
PHYSICAL REVIEWER 0 VOLUME 44, NUMBER 9 1 NOVEMBER 1991

High-energy photens from tiuark-gluon plasma versus hat hadranic gas

Joseph Kapusta
School of Physa cs a'nd Astronomy, University of Minnesota, Minneapolis, Minnesota $$$$$

Peter Lichard*
Theoretical Physics Institute, University of Minnesota, Minneapolis, Minnesota $$$$$

David Seibertt
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota $$$$$

(Received 3 June 1991)

Photons in the energy range of about one-half to several Gev have been proposed as a signal of the
formation of a quark-gluon plasma in high-energy collisions. To lowest order the thermal emission
rate is infrared divergent for massless quarks, but we regulate this divergence using the resumrnation
technique of Braaten and Pisarski. Photons can also be produced in the hadron phase. We find that
the dominant contribution comes from the reactions vr7r ~ pp and ap ~ zp; the decays u ~ xp
and p ~ 7f7rq are also significant, . Comparing the thermal emission rates at a temperature T = 200
MeV we conclude that the hadron gas shines just as brightly as the quark-gluon plasma.

I. INTKODUCTB3N

Formation and observation of a quark-gluon plasma. in
ultrarelativistic collisions between heavy nuclei is an im-
portant goal of modern nuclear physics. Experiments are
now being carried out at Brookhaven's Alternate G-ra-
diant Synchrotron (AGS) and at CERN's Super Proton
Synchrotron (SPS), and in the future there will be exper-
iments at Brookhaven's Relativistic Heavy Ion Collider
(RHIC) and at CERN's Large Hadron Collider (LH( ),
The energies involved range from 14.5 GeV per nucleon
in a fixed-target mode at the AGS to several TeV per
nucleon in a colliding-beam mode with lead nuclei at the
LHC. Even if a quasiequilibrated plasma is created for a
brief time in these collisions it is still a challenge to infer
knowledge of the plasma from particle distributions. In
principle we would like to infer various correlation func-
tions as probes of the dynamics of the plasma in the same
way as correlation functions are studied in condensed. —

matter systems. Unfortunately we are at the mercy of
nature because, unlike condensed-matter physicists, we
cannot insert an external probe such as a thermometer
or voltmeter. VVe are totally dependent upon whatever
particles are thrown out of the collision.

Among the proposed "probes" of the plasma are the
directly produced real photons [1—Gj. These could come
from the annihilation process qg ~ gp and from the @CD
Compton process qg ~ qp, qg ~ qp. These photons
interact only electromagnetically, unlike pions, and so
their mean free paths are typically much larger than the
transverse size of the region of hot matter created in any
nuclear collision. As a result, high-energy photons pro-
duced in the interior of the plasma usually pass through
the surrounding matter without interacting, carrying in-
formation directly from wherever they were formed to

the detector. This makes them an interesting object of
study to both theorists and experimenters.

In this paper we do not concern ourselves directly with
the complicated dynamics of nuclear collisions at high
energy. Instead we focus on simpler, but still dificult,
questions: What is the spectral emissivity of quark-gluon
plasma? What is the spectral emissivity of hot hadronic
matter? How do they compare at the same tempera-
ture? These are important questions. Suppose we put
a hadron gas in one box and a quark-gluon plasma in
another, and maintain them at the same temperature T.
Can we tell which box contains the quark-gluon plasma
by looking through a small window and measuring the
photon spectrum?

If we wait long enough the answer is clearly no. Even
if we do not put any photons into the boxes at the begin-
ning, matter will eventually come to equilibrium under
the electromagnetic interactions. To a good approxima-
tion the final photon distribution will be just the Planck
distribution at temperature T.

Fortunately, in conditions more appropriate to a nu-
clear collision the answer is yes. A closer analogue to a
nuclear collision is to make the boxes smaller than the
photon mean free path and to make the walls transpar-
ent to photons, so that the photons always escape and
the photon distribution stays far from equilibrium. The
spectral emissivity then directly reflects the dynamics of
real photon producing reactions in the matter, which may
be diAerent for the two phases.

The thermal production rates in the two phases are
important in another sense. Suppose that, quark-gluon
plasma is formed in a collision. It will expand and even-
tually hadronize in a (presumably first-order) phase tran-
sition. The hadrons themselves may maintain local ther-
mal equilibrium for a while also producing photons. The
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total yield is a sum of the yields from both phases.
In a nucleus-nucleus collision the primary background

for photon production with transverse momentum less
than 2 or 3 GeV are the decays x ~ yp, g
the decays of cu and g' would contribute a few percent
more. Generally one might expect meson decays in the
final state to be the dominant source of photons; how-
ever, there is a very real diAerence between the two
sources. The number of photons contributed by me-
son decay scales with the total number of charged par-
ticles produced in the collision, whereas the number of
photons produced by quark and gluon reactions would
be expected to scale with the square of the number of
charged particles [7]. Another way to think of it is that
the number of photons contributed by the quark-gluon
plasma is obtained by integrating the rate R (number of
reactions per unit time per unit volume which produce
a photon) over the space-time history of the collision.
Roughly speaking, the yield is rate x votume x time.
The yield from final-state meson decays is proportional
to the volume. So, if the plasma "lives" a long time more
photons will be produced.

In this paper we rep or t the following ac comp lish-
ments. In Sec. II we reconsider the QCD annihilation
and Compton reactions to high-energy photon produc-
tion (E ) 3T). As is well known these rates are divergent
in the limit of vanishingly small quark masses. For the
first time we get an accurate assessment of these rates
by implementing the infrared resummation technique of
Braaten and Pisarski [8]. We find that this technique
works beautifully, as it matches smoothly on to the rate
based on the two-loop photon self-energy (equivalent in
this context to relativistic kinetic theory). In Sec. III
we compute the thermal rate in the hadron phase to the
same order as it has been computed in the quark-gluon-
plasma phase. The dominant reactions turn out to be
the exact analogues of the QCD reactions, namely, anni-
hilation xm ~ py and Compton xp ~ xp. Surprisingly,
to our knowledge, no one has previously made any esti-
mate of these rates in the hadron phase. We compare the
rates in the two phases at T = 200 MeV in Sec. IV with a
startling result. In Sec. V we estimate the effect of form
factors on the rates computed in the hadron phase, and
find them to be not very important up to photon energies
of 2 GeV. Our conclusions are given in Sec. VI.

