number of photons
radiated per unit time per unit length of the cylindrical
plasma as compared to the thermal photons emitted due
to Compton and annihilation processes is given by

dNz*/ dz dt
dNy e [ dz dt
=1.063 (o, In(1/c,) Rp T3 o/3)71 (12)
_ -1/3 -1
=5.0325 [T(GeV)] [Rr (fm)] (13)

for a; = 0.3 and o = 0.2 GeV2. This expression clearly
demonstrates the increasing importance of the radiation
process considered here as the size of the system decreases
and the temperature becomes smaller. Thus, for a col-
lision involving two lead nuclei, this ratio is about 0.9
at T=500 MeV and increases to 1.2 at T=200 MeV. On
the other hand, the corresponding values for collisions
involving two oxygen nuclei are as high as 2.14 and 2.90,
respectively. Unfortunately, the rate of emission of the
photons decreases very rapidly with the decrease in tem-
perature. Otherwise this could have led to the exciting
possibility that the experiments looking for electromag-
netic signatures of QGP could have become feasible and
viable even for collisions involving smaller nuclei, which
would have the additional advantage of providing a less
messy background.

Thus we see that for situations likely to be attained at
the SPS, RHIC, and LHC the radiation of photons due
to the color-confining mechanism considered here could
be as intense as that due to the Compton and the anni-
hilation processes in the plasma, if we take the current
mass of the quark for these evaluations. However, as re-
marked earlier, whereas the rates for the latter are simi-
lar to that for radiation from hot hadronic matter due to
hadronic reactions and decay of vector mesons [3], there
is no analogue of the radiation process considered here
[8]. In fact, it can be argued that, even though we still
have quark matter during the mixed phase, it is quite
likely to be found in much smaller bubbles, where the
conditions necessary for radiation of photons due to the
color-confining mechanism operating on the quarks are
no longer satisfied.

B. The transverse momentum spectrum

After these general considerations let us evaluate the
transverse momentum spectrum of the photons radiated
off the quarks near the boundary when the dynamic evo-
lution of the plasma is accounted for. As a first step we
find the rate per unit time per unit surface area for the
photons.

Equation (4) can be manipulated after some algebra
to give
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dN;&d _ 052901 x § E €~2 E5/3
dSdtd?krdy 2(2m)4ol/3 T 7 it * v
27 1/3
X / da (1 — cos? a/ cosh® y)
om
x / dee B8/T(g7/3 1) | (14)
1

A very interesting feature of this expression is that the
rate of emission of a photon with energy F, is a function
of not only the energy of the photon but also its rapidity
(the polar angle), unlike for the case of the Compton
plus annihilation processes above [Eq. (8)]. This has
its origin in the dependence of the rate of radiation on
the angle between the direction of motion of the quark
and the confining force which acts along the normal to
the surface of the plasma [see Eq. (2)]. Recalling that
E, = kr coshy, this implies an enhanced production of
photons having smaller transverse momenta, for a given
photon energy. This is best understood in terms of a
universal function ) defined below (see Fig. 2) which
gives the ratio of these rates for any rapidity to that for
zero rapidity (largest kr) for any given energy:

[ da (1 — cos? a/ cosh? y) 13

0
J& da (1 — cos? a)*/?

y:

(15)

We shall see later that the use of the boost-invariant hy-
drodynamics of Bjorken while integrating over the space-
time history of the plasma “robs” us of this unique ra-

Ratio=[Rate(y)/Rate(y=0)] .
b

1.5 T T T T
14
1.3 9
o
=
<
(a2
1.2 ’» B
1.1+ E
1.0 1 1 1 1
0.0 20, , 30 4.0 5.0
Rapidity (y)
FIG. 2. The universal function Y giving the ratio of ra-

diation of photons of a given energy per unit time per unit
surface area and having a rapidity y to those with y = 0.
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pidity dependence of the photon spectrum. It remains to
be seen if a more general (boost-noninvariant) hydrody-
namics [14] can retain and perhaps magnify the rapidity
dependence of the spectra for the radiated photons com-
pared to those due to Compton and annihilation pro-
cesses and also the ones due to decay of 7° mesons.

