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Effects of parton intrinsic transverse momentum on photon production
in hard-scattering processes
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We calculate the photon production cross section arising from the hard scattering of partons in nucleon-
nucleon collisions by taking into account the intrinsic parton transverse momentum distribution and the next-
to-leading-order contributions. As first pointed out by Owens, the inclusion of the intrinsic transverse momen-
tum distribution of partons leads to an enhancement of photon production cross section in the region of photon
transverse momenta of a few GeV/c for nucleon-nucleon collisions at a center-of-mass energy of a few tens of
GeV. The enhancement increases asAs decreases. Such an enhancement is an important consideration in the
region of photon momenta under investigation in high-energy heavy-ion collisions.@S0556-2813~98!04007-2#

PACS number~s!: 25.75.2q, 24.85.1p, 13.85.Qk, 13.75.Cs
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I. INTRODUCTION

Currently, high-energy heavy-ion collisions are used
produce matter under extreme conditions. One of the ob
tives is to search for the quark-gluon plasma~QGP! which is
expected to exist at high temperatures and/or high bar
densities.~For an introduction to this field, see Refs.@1–5#.!
Photons arising from the electromagnetic interactions of
constituents of the plasma will provide information on t
properties of the plasma at the time of their production. Si
photons are hardly absorbed by the produced medium,
form a relatively ‘‘clean’’ probe to study the state of th
quark-gluon plasma. The detection of these photons du
the quark-gluon plasma phase will be of great interest
probing the state of the quark-gluon plasma, if it is ev
produced@6–15#.

Photons are also produced by many other processe
heavy-ion reactions. They can originate from the decay ofp0

and h0. As p0 particles are copiously produced in stron
interactions between nucleons, photons originating from
decay ofp0 are much more abundant than photons produ
by electromagnetic interactions of the constituents of
quark-gluon plasma. The photons from the decay ofp0 and
h0 can be subtracted out by making a direct measuremen
their yield, obtained by combining pairs of photons. Beca
of the large number ofp0 produced, this subtraction is
laborious task, but much progress has been made to pro
meaningful results after the subtraction of the photons fr
the p0 andh0 backgrounds@11–13#. Photon measurement
obtained after the subtraction of the photons from me
decays are conveniently called measurements of ‘‘direct p
tons.’’

Direct photons are produced from the interaction of m
ter in the QGP phase, a mixed QGP and hadron phase, a
hadron gas, and hard QCD processes@4,5#. Different pro-
cesses give rise to photons in different momentum regio
We are interested in photons from the quark-gluon plas
PRC 580556-2813/98/58~1!/376~13!/$15.00
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which are found predominantly in the region of photons w
low transverse momentum, extending to the region of int
mediate transverse momentum of 1–3 GeV/c. At photon
energies up to 2 GeV, photons can come from the deca
p0 andh0 resonances as well as fromr,v,h8, anda1, and
the interaction of the hadron matter viapr→gr and pp
→gp reactions~see for example Refs.@14–17#!. One may
wish to go to the region of photon transverse moment
pgT.2 GeV/c. If a hot quark-gluon plasma is formed in
tially, clear signals of photons from the plasma could
visible by examining photons withpgT in the range 2–3
GeV/c @8–10#. On the other hand, photons in this region
transverse momenta are also produced by the collision
partons of the projectile nucleons with partons of the tar
nucleons. Such a contribution must be subtracted in orde
infer the net photons from the quark-gluon plasma sourc

Recent investigations on photon production by parton c
lisions in hadron-hadron collisions include the work by A
renche, Baier, Douiri, Fontannaz, and Schiff@18,19# and by
Baer, Ohnemus, and Owens@20#, who have performed QCD
calculations up to second order ina. Extensive comparisons
with experimental data have been carried out covering
large range of incident energies and photon transverse
menta. In these QCD calculations, as well as other sim
QCD calculations@21#, the intrinsic transverse momenta o
the partons have been neglected.