II. PHOTONS FROM QUARK-GLUON PLASMA

The thermal emission rate of photons with energy E
and momentum p from a small system (compared to the
photon mean free path) is

FIG. l. One- and two-loop contributions to the photon
self-energy in QCD.

matter without final-state scattering.
If the photon self-energy is approximated by ca.rrying

out a loop expansion to some finite order then the for-
mulation of Eq. (1) is equivalent to relativistic kinetic
theory. Let M be the amplitude for a reaction m par-
ticles ~ n particles + one photon. The contribution of
this reaction to the total rate R is

JV dC (2~)4 b(p,"„—p"„,) (M~' . (2)

A. QCD kinetic theory

The one- and two-loop contributions to II&„are shown
in Fig. 1. The imaginary part is obtained by cutting the
diagrams. Cutting the one-loop diagram gives zero when
the photon is on mass shell since qq —+ y has no phase

Here d4 is the pliase space: a factor d p/2E(2z) for
each particle and the photon, a Bose-Einstein or Fermi-
Dirac distribution for each particle in the initial state,
and a Bose-enhancement or Pauli-suppression factor for
each particle in the final state. The overall degeneracy
factor + depends on the specific reaction. Expanding the
photon self-energy up to and including I loops is equiv-
alent to computing the contribution from all reactions
with n+ m & I + 1, with each amplitude computed only
to order g

In Sec. II A the thermal rate is computed using the ki-
netic theory formalism for the QCD Compton and anni-
hilation reactions. Because the quark masses m„and md
are set to zero, an infrared cutoff —k, must be placed on
the four-momentum transfer. In Sec. II B the infrared di-
vergence is regulated by an infinite resummation of finite-
temperature Feynman diagrams following Braaten and
Pisarski [8]. This amounts to a careful treatment of the
small part of phase space left out of the kinetic theory
calculation when the infrared cutoH' is imposed, In Sec.
II C we add the contributions from the two regions of
phase space: the result is independent of the cutoA'. The
thermal QCD rate is thus well defined even for massless
quarks.

dsp (2~)s " e~i'T —1
'

where II„ is the retarded photon self-energy at finite
T. This formula has been derived both perturbatively
[9,10] and nonperturbatively [11]. It is valid to all orders
in the strong interactions, but only to order e in the
electromagnetic interactions, as in the derivation it was
assumed that the produced photons emerged from the

OO OOO' OO OOO'

FIG. 2. QCD Coinpton and annihilation reactions for
photon production arising from the imaginary parts of the
two-loop diagrams in Fig. 1.
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space. Certain cuts of the two-loop diagrams give order
g corrections to the nonexistent reaction qq ~ p, while
other cuts correspond to the reactions qq ~ gy, qg ~ qy,

and qg —+ qp as shown in Fig. 2. Let M, represent the
amplitude for one of these. The contribution to the rate
is

, 2E (2, f~(E~)»(E~)(2~)'~(pi +» —ps —p")
I
~

I 2E (2, 2E(2 ), II + fs(Es)]

where the f s are the Fermi-Dirac or Bose-Einstein distribution functions as appropriate, and there is either a Bose
enhancement or Pauli suppression of the strongly interacting particle in the final state.

This rate can be simplified. Define s = (pq + pq) and t = (pq —p) . Insert integrations over s and t with a delta
function for each of these identities. This is a natural thing to do because the invariant amplitude depends only on
these two variables. Converting the total rate to a differential one, all but four of the integrations can be done without
approximation:

E ' = „dsdt I.M, (s, t) I'
dR; JV 1

dsp 2' "16E dE1 dE2 fl(E1)f2(E2)

x[I +fs(E&+E2 E)]0(El+ E2 E)(aE&+&Eq+c)

where

a = —(s+t)',
6 = 2(s+ t)(Es —E2t),
c = st(s+ t) —(Es+ E2t) .

Presently we are interested in the case where the pho-
ton energy is large, E~ + E2 ) E )) T. In this limit it is
a good approximation to replace

f (E,)f (E ) e (Fi+&~)I—T

Even though Ep or F2 separately need not be large, phase
space is unfavorable for it. Corrections to Eq. (6) should
be suppressed when E is large compared to T. This ap-
proximation can be checked numerically (Sec. II C). Then
the integrations over Fq and E2 can be done with the rel-
atively simple result

2k, &8(OO, (12)

where T )) I., ) 0 is an infrared cutoff. This way of
regulating the divergence treats u and t symmetrically
and maintains the identity 8 + t + u = 0 appropriate for
all massless particles.

In the limit that k2 0 we And

cross section. But, the tot, al cross section involving the
exchange of a massless particle is infinite. The differential
cross sections have a pole at t and/or u = 0. Many-body
effects are necessary to screen this divergence. We will
show how this works in the next subsect, ion. For now we
delete that region of phase space causing the divergence.
We integrate over

—8+k,2 «& —k,',

dR, A' T
dsp (2~)s 3'2E

—s /4ET
)
+1

8

d~Compton
E 'T e ~ [ln(4ET/k, ) + Cp],

The upper sign is for particle 3 a fermion, the lower sign
is for particle 3 a boson.

For massless particles the amplitude is related to the
differential cross section by

d~anni hil ation

d3
'T e t [In(4ET/k, ) + Cgg],

do.

dt 16~82

For the annihilation diagram

do 87t.o.o,, u2+ t2

dh 982 ut

and JV = 20 when summing over u and d quarks. For the
Compton reaction

su +8
cA 38 u8

and A' = s . The integral over t just gives the total

where

C~ ———CE„),„+—) ln n = 0.0460. . . ,

1 12 . (—1)

5 1
C~ = —1 —CE„),„——) —ln n = —2.1472.. . . (16)

n=2

These expressions use the full Fermi-Dirac or Bose-
Einstein distribution functions in the final state. Al-
though E )) T, it is not necessarily so that E3 )) T.
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Then one gets slightly different results if one uses the
Boltzmann distribution in the final state instead:

d~Compton
jV

5 20!A's

9 4

x [1n(4ET/k,') + —,
' —CE„),„], FIG. 3. Braaten-Pisarski dressing of the high-energy pho-

ton self-energy.

d~annihil ation 5 20;o.'s 2 @/T
g

x [ln(4ZT/k, ) —1 —CE„)„]. (18)

B. The infrared contribution

The infrared divergence in the photon production rate
discussed above is caused by a diverging diA'erential cross
section when the momentum transfer goes to zero. Oft, en-
times long-ranged forces can be screened by many-body
eftects at finite temperature. Braaten and Pisarski have
analyzed problems such as this one in QCD [8]. They
have argued that a cure can be found in reordering per-
turbation theory: by expanding correlation functions in
terms of effective propagators and vertices instead of bare
ones. These effective propagators and vertices are just
the bare ones plus one-loop corrections, with the caveat
that the one-loop corrections are evaluated in the high-
temperature limit. This makes them relatively simple
functions.