In the following we shall consider the emission of
photons only during the QGP phase, and thus using
Bjorken’s hydrodynamics we write

dSdt=2mw Rrdzdt
=2nRr7drdn, (16)

where 7 is the proper time and 7 is the space-time rapid-
ity of the fluid. Similarly, we write, for the four-volume
element,

d*z =7 R3 dz dt
=7 R% 7 dr dn. (17)

The cooling law for Bjorken hydrodynamics is simply
given by T31 = T@7o, where Ty is the temperature of the
plasma [10] at the initial (formation) time 7. We shall
consider emission during the time when the plasma cools
from the initial temperature Tp to the transition tem-
perature 7., which will be attained at the proper time
3
Te = [T()/Tc] T0.-
Now the number of photons due to the radiation pro-
cess considered here becomes
rad
AN 1 y 0.52 g« % f;_ zeiz k;‘/sszT

Pkrdy 2~ (2m)tol/3 P

></ ’ Tdr / dn cosh(y —n)
To —o0
27 1/3
X / da [cosh?(y — 1) — cos? a]
0
Cx /oo dge-kTe cosh(y——-n)/T(£7/3 _ 1) . (18)
1

The corresponding expression for photons emitted due to
the Compton plus annihilation processes is given by

dNC+ann 5 aa oo Te
2l . 8 2 d d T2
Phrdy 9 27r2”RT/°° "/Tu T

2.912 k7 cosh(y — n)
1 1
x [ dra, T +

x exp [—kr cosh(y —n)/T] . (19)

The total number of photons produced in any rapidity
window Y; < y < Y5 is then easily obtained by integrat-
ing the above expressions over d2kr. It may again be
noted that the use of Bjorken’s boost-invariant hydrody-
namics renders the distribution of photons independent
of the rapidity. We have evaluated these expressions nu-
merically, without any further approximation.

C. Initial conditions

We shall relate the pion multiplicity to the initial time
and initial temperature appropriate for Bjorken hydro-



4888

dynamics as

27 dN,
45¢(3)w R%4aq dy ’

T3t = (20)
where dN, /dy is the pion multiplicity and ag = 3772/90
for a system consisting of u and d quarks. Further as-
suming that the initial time and the initial energy of the
particles should be related via the uncertainty principle,
we get 79 = 1/(3T,) (see [5,10]). In the following we
shall take the pion multiplicity dN, /dy as 624 at SPS en-
ergies, 1735 at RHIC energies, and 5624 at LHC energies
for central collisions involving two lead nuclei. This leads
to Tp=320 MeV and 19=0.206 fm/c at the SPS, Tp=532
MeV and 79=0.124 fm/c at the RHIC, and Tp=958 MeV
and 7o= 0.069 fm/c at the LHC. The transition temper-
ature has been taken as 160 MeV.

D. Results at the SPS, RHIC, and LHC

In Fig. 3 we have shown our results for the photons
radiated due to the action of the color-confining mecha-
nism on the quarks. The photons due to the Compton
plus annihilation processes during the QGP phase of the
interacting system are also shown. A central collision of
two lead nuclei at SPS energies is considered.

We see that at the lowest kr the photons radiated due
to the color-confining mechanism operating on the quarks
are comparable to those due to the Compton plus anni-
hilation processes. However, at larger k7 they are only
of the order of 10-20 % of the photons emitted due to the
latter process. Similar results are seen at RHIC and LHC
energies (see Figs. 4 and 5). The different transverse mo-
mentum dependence of the spectra is remarkable.