Because of the finite size of the transverse dimension
nucleon, one expects that the partons in a nucleon hav
intrinsic transverse momentum distribution with a width
the order ofA2\/0.5 fm. Soft gluon radiation also contrib
utes to the parton intrinsic transverse momentum. The int
sic transverse momentum distribution affects the distribut
of the produced photons. Previous investigations of the p
ton transverse momentum distribution in leading-order~LO!
calculations with a constantK-factor already indicate the im
portance of the intrinsic transverse momentum of the part
@22#. For pgT from 3 to 8 GeV/c, the photon production
376 © 1998 The American Physical Society
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cross sections for hadron-hadron collisions at 19.4 G
,As,63 GeV are enhanced when the intrinsic transve
momentum distribution is taken into account, in agreem
with earlier measurements. These findings are further s
ported by recent experimental and theoretical investigati
for hadron-proton collisions atAs531.7 and 38.8 GeV@23#.
The enhancement increases asAs decreases. Therefore, i
the region of our interest involving photons withpgT of
about 2–3 GeV/c at a center-of-mass energy of about
GeV, as in the measurements of the WA80 and the WA
Collaborations@11,12#, the intrinsic transverse momentum
partons plays an important role and cannot be neglec
How the photon transverse momentum distributions at
ferentAs are affected by the parton intrinsic transverse m
mentum is the main subject of our investigation.

There is also another important effect which is importa
in photon production. Previous calculations of photon p
duction indicate the importance of higher-order QCD ter
@18–20#. The next-to-leading-order calculations lead to
correction factor, theK-factor, with a magnitude of about 2
It is necessary to include the effects of the next-to-leadi
order corrections. One expects that the next-to-leading-o
effects are nearly independent of the intrinsic transverse
mentum. One can include the effects of the intrinsic tra
verse momentum and the next-to-leading-order correct
by first treating them separately and then combining them
independent multiplicative factors. The final results can
compared with experimental data. Good agreement with
perimental data at different reaction energies will form t
basis of extrapolation to the region of interest in high-ene
heavy-ion collisions.

Previous work by Cleymanset al. @21# on photon produc-
tion in pp collisions covers a region fromAs523 GeV to
1.8 TeV. These authors use the next-to-leading-order ca
lation program of Aurencheet al. @18#, without assuming
parton intrinsic transverse momentum. However, the res
of these authors cannot be interpreted as the conclusive
dence for the absence of any parton intrinsic momentum
fect at energies ofAs;20 GeV, because their theoretic
results are lower than the UA6 data atAs524.3 GeV by
about a factor of 2~see Fig. 3 of Ref.@21#!, and the theoret-
ical results are lower than the E706 data atAs530.6 GeV by
about a factor of 1.7~see Fig. 4 of Ref.@21#!. As mentioned
above, Owens@22# has earlier explained similar discrepa
cies in the photon production data ofpp, p1p, and p2p
reactions at 19.4 GeV,As,63 GeV as arising from the par
ton intrinsic momentum@22#. We shall provide further sup
port of Owens’ observations by analytical and numeri
studies.

In this manuscript, we first examine photon production
nucleon-nucleon collisions and extend our consideration
nucleus-nucleus collisions. In nucleon-nucleus and nucle
nucleus collisions, there are shadowing effects for pho
production in nuclei. Previous experimental investigations
photon production usingp2 beams on nuclei suggest th
the effective shadowing in the production of photons can
represented by a target mass dependence of the formAa with
a;1.0 @24#, which can be explained theoretically@25#. Be-
causea is close to unity, the effective shadowing for photo
production in nuclei is quite weak. We shall not include t
V
e
t

p-
s

8

d.
f-
-

t
-
s

-
er
o-
-
s
s

e
x-

y

u-

ts
vi-
f-

l

to
s-
n
f

e

shadowing effect on photon production in nucleus-nucle
collisions.

II. PHOTON PRODUCTION IN THE
HARD-SCATTERING MODEL

In the relativistic hard-scattering process, the product
of a photon in a hadron-hadron reaction (ha1hb→g1X)
arises from the direct interaction of a parton of the hadronha
with a parton of the other hadronhb . The basic processes ar
the Compton processg1q (or q̄)→g1q (or q̄), and the an-
nihilation processesqq̄→gg @6–8,2#.