For our application we would begin by replacing the
bare propagators and vertices in the one-loop diagram
of Fig. 1 with eA'ective propagators and vertices. The
analysis of Braaten and Pisarski shows that a propaga-
tor must be dressed if the momentum flowing through it
is soft, where soft means small compared to T. This is
because propagation of soft momenta is connected with
infrared divergences in loops; if we do not dress these
propagators we get infinite answers, so the corrections
due to the dressing of the propagators are also infinite
and therefore necessary. Thus, the results with soft prop-

Corrections to these formulas vanish in the limit k, ~ 0.
The essential factors in these rates are easy to under-

stand. There is a factor 9 from the sum of the squares of
the electric charges of the u and d quarks, a factor o;o.,
coming from the topological structure of the diagrams, a
factor T from phase space which gives the overall dimen-
sion to the rate, a ubiquitous Boltzmann factor e +/ for
photons of energy E, and a logarithm due to the infrared
behavior.

These rates agree with those previously reported in
the literat, ure [5,1'2] at least for t, he dominant logarithmic
term. The constant terms are sometimes not given. Or,
they may be diAerent if the infrared divergence is regu-
lated by giving the quarks a mass rather than putting a
cutoA' on the four-momentum transfer,

agators dressed are really the lowest-order finite results.
In our case it is necessary to dress one of the quark prop-
agators because our results diverge otherwise. It is not
necessary to dress both, nor is it necessary to dress either
of the vertices, because these produce only finite correc-
tions that are of higher order in g. We are thus led to
evaluate the diagram shown in Fig. 3. Some insight can
be had by expanding the diagram as a power series in

g . The zeroth-order term reproduces the one-loop dia-
gram of Fig. 1. The order g2 term reproduces one of the
two-loop diagrams of Fig. 1, with the recognition that the
quark self-energy is not the exact one-loop self-energy but
is approximated by its high-temperature limit. Clearly
this is a summation of an infinite set of diagrams that is
purposely designed to regulate infrared problems of the
type encountered here.

Starting with Fig. 3, and summing over u and d quarks,
we find

d3k
Tr [S'(k)p"S(p k) p"], —II""(p) = —3x eT)—5

9
0

where

1 yo —k p 1 po+k. g
D+(k) 2 D (k) 2

(20)

is the dressed propagator for a quark with four-
momentum k [13], and

(22)

where Qo and Q~ are the I,egendre functions of the syc-
Olld klild) arid

d+(q) = —qo +
I ql . (23)

Using these expressions for the quark propagators, and
doing the traces, we obtain

S(q) = + (21)
d+(q) 2 d (q) 2

is the bare propagator for a quark with four-momentum
q = p —k. In these equations

II„"(p)= —e T )10

k0

dsk 1 (I —k q 1+k q) 1 (1+k q 1 —k q I

(2 ) D, (k) ( d, (,) d (q) ) D (k) ( d, (q) d (q) )
I+ + (24)
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The retarded self-energy means that po has a small positive imaginary part, as is appropriate in linear response
analysis.

We then follow Braaten, Pisarslri, and Yuan [14] to compute the imaginary part in the following elegant way:

ImT ) Fi(ko) F2(po —kp) = —.Disc T ) Fi(ko) F2(po —ko)
ko kp

= ~(1 —e~~T) fFD(~) fFD(~ ) ~(E ~ ~ ) pl (~) p2(~ )

Here fFD is the Fermi-Dirac occupation number and pi alld p2 are the spectral densities for Fi and F2. Specifically
the latter are related by

F(ko) = GM
p(cu).

M —ko —2C
(26)

We need the spectral density functions py and ry for the dressed (I/Dy) and bare (1/d~) propagators, respectively.
They are

—k
p+(~ k) =

2 2
[b'(~ —~+(Ik I)) + ~(~+ ~~(lk I))]+P+(~, k)~(k' —~'),

with

2m2(~k
~
~~)

Py(u), k) =
2 2

(Ik I (~+ Ik I) —rrr,' [Qo(z) + Qr(z)]) + I-,'~rir2(I ~ z)j

where z = ~/ (k ~, and

r+(~' q) = b(~'+ lql) (29)

Th ~+(Ik I) represent the two branches of the dispersion relation for dressed quarks propagating through the plasma.
These are determined by setting D+(u

I
k )) = 0 [15]. The plus branch is a rnonotonically increasing function of

momentum; the minus branch has a minimum at nonzero momentum. They have the same effective thermal mass as
defined at zero momentum, ~~(0) = u (0) = m&

——gT/~6. Both branches always lie within a distance of order gT
above the light cone. Putting this information together we obtain

ImlI+" = —— e2(e+~T —1)
10vr

P 3

d~' b(E —~ —~') fFD(~) fFD(~')[(I + q k)(p+r + p r+)

+(1 —q. k)(p+r+ + p r )]. (30)

In this expression the p's are evaluated at (~, k) and the r's at (u', q).
In the kinetic theory calculation of Sec. IIA we were forced to put a cutoff I", on the four-momentum transfer t

(and u) to avoid an infrared divergence. It is only the small piece of phase space left out by Eqs. (11) and (12) that
we need to study here. Anything else must necessarily be higher order in g. Inspection of Figs. 2 and 3 shows that
the exchanged quark must be dressed and must satisfy

—k (~ —k (O.
This means that the delta functions (representing poles) in the spectral densities py do not contribute to this order,
only the functions Py (representing branch cuts).