SPS, T, =320 MeV

10 :
E\N QGP 1
10% | ]
> 10* |
)
. i ]
=)
& 100 | ]
E?—
g
10° |
N\
E 208Pb+208Pb E
10" : L :
0 1 2 3 4 5

k; (GeV)

FIG. 3. Photon spectrum at SPS energies for central col-
lisions involving two lead nuclei. The solid curve gives the
results for the photons radiated due to the color-confining
process considered here, and the dashed curve gives the pho-
tons due to the Compton plus annihilation processes.
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RHIC, T, = 532 MeV

10 , : :
QGP

2. -2
10’k dy (GeV™)
o

107
2080 L 208
107 . . . .
0 1 2 3 4 5
k; (GeV)
FIG. 4. Same as Fig. 3, at RHIC energies.

E. Consequences of a larger mass for the quarks

In order to reach Eq. (2), the current quark mass and
not the constituent quark mass has been used. Thus the
results given so far provide the most optimistic estimate
for the radiation considered here.

However, if we choose the thermal mass (=~ \/%’: asT)

or the constituent mass (= 310 MeV) for the quarks, the
situation will alter drastically. Thus, for an arbitrary
value of quark mass, the radiated power is given by [11]

LHC, T, = 958 MeV

10’ :
L ]
% 107 ¢ :
)
g
E»
Z 10°
2080 4 28
(0] 1 2 '3 4 5
k. (GeV)
FIG. 5. Same as Fig. 3, at LHC energies.
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FIG. 6. The radiated power for some typical quark ener-

gies, as a function of the quark mass. Note the strong sup-
pression as the mass changes from the current to the thermal
(T = 160 MeV) and the constituent quark masses.

dI 2,,2,2 oo 4 5 3/2 42 23
Al _ _emix? (% 4 Exairdxet
dt 2w o (1 + x z3/2)4
(21)
where
o E, sin¢
x=—" (22)
my

and Ai’'(z) is the derivative of the Airy function. We
have plotted the above in Fig. 6 for ¢ = n/2 and some
representative values of quark energies, as a function of
the mass of the quark. The radiated power is seen to de-
crease drastically with increase in mass. For the thermal
mass of the quark (simulating the many body effects) or
the constituent quark mass, it is reduced by two orders
of magnitude below the value for the current mass of the
quarks.
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III. DISCUSSION AND CONCLUSIONS

Before concluding, let us briefly examine some of the
inputs into the treatment followed here. To begin with,
one may perhaps argue that any transverse expansion of
the system will destroy the sharp boundary considered
here. Fortunately, this expansion is only minimal during
the QGP phase [5].

It is conceivable that a system of hot hadrons produces
a sort of attractive “mean field” which holds the hadrons
[15]. Then hadrons trying to leave the system will expe-
rience a force similar in spirit to the case discussed here,
and can radiate photons. However, the attractive poten-
tial in the case of hadrons is only of the order of a few
tens of MeV [15], and it will also fall off rapidly as we
move away from the surface. It is also necessary to re-
alize that for the case of hadrons the temperature is not
likely to be much more than 200 MeV, which limits their
energy to the order of 600 MeV, which is only a factor of
4 more than the mass of pions, say. Thus it is felt that a
vastly reduced force and an enhanced mass in the case of
hadrons will largely suppress this radiation at larger kr.

Finally, we have not included the consequences of the
Landau-Pomeranchuk effect on the radiation of photons
along the trajectory of the quark. This effect is known to
be negligible [16] for photons having large momenta, and
thus we feel that our results for k7 larger than 1 GeV
will be unaltered.

We conclude that the radiation of photons due to the
color-confining mechanism operating on the quarks near
the surface of the quark-gluon plasma could be an in-
teresting signature of the formation of the QGP, if we
were justified in using the current mass of the quark,
in which case they are seen to contribute at a level of
10-100 % of the photons due to the Compton plus an-
nihilation processes at SPS, RHIC, and LHC energies in
central collisions involving heavy nuclei. However, if we
are to take the mass of the quark as the thermal mass or
as constituent mass, this radiation is suppressed strongly,
which is rather unfortunate as these photons are polar-
ized [8], and have other interesting properties.
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