One represents the probability for finding a partona with
momentuma5(xa ,aT) in the hadronha by the parton dis-
tribution functionGa/ha

(xa ,aT), which depends also on th

momentum transferQ2. The xa andQ2 dependences of the
parton distribution functionGa/ha

for various partons have
been obtained by fitting large sets of experimental data
different hard-scattering processes@26–29#.

In leading-order perturbative QCD, the cross section
ha1hb→g1X is a convolution of the parton momentum
distributions and their elementary collision cross sectio
Egd3s(ab→gX8)/dpg

3 ,

Eg

d3s~hahb→gX!

dpg
3

5(
ab

E dxadaTdxbdbT

3Ga/ha
~xa ,aT!Gb/hb

~xb ,bT!

3Eg

d3s~ab→gX8!

dpg
3

. ~1!

The parton invariant cross section is related tods/dt by

Eg

d3s~ab→gX8!

dpg
3

5
ds~ab→gX8!

pdt
dS ŝ1 t̂1û2(

i 51

4

mi
2D

3
ŝA$ŝ2~m11m2!2%$ŝ2~m12m2!2%

~ ŝ1m4
22m3

2!
,

~2!

where m1, m2 are the masses of the incident partons, a
m3 (5mg) andm4 are the masses of the outgoing particle
In the above equation, we have used the Mandelstam v
ables

ŝ5~a1b!2,

t̂5~a2pg!2, ~3!

û5~b2pg!2.

For definiteness, we shall use the nucleon-nucleon cen
of-mass system to refer to the momenta of the photon and
partons. After averaging the flavors, the colors, and the is
pins of the initial states ofq, q̄, andg, and summing over
final states, the differential cross sectionds(a1b→g
1X8)/dt are
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378 PRC 58CHEUK-YIN WONG AND HUI WANG
ds~gq→gq!

d t̂
5

1

6S eq

e
D 2

8pasae

~ ŝ2m2!2

3H S m2

ŝ2m2
1

m2

û2m2D 2

1S m2

ŝ2m2
1

m2

û2m2D
2

1

4S ŝ2m2

û2m2
1

û2m2

ŝ2m2 D J , ~4!

and

ds~qq̄→gg!

d t̂
52

4

9S eq

e
D 2

8pasae

ŝ~ ŝ24m2!
H S m2

t̂2m2
1

m2

û2m2D 2

1S m2

t̂2m2
1

m2

û2m2D 2
1

4S t̂2m2

û2m2

1
û2m2

t̂2m2 D J , ~5!

wherem is the quark mass,eq and e are the quark charge
and the proton charge respectively, andae and as are the
electromagnetic fine-structure constant and the strong in
action coupling constant, respectively. The strong coup
constantas is related to the momentum transferQ2 by

as~Q2!5
12p

~3322Nf !ln~Q2/L2!
, ~6!

whereNf is the number of flavors, andL is the QCD scale
parameter.

We shall assume a factorizable parton distribution fu
tion where the intrinsic transverse momentum distribut
can be factored out in the form

Ga/ha
~xa ,aT!5Fa/ha

~xa ,Q2!Da~aT!. ~7!

For convenience, we normalize the transverse momen
distributionDa(aT) such that

E daTDa~aT!51. ~8!

Then, the functionFa/ha
(xa ,Q2) is the usual parton distribu

tion function without assuming a parton intrinsic transve
momentum distribution, as given by@26–29#.

III. EFFECT OF PARTON INTRINSIC
TRANSVERSE MOMENTUM

Quarks, antiquarks, and gluons are asymptotically fre
high momenta, but their properties at low momenta are g
erned by the confinement of these particles inside a had
As a consequence, the transverse momentum distributio
these particles is given by their momentum wave functio
The width of the momentum distribution is related to t
inverse of the size of the radius of confinement. Thus, if o
takes a confinement radius of 0.5 fm, the standard devia
r-
g

-
n

m

e

at
v-
n.
of

s.

e
n

s of the parton intrinsic momentum should be of the order
\/(0.5 fm)50.4 GeV/c, and the width of the intrinsic trans
verse momentum aboutA230.4 GeV/c50.65 GeV/c. Soft
gluon radiation of the partons also makes an additional c
tribution to the width of the intrinsic transverse momentu