The energy-conserving delta function, together with the mass-shell delta functions of ry, can be used to evaluate
the integral over u and the integral over the angle between k and p in Eq. (30). Then, making use of the inequalities
E )) T and 0 & k —u & k, (( T, we get

IIR, P E/T
y

—B/T5e2

12~
d~ [(lk I

—~) &+(~ k) + (lkl+~) &-(~ k)1 (32)

The integral involving P is the same as the integral involving P+ so we only need to determine the latter and multiply
by 2. Furthermore it is convenient to make the change of variables ~k~ = r cosh rI and cu = rsinhrj. Then the double
integral above becomes
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+ dg (Byn, cosh g)'+1)
cosh g 82+ 1

—28 arctan(8+ y, cosh g) —arctan(0)

where

2 QQ (sinh g) —Qi (sinh g)
7r 1 —tanh g

(34)

(35)

We still have some freedom in choosing the cutoff I",. Since g is supposed to be perturbatively small for all of this
analysis to make sense let us choose I", to lie somewhere in the interval

rnid g( k~ (Q T.

Then we are allowed to take the limit y, )) 1 in Eq. (33). Doing so, and dropping terms which vanish in the limit

gc ~ oo) we fin

(k2
m21n

~qm2 4
dg i' 4 cosh g 7r

ln
l

—
s s

—28 ——srctsn(e))
cosh'g (~' 8'+ 1 2

(37)

dR = 5 AA' 2 E/T lE . = —, Te ln
gd+ 9 g&2 g~2 (38)

This remaining integral is a pure number. We have not
been able to evaluate it in closed form, but up to the ac-
curacy of our numerical integration (6 significant figures)
it is just —4ln 2.

New we have all the pieces we need to write down
the contribution to the rate coming from the infrared-
sensitive part of phase space. Taking Eqs. (1), (32), (33),
and (37),

of 5—7 MeV. The Braaten-Pisarski approach used here
includes the full momentum dependence of the dressed
quark propagator asnd gives the precise normalization of
the logarithm appearing in the rate.

C. Net rate from hard and soft momentum transfers

Adding the contributions from both the hard momen-
tum transfers, Eqs. (13) and (14), and soft momentum
transfers, Eq. (38), we get t;he net rate

where

(39)

dR 5 nn, q giT 2.912 F
g3p g g~2 A&2 T

dm2
~+(k )) gT) = k+ (4o)

implying an effective mass of v 2m,i. The negative branch
has a dispersion curve which approaches the light cone
exponentially at high momentum. Inspection of the spec-
tral densities py shows t, hat its contribution therefore will
be exponentially suppressed at typical momenta of order
T In Ref. [5] the infra. red cutoff was taken to be k, = m
because this is the energy of a quark (positive or negative
branch) at zero momentum in tlie plasma. In Ref. [12]
many-body effects were not considered at all, and the
u and d quarks were given their current-quark masses

This is telling us that in the kinetic theory calculation the
effective infrared cutoff is I", = 2m . In earlier works an
infrared cutoff has been imposed by giving the exchanged
quark an effective temperature-dependent mass. In Ref.
[16] it was taken to be exactly Eq. (39) because the posi-
tive branch of the dispersion relation has the asymptotic
form at high moiTientum,

This is independent of the cutoff k, . The Braaten-
Pisarski method works beautifully to screen the infrared
divergence.

Consider a temperature T = 200 MeV. This is ap-
proximately the temperature at which one expects the
deconfinement and jor chiral-symmetry-restoring phase
transition, The value of o., at this temperature is not
known with much certainty, but n, = 0.4 is consistent
with a comparison between perturbation theory and lat-
tice gauge simulations [17]. This means that g = 5.
Whether or not the results obtained here for g && 1 can be
extrapolated to such large values of g is dubious. Perhaps
unjustifiably, we think that the results of this section do
represent the radiation from @CD plasma to within a
factor of 2 or 3 at high photon energy. Anyway we plot
the rate Eq. (41) in Fig. 4.

It is apparent that our asymptotic formula breaks
down when E ( g T/2 9because the loga.rithm goes
negative. To avoid the assuniption that E » T we have
gone back to the kinetic theory of Sec. II A and evaluated
Eq. (4) numerically. We delet, e the regions —k~ ( t ( 0
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Quarks and Gluons T = 200 MeV

O=o numerical integration

CD

I
analyt

assuming

CL

0 O
CC
U

LU ~
O

CO

CD =
T

0.5 1.0
I

1.5
E (Gev)

2.0 2.5 3.0

FIG. 4. Thermal production rate of photons in +CD aris-
ing from the infrared regulation of Fig. 3 applied to the pro-
cesses of Fig. 2. The points represent numerical integration
of a four-dimensional integral, the solid line is the asymptotic
limit, (E && T), Eq. (41), and the dashed line modifies that
formula by adding 1 to the argument of the logarithm so as
to represent the points better for smaller E.

the first two paragraphs of Sec. II can be repeated be-
cause up to that point we did not specify the nature of
the strong interactions. It is clear that photons will be
emitted from hot hadronic gas because many hadrons are
electrically charged and hence couple to the electromag-
netic field. In particular x's and p mesons are important
constituents of such a gas. These mesons will undergo
reactions and decays and will occasionally produce pho-
tons. As in Sec. II we are interested only in baryon-free
matter. Thus nucleons and other more massive baryons
will not be considered as relevant and will be ignored in
the following analysis: They are simply too heavy to be
pair produced with much probability at temperatures of
order 200 MeV or less.

In Sec. III.A we present some general considerations
regarding the production of photons by hadrons. In Sec.
III B we compute the difI'erential cross sections for the
reactions hh ~ hy where h can be one of the hadrons
x, p, or g. We focus on these mesons because they are
expected to be the most abundant in high-temperature
matter as they are in high-energy collisions. We then use
these to compute the thermal rate of emission of pho-
tons. In Sec. III C we compute the contribution to the
emission rate from the decay processes p ~ m+ z y and

Other decays one may think of are too slow
to contribute a significant amount to the thermal rate,
although they may contribute a lot to the total yield in a
high-energy nucleus-nucleus collision as discussed in Sec.
I. Comparison of these results to a QCD plasma is re-
served for Sec. IV.

A. Ceneral consideratian. s

and —k, & u & 0 for t and u divergences, respectively,
with k; = g T /3 This gives us. the "dat, a points" shown
in Fig. 4. The error bars represent an estimate of the
statistical uncertainty in evaluating the four-dimensional
integral. In the same figure we also show an interpolat-
ing curve obtained by adding 1 to the argument of the
logarithm in Eq. (41). This represents the numerical in-
tegration very well for E ) T. For photon energies less
than T we no longer have confidence that our calculation
represents the true rate of radiation from QCD plasma
for two reasons. First, bremsstrahlung processes were not
included and they will certainly be important at low pho-
ton energy. Second, the efI'ective cutoff was determined
under the assumption that the photon energy was large.
If it is not, then all propagators and vertices in Fig. 3
must be dressed. That is outside the scope of this paper.

So far, to our knowledge, there have been no estimates
made of the emission rate from hot hadronic gas, At
temperatures of the order of the ~ mass the most impor-
tant mesonic constituents of the gas will be 7r's, because
they are so light, and p mesons, because of their large
spin-isospin degeneracy. Furthermore the 7r-p interac-
tion is relatively strong and so it ought to be taken into
account. For purposes of illustration let us consider a
theory of charged x's interacting with neutral p mesons.
This is a renormalizable theory so that loop diagrams of
all orders make sense.

We couple the neutral rho field p„and the electromag-
netic field A„ to the pion current. The Lagrangian is

L = ~D„@~' —m' lC
~ p„,p""+ m', p—„—p" F„,F—"'——

(42)

III. PHOTONS FROM HOT HADRONIC GAS

The thermal emission rate of photons from hot
hadronic gas can be treated in a manner analogous to
the way we treated QCD plasma in Sec. II. In partic-
ular the rate is proportional to the imaginary part, of
the retarded photon self-energy as given by Eq. (1). If
we approximate the self-energy by carrying out a loop
expansion to finite order then we reproduce relativistic
kinetic theory, as outlined in Eq. (2). The discussion of

where D& ——6& —ieA& —i,gqp& is the covariant derivative,
C is the complex pion field, p» is the rho field-strength
tensor and I'"& is the photon field-strength tensor. Fol-
lowing Eq. (1) we want to compute the photon self-energy
to order e . The diagrammatic expansion is shown in Fig.
5. The one-loop diagrams are of order e, the two-loop
diagrams of order e g&. These are the analogues of the
QCD diagrams shown in Fig. 1.

Cutting the loop diagrams corresponds to taking the
imaginary part or the discontinuity. As usual the one-
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FIG. 5. One- and t~vo-loop contributions to the photon
self-energy in a theory of interacting charged pions (dashed
lines) and neutral p rnesons (solid lines). 0 0 0
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,

(po )~

48m &~o j (43)

Here pp and up are the momentum and energy of a m in
the rest frame of the p. Although one may argue whether
this is considered strong or weak coupling, we can make
the-following observations. Since gz is inferred from ex-
periment one could say that it effectively includes certain
higher-order effects such as vertex corrections. Higher-

loop diagrams contribute nothing when the photon is on
its mass shell. Imagine cutting the first of the two-loop
diagrams in half. We see that this gives one photon, one

p meson, and two x's as external particles. We insist that
the photon be in the final state but the other particles
may be in the initial or final sta.tes as long as kinemat-
ics allows it. The possibilities are ~m ~ py, 7tp ~ zy,
p ~ nap. Cutting all the two-loop diagrams we end
up with the scattering diagrams shown in I"ig. 6. There
are three categories, the first two of which are analogues
of the QCD processes depicted in Fig. 2. The first set
is annihilation (n+x ~ pp), the second is Compton
(++p ~ sr+a), and the third is p decay (p ~ ++x p).

Numerically g2/4x = 2.9 based on the decay rate for
p ~ Vcz':

FIG. 6. Photon producing reactions and decays which
arise from taking the imaginary parts of the diagrams in Fig.
5.

order effects also include the possibility of three-particle
collisions to produce a photon plus something else. At
low T the density of particles is suFiciently small that
two-particle collisions dominate. Finally we remark that
order g corrections to the properties of the p meson have
been shown to be relatively minor up to temperatures of
the order of 150 MeV [11].

B. Hadron collisions

We have calculated the differential cross sections for
all annihilation and Compton processes which produce
a photon and which involve the mesons x+, ~, p+, p,
and g. We do not take the space in this paper to show
all the Feynman diagrams. They are of the generic type
discussed in Sec. III A, with the additional complication
that charged p's can couple to photons. Also the g is
supposed to couple predominantly to two p mesons, but
one of them converts directly to a photon. We have
checked that our results are gauge invariant by ensur-
ing that k&~" = 0, where k& is the photon momentum
and M" is the sum of amplitudes. The results are

I

p g~ 2 2 8 —2~n„12 2

(vr ~ ~pp) = 2 —(m —4m )dt 48P~ ~~ 8 —'PTL
p

P —7Th~

de + p + d0 p

dt dt
(~++ ~ p+p) = (~ 7r ~ p p)

ng2 (s —2m2)(t —m2)2 (s —Gm2)(t —m2)

m2(s —m2)
rn 9+-
rn 2

(44)

4(m2 —4m2)s 4(m2 —4m2)

(s —m ) t —m s —m t —m ), +

do + p + de p

dh dt
(vr+p ~ ~+p) = (x p ~ y)

(45)

(1gp (m2 —4m')s, , t's —m', + m2
2 — ' — m' —4m'.