In the usual PQCD calculations, one neglects the par
intrinsic transverse momentum by approximating the par
transverse momentum distributionD(aT) with a delta func-
tion D(aT)5d(aT). Then, the integration overaT andbT in
Eq. ~1! can be trivially carried out. In such an approxima
description, the colliding partons have zero transverse m
mentum. The produced photon acquires a transverse mom
tum through the basic collision processes ofgq(or q̄)
→gq(or q̄) and qq̄→gg, with differential distributions as
given by Eqs.~4! and ~5!.

The transverse momentum of the photons produced f
the collisions of the constituents of the quark-gluon plas
expected in high-energy heavy-ion collisions lies predom
nantly in the low pgT region, extending to the region o
intermediatepgT of a few GeV/c. Hard-scattering processe
in nucleon-nucleon collisions also produce photons in t
intermediate transverse momentum region. It is necessa
determine the hard-scattering contributions to the pho
production in order to extract information on the quark-glu
plasma photons. The determination of the hard-scatte
photons will require the inclusion of the effects of the intri
sic parton transverse momentum.

Previously, the effect of parton intrinsic transverse m
mentum has been investigated by Owens@22# in hadron-
nucleon collisions at different energies. In the range o
GeV/c ,pgT,8 GeV/c, Owens found by numerical calcu
lations that the parton intrinsicpT leads to an enhancemen
of the photon production cross section and the enhancem
increases as the incident hadron energy decreases@22#. The
enhancement of photon production cross section due to
parton intrinsic transverse momentum has also been repo
in recent numerical calculations and experimental studies
hadron-proton collisions atAs531.7 and 38.8 GeV@23#. It is
instructive to show analytically in this section how the intri
sic transverse momentum enhances the photon produc
cross section. We shall make simplifying assumptions in t
section in order to carry out the six-dimensional integrat
in Eq. ~1! analytically.

We consider the production of a photon withyg50 and
transverse momentumpgT . We introduce the photon light
cone variable,xg5(Eg1pgz)/As. At yg50, we havepgz

50 andxg5pgT /As. The photon momentum can be repr
sented by

g5~Eg ,pgT ,pgz!5~xgAs,pgT ,0!. ~9!

We take the partons to be massless. The momenta of
target partona and projectile partonb can be written as@see
Eqs.~4.10! and ~4.11! of Ref. @2##

a5S xa

As

2
1

aT
2

2xaAs
, aT ,2xa

As

2
1

aT
2

2xaAs
D , ~10!

b5S xb

As

2
1

bT
2

2xbAs
, bT ,xb

As

2
2

bT
2

2xbAs
D . ~11!
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The Mandelstam variablesŝ, t̂ , andû are then

ŝ5xaxbs1
aT

2bT
2

xaxbs
22aT•bT , ~12!

û52S xb1
bT

2

xbs
D xgs12bT•pgT , ~13!

t̂52S xa1
aT

2

xas
D xgs12aT•pgT . ~14!

The momentum conservation condition,ŝ1 t̂1û50, leads
to a relation ofxa in terms ofxb given by

xa1
aT

2

xas
5xg1

1

xb1~bT
2/xbs!2xg

3F xg
22

2~aT1bT!•pgT22aT•bT

s

1
xabT

2

xbs
1

xbaT
2

xas
G .

To simplify the last two terms in the square bracket, we n
that xa;xb @see Eq.~28! below#. The above equation be
comes

xa1
aT

2

xas
5xg1

upgT2aT2bTu2

$xb1~bT
2/xbs!2xg%s

, ~15!

which can be solved forxa to obtainxa5xa(xb). We assume
a parton distribution function of the formF(x)5A(12x)n.
The integration over the light-cone variablesxa andxb in Eq.
~1! becomes

E dxadxbAaAb~12xa!na~12xb!nb
ŝ

p

ds

dt

d„xa2xa~xb!…

s~xb2xg!