128p S —m2 2 ~ 8 —rn2

1 m'.
'0 —70~ '0 —7A~2 + (46)
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do + p do + p

dt
(vr p+ —+ x y) = (a+p —+ x p)dt

1 8——+
2 m

0'.g '0
4(m'- —4m', )48sp,'- ~ '

(u —m2 )2 (t —m~)'-
I

8 —'Ak 8 —7A

m,' 1+
s —m2 (u —m2 t —m2

(47)

do p + + do p

dt dt
—(7r p+ ~x+p)=- (~ p ~~ y)

ng 9
48sp2 2

1 (, (s —m')'
+ 5(s —m )—

t —m2 m2
P P

4(m2 —4m2)s (s —m2)2 —4m~(m~ —4m2)

8 —77l ~ (t —m2)~

4(m2 —4m2)(s —m2 + m2) 5

8 —m~
(48)

do
(~ ~ ~ rtp) =

2 s(u —m )(t —m ) —m (s —m„)
A

I
F.(s)l

dt 16m2m4sp2

+ + do vrnA iF (t) i

dt
(7r g~~ p)= (7r g~~ y) =

~ 2 [t(s —m )(u —m ) —m (t —m )dt 16n~2 m.4sp2

In these results vie have explicitly verified that cross-
ing symmetry is obeyed. Our notation is that p, is
the three-momentum of the colliding particles in t, heir
center-of-momentum frame and F is the pion electro-
magnetic form factor [18]. The numerical value of A =
g„g /4vr7 = 4.70 6 0.48 is determined by the full
width 1.19 + 0.12 keV of the eta and the branching ratio
4.88+0.15' for the decay rt —+ ~+sr y. For ~vr collisions
t is the momentum transfer from the m+ to the p, o~,
if there is no sr+ in the initial state then from the z
to the p. The x x reactIons have mates where t ~ u.
For xp or m g collisions t is the momentum transfer from
the p or g to the y. Out of theoretical interest we have
also considered the purely electromagnet, ic a.nnihila. tion
of two pions into two photons:

the dominant ones, as expected. The rate at low pho-
ton energy is dominated by reactions with the rho in
the anal state, because these reactions are endothermic
with most of the available energy going into the rho mass
[19]. At high photon energy reactions with the rho in
the initial state are dominant because these reactions are

Hadron Collisions T = 200 MeV

O =-
1

1+2 - 2+2 1

t —7n.'

+27&
1 2+t —'Ol. ~

For display purposes we have grouped all reactions
together into four categories: xx —py, ~p ~ zq,
ver ~ gp, z g ~ ap. AVe have computed the ther-
mal rates for these reactions by inserting the relevant
squared amplitudes (proportional to da/dt) into Fq. (3)
and carrying out the integration using Monte Carlo tech-
niques. The integrals are four dimensional after using
energy-momentum conservation and the isotropy of the
gas. The rates at a temperature of 200 MeV are shown
in Fig. 7. Reactions involving the rho meson are clearly

O
os)I
(g ~

CL

U O
CC
U

LU m

T

0 ' 5 1.0 1.5
E (GeV)

2.0 2.5 3.0

FIG. 7. The thermal rate for various photon producing
hadron reactions.
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exothermic; most of the rho mass is available for produc-
ing high-energy photons, Similar remarks can be made
concerning reactions involving the g meson, but because
the g coupling constant is much smaller so are the rates.
One could imagine other mesons contributing via two-
body reactions, such as the ~„but they all have coupling
constants much smaller than the p's. We do not con-
sider them here. Finally we show the rate from pion
annihilation into two photons. This reaction is negligible
compared to those involving the rho. For those wishing
to peek ahead, notice that the scale of Fig. 7 is identical
to that of Fig. 4.

C. Vector-meson decays

As we saw in Sec. IIIA there can be contributions to
the thermal photon yield from the decay of mesons in
matter. One such decay is p ~ vr+x y. Another is
~ ~ x y, which corresponds to a one-loop contribution
to the photon self-energy. In high-energy hadron colli-
sions, important contributors to photons of moderate en-
ergy are the final-state electromagnetic decays ~
and g —+ pp. But these decay rates are too small to
compete with those processes listed above at finite tem-
perature.

I et us first consider ~ decay as it is the simpler one.
In the u rest frame the invariant momentum distribution
of the photon is

Vector Decays T = 200 MeV

C) =-

'~

'~

I
(g ~

Ov-
V

O.

EC
U

LLI ~
C)

Cl

CO =-

0.6 1.0 1.5

E (GeV)
2.0 2.5 3.0

ca.lly:

FIG. 8. The thermal ra, te for several photon producing
vector-meson decays.

dN 6(E —Eo)
d3p

(52) dR„ „o~ 3~m I' 0~

d3p 16~3EOE &n&in

dE„E fBp(E )

where Eo is the photon energy in this frame. AVe now
must give the ~ a thermal momentum distribution. Fold-
ing it with the photon distribution in the ~ rest frame,
multiplying by the width of the ~ and by the pion Bose-
Einstein enhancement factor, we get the photon distri-
bution in the rest frame of the gas:

d+u) ~ m OP I ur ~ 7I 0 P

4~E, (2~)s

x[1+ fBp(E —E)],
(54)

where E,„=m„(E + Eo)j2EEc. We can get a good
idea of the behavior of this distribution by neglecting the
Bose-Einstein enhancement and by approximating the
u distribution by a relativistic Boltzmann distribution
function:

dR 3m T(E;„+T)
(55)

x fBp(E )[1+fBp(E„—E)] .

Integrating over the angles we are left with a, one-
dimensional integral which must be evaluated numeri-

This distribution goes to zero as E ~ Q and as E ~ oo.
The full expression, Eq. (54), is plotted in I"ig. 8.

The decay of the p is a little more complicated since it
gives rise to a three-body final state. The invariant decay
rate distribution is [20]

I'(E) = E

ms' —4m,' s —2m', (/s + /s —4m' 5 /s(s —4ms )

)mpE s —m2 ( 2m ) 4mpE
(56)

Here s = (p+ + p )2 = m&(mz —'2E) is the square of the
energy of the 2' system in the m'-x rest frame. Folding
this distribution with the thermal p momentum distribu-
tion we have

dRp ~ 3
dsp (2n-)s

x fBE(Ep)d pp . (57)
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The integration over the angle P can be done trivially
but, a t wo-dilTlensional illt cgl'ation ICITlMns, to b e done
numerically. Actually the astute reader v ill notice that
this expression does not include the Bose-Einstein en-
hancement of the final-state pions. The reason is that
the decay distribution of Eq. (56) already has integrated
out the pion degrees of freedom. Rather than put t,he
pions back in and integrate over the full t, hree-body final
state, we have inserted the minimal Bose-Einstein en-
hancement by sharing the energy E~ —E equally between
the pions. Unequal sharing increases the enhancement,
so we multiply the integrand by (I + fnE[~(E~ —E)]}2.

Numerical results are shown in Fig. 8. The difI'erence
between p and u decays is pla. in to see. The u decay
dominates at high energy because its final state is two-
body. The p decay dominates at low energy because its
final state is three-body. In fact p decay occurs even in
the absence of an associated photon, so it is no surprise
that the rate increases with decreasing energy. Concern-
ing the Bose-Einstein enha, ncement, we have found t, hat
including it minimally increases the yield by about, 20%.
So including it exactly would incrca, se the yield by some
percent more.

In recent years the decay mode p ~ x+x p has been
measured [21]. Its branching ratio is (1.10 + 0.14)%
for photons above 50 MCV. This is in agreement, with
Eq. (56).

IV. QUARK-CLUON PLASMA
vs HADH. ONIC GAS

QUal'kS Vef'SUS HadrOflS

C3
CV

I

Q.

tX:
U

LU m

CD

0.5 1.0 1.5

E (GeV)
2.0 2.5 3.0

FIG. 9. Comparison among photon production from a,

quark-gluon plasma. , from vector-meson decay, and from
vector-meson decay plus hadron reactions, all at the same
temperature of 200 MeV.

IIl Secs. II M'1d III we calculated tllc therl1181 pi'oduct ion
rates for high-energy (E ) 3T) photons from baryon-free
quark-gluon plasma and from a gas of z', lj& /3, and
mesolls. In this section wc compaI'c thcsc two I ates and
discuss passible experimental ramifications.

AVC begin with our surprising result. The photon pro-
ductloIl I'ates at T:200 McV arc showvn ln Fig. 9. Thc
most obvious feature is that the quark-gluon plasma and
the hadron gas produce photons with energies from 1 to
3 GeV at the same rate. Not only is the shape of the pro-
duction curve the same but the overall magnitude is too.
The hadron gas shines just as brightly as the quark-gluon
plasma.

The conclusion is that high-energy photons make a
good "thermometer" for the hot matter created in high-
energy callisions. The thermal production rate depends
only on the temperature, so any temperature deduced
from the thermally produced photons is nearly indepen-
dent of assumptions about the phase of the matter. If
we know the temperature and volume of the system as
functions of time then

dt V(t) E„(p,T(t)).
dR
d p

Thc momentuill distribution of thc photons 1s equal ta
the thermal production rate integrated over space-time.
Conversely, based on these results it, does not seem likely
t,hat high-cncI'gy photons will d1stlngulsh betweell quark-
gluon plasma and hot ha.dronic gas.

If 'QCD undergoes a strong first-order phase transi-
tion then the created matter is expected to remain for a

long time at the transition temperature T, [22], and con-
sequently most therma, lly produced photons will come
from matter at temperature T, . This would allow us ta
determine T, .

For illustration, consider photon production in Pb-Pb
collisions at 100 GeV per nucleon in the center-of-mass
frame, conditions expected at RHIC. In a. central colli-
sion the cross-sectional area, of created hot matter, o.

, is
approximately 100 fm . The temperature at time t = I
fm/c, To, is estimated to be at, least, 260—300 MeV. Ignor-
ing transverse expansion of the hot, matter the volume at,
time k is

The matter reaches the phase transition temperature T,
at the time

(To/T~) fm/c,

and remains at T, until the time

(61)

where r is the ratio of the number of degrees of freedom of
quark-gluon plasma to hadron gas. Typically &. is taken
to be about 10.

Using the conservative estimate of T~ —250 MCV, and
7, = 200 MCV, we find that the energy radiated as pho-
tons in the interval from 1 to 3 GCV is about, 0.4 GeV per
collision. This falls to 0.25 GCV if T, = l70 MeV instead.
If we take To ——300 MCV the energy radiat, ed is a factor 3
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larger in both cases. The rate falls oA' very quicl»ly with
energy so most of these photons will have energies near
1 GeV, and the number of emitted photons is estimated
to be from 0, 1 to 1 per collision for this parameter range.

I ool»ing at Fig. 9 again we see that, the rate falls by
roughly a factor 10 from 1 to 3 GeV. We estimate at,

least 1 photon with E ) 1 GeV per 10 collisions, so we

expect to see at least 1 photon with F ) 3 GeV every
10 collisions. Therefore, if thermally produced photons
can be extracted experimentally from 10 collisions, we
will obtain the thermal production rate from 1 to 3 GeV
with a statistical error of less than O. l%%uo at 1 GeV and
10% at 3 GeV.

These experimental uncertainties are much smaller
than the theoretical ones in current calculations. How-

ever, this level of experimental accuracy would not be
wasted. Although we cannot claim to know the absolute
yield to even within a factor of 2, the relationship between
the exponential falloA' and T, seems quite firm, and if
this exponential decrease is measured experimentally it
will provide a very good determination of T, . Even a
pessimistic estimate of 100%%uo error in the rate at 3 GeV
results in only about a 10% error in the estimate of T, .

The main experimental diKculty will be the extraction
of the thermally produced photons from the background
[23,24]. There will be a large background of photons
coming from Anal-state z and g decays that must be
removed from the data, . There uiay also be a, substantial
background from high-energy photons produced in jets.

It is interesting to figure out how long it would take
photons to come to equilibrium with the st, rongly inter-
acting particles. Using detailed balance, and ignoring
expansion of the matter, the phot, on number distribution
in six-dimensional phase space (dn/d p = dN/d z d p)
satisfies the rate equation

photons will not be anywhere near equilibrium in high-
energy nuclear collisions, as st, ated in the Introduction.
The same conclusion applies in the hadronic phase since
production rates are comparable. These times also give
us the mean free paths. We point out that, these are large
compared to the size of the system, so t,hat high-energy
photons will escaye from the system without interaction.

V. FORM FACTORS

1 "(p, , pg, k) = (p, + pj )"h+(p2, pf, I- )

+(p* —pi)"h (p". pt -k") (67)

This vertex is related to the dressed pion propagator 4
by the Ward-Takahashi identity [26]:

In Sec. III we studied photon production by hadrons.
The interactions were modeled by local relativistic quan-
tum field theory. We know that hadrons are compos-
ite objects, so they may need form factors at high-
momentum transfer. How much will form factors inhu-
ence our results? Form factors are a very delicate sub-
ject, especially when electromagnetism and its gauge in-
variance are involved. We restrict our attention to the
reaction m+vr ~ p p. This reaction provides a good
testing ground for the importance of form factors because
the incoming pions must provide the energy necessary to
create the heavy p meson plus a high momentum pho-
ton. Also the interaction is renormalizable so perhaps it
makes sense to think of the form factors as arising from
higher-order effects.

The most general form of the map vertex is shown in

Fig. 10. It involves two scalar functions, 6+ and h, that
depend on the three invariants p,", p&, and k [25]:

dt d3p d3p dn, q d3p
(62)

The equilibrium distribution is just the Plancl» distribu-
tion

d p (27r) c ~ —1
(63)

Starting with no photons at t = 0, the solution to the
rate equation (at fixed temperature) is

d3 d3 (64)

where the equilibration time is

dn'q/ds p
dR/dsp

Recalling Eq. (41), and modifying the logarithm so as to
represent better the rate for all E & 2T, we obtain

1 1
&(p) =

p2 —m.' h, (p', m2, 0)
(69)

Next we need the zvrpp vertex, shown in I'ig. 11. Its

For both pion lines on mass shell 6 must vanish and

h+(m, m, k ) = F (k ) is the pion electromagnetic
form factor. For simplicity we assume 6 = 0 for all
momentum configurations. This is not necessarily true
but it suNces to get an estimate of the importance of
form factors. For our calculations we need only h, + when
one pion is oA mass shell while both the other pion
and the photon are on mass shell. Given the function

h+(p, m, 0), the pion propagator is determined 1&y the
Ward- Takahashi identity (68):

9E 1
T

107co!o.'g T
g T

Pl

= I (p pfk)

At T = 200 MeV this is 270, 356, 505, and 639 fm/c for
E = 0.5, 1, 2 and 3 GeV, respectively. Thus high-energy FIG. 10. The 7I xP vertex.
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Pi
CD
V

Dependence on Form Factors

FIG. 11. The x7I py vertex.

h
—7A

(71)

general form ca.n be taken to be

X"" = g""+I (p", p," + p", p,")+ c(p", p", + p", p,') + dp k

(70)

We do not include terms proportional to k" because the
photon is on mass-shell so that the photon polarization. ~„
is transverse (e&k" = 0). When we compute amplitudes,
X"' is contra. cted with e so these terms vanish.

The amplitude for vr vr ~ p p is ~"" = JM] +
+ X"",where JW1'" and M&" are given in Fig. 12

and are evaluated to be

0

E

CD

0.0 0.5 1.0 1.5
E (GeV}

2.0 2.5 3.0

FIG. 13. InAuence of the monopole form factors chosen in
the text on the thermal production rate for x 7I. ~ p p.

(72)

q = k - p~ = p» - p, q' = p - p2 = S» —k (73)

Here we assume that I).+ (p-", n1, k = 0)
h+(p, m, k = m ). This is not true in general, but
it is true whenever the array and zero form. factors are

a = h+(q ) + h+ (q' ) (74)

equal. Gauge invariance requires that k„M"" = 0. This
constrains the functions a, 6, t.", and d if h+ is considered
as given. For simplicity we assume that d = 0, obtaining

Pi
b= —c= I + (q") —»+(q')

k (q+ q')

Thus the m~pp vertex has the form

(75)

)

q
Finally, for definiteness, we take h+ to be a monopole
with ~nz as the cutoff mass:

P2 h+(q ) = m 'ITS2 2

fTL
p

—
(g

(77)

P)

y

I

q'

r

P2

)V

FIG. 12. Tmo amplitudes contributing to the reaction.
x ~ p p including dressing of the vertices and the ex-

changed ploll.

With the form factors as constructed above we have
computed do/dt with the help of the algebl'ale ITlanip-
ulator REDUCE. (The final expression is too lengthy to
present here. ) Then the thermal rate was computed just
as in Sec. III. The result is shown in Fig. 13. We observe
that the form factors beconae increasingly important as
the photon energy increases, as expected. However, the
eA'ect is not so great: at photon energies of order 2—2.5
GeV the suppression is only about a factor of 2.8. The
explanation is that do'/dt is peaked at, t = 0 and at u = 0.
[See Eq. (44).j If all hadron reactions were suppressed by
the same amount as shown in Fig. 13, we would conclude
from Fig. 8 that the quark and hadron curves would lie
even closer to each other.
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VI. SUMMARY

In Sec. II we calculated the thermal production rate for
high-energy (E )) T) photons from baryon-free quark-
gluon plasma, including all terms up to first order in n
and o, We removed the divergences from this rate by
using the thermal propagator approach of Braaten and
Pisarski. In Sec. III we calculated the same rate for a gas
of x, p, ~ and g mesons. This was done to electively the
same order as for a quark-gluon plasma, both of them

arising from two-loop coIl t 1 lb u t 1011s t 0 the p hot on se lf-

energy at finite temperature.
In Sec. IV we showed that the production rate for high-

energy photons fiom hot, strongly-interacting matter is,
within theoretical uncertainties, independent of the phase
of that matter. This conclusion is based on our numerical
results at T = 200 MeV. By continuity it must be true for
nearby temperatures too. Consequently, if the thermally
produced photon component can be extracted from the
background, it will provide an excellent thermometer for
ultrarelativistic nuclear collisions. Conversely high rno-

mentum photons would not seem to distinguish between
a quark-gluon plasma and hadron gas. Finally, in Sec.
V we estimated the efIect of form factors on our hadron
gas calculation, concluding that they give only relatively
small changes in the photon production rate for E ( 3
GeV.

Further work is clearly justified by our results. The-
oretically a more complete analysis of strong and elec-

tromagnetic form factors of mesons at finite temperature
would be useful, We should also consider the inclusion
of heavier mesons such as the ai [27] as well as the kaons
and other strange mesons. Then the microscopic cross
sections or rates for photon production should be used in
dynamical models of nuclear collisions to predict absolute
yields. The simple estimates made in Sec. IV suggest that
if QCD exhibits a first-order phase transition the experi-
mental measurement of high-energy photons should allow
an accurate determination of T, .
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