5AaAbE dxbef ~xb!
ŝ

ps~xb2xg!

ds

dt
, ~16!

where

f ~xb!5naln$12xa~xb!%1nbln~12xb!. ~17!

The functionf (xb) is an extremum ofxb at

xb1
bT

2

xbs
5xg1Ana~12xb!

nb~12xa!

upgT2aT2bTu

As
. ~18!

The correspondingxa is given from Eq.~15! by

xa1
aT

2

xas
5xg1Anb~12xa!

na~12xb!

upgT2aT2bTu

As
. ~19!

The integration overxa andxb in Eq. ~16! becomes
e

E dxadxbAaAb~12xa!na~12xb!nb
ŝ

p

ds

dt
d~ ŝ1 t̂1û!

5A2p

B

AaAbŝ

ps~xbT2xg!
~12xaT!na~12xbT!nb

ds

dt
,

~20!

wherexbT andxaT are the solution ofxb andxa from solving
Eqs.~18! and ~19!, respectively, andB is

B52
]2f

]xb
2U

xb5xbT ~21!

5
nb

na

2Ananb~122xg!1xg~na1nb!

xg~122xg!2
.

Consider the case withpgT@s, wheres is the standard de
viation of the partonpT distribution. We can expand in pow
ers of the intrinsic transverse momenta to get

upgT2aT2bTu;pgTS 12
pgT•~aT1bT!

pgT
2 D 1¯. ~22!

Neglecting terms of second power inaT and bT and using
Eqs. ~18!, ~19!, and ~22!, we can separate outxaT and xbT
into

xiT5xi01D i ~ i 5a,b!, ~23!

where

xa05S 11Anb~12xa0!

na~12xb0!
D xg , ~24!

Da52Anb~12xa0!

na~12xb0!

pgT•~aT1bT!

pgTAs
, ~25!

xb05S 11Ana~12xb0!

nb~12xa0!
D xg , ~26!

and

Db52Ana~12xb0!

nb~12xa0!

pgT•~aT1bT!

pgTAs
. ~27!

For the Compton process (gq→gq), na;6 andnb;4 @26#,
and for the annihilation process (qq̄→gg), na5nb;4.
Therefore we have approximately

xa0;xb0;2xg . ~28!

We are now ready to carry out the integration over t
intrinsic transverse momentaaT and bT in Eq. ~1!. The de-
pendence of (12xaT)na on the intrinsic momentumaT can
be separated out to be
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~12xaT!na;~12xa0!naexpH 2
naDa

12xa0
J

;~12xa0!naexpH Ananb

pgT•~aT1bT!

~12xa0!pgTAs
J .

~29!

The factor (12xbT)nb can be similarly separated. The int
gral over the transverse momentum in Eq.~1! becomes

E daTdbTDa~aT!Db~bT!~12xaT!na~12xbT!nb
ds

dt

5~122xg!na1nbE daTdbTDa~aT!Db~bT!

3expH 2Ananb

pgT•~aT1bT!

~122xg!pgTAs
J ds

dt
, ~30!

where we have used Eq.~28!. We assume a Gaussian part
transverse momentum distribution, D(pT)5exp
$2pT

2/2s2%/2ps2 with ^pT
2&52s2, and we obtain

E daTdbTDa~aT!Db~bT!

3expH 2Ananb

pgT•~aT1bT!

~As22pgT!pgT
J ds

dt

5expH 4s2nanb

~As22pgT!2J
3E daTdbTDa~aT2l!Db~bT2l!

ds

dt
,

~31!

where

l5
2s2AnanbpgT

~As22pgT!pgT

. ~32!

The first factor on the right-hand side of Eq.~31!,

k15expH 4s2nanb

~As22pgT!2 J , ~33!

is the enhancement factor due to the parton intrinsic tra
verse momentum and the variation of the parton distribut
function. We can understand the origin of this enhancem
in the following way. The integration overxa andxb leads to
a cross section proportional to (12xaT)na(12xbT)nb @Eq.
~20!#. If there were no parton intrinsic transverse momentu
xaT would be given byxa0. The presence of the intrinsi
transverse momentum leads toxaT varying aboutxa0 with
the variation Da depending on the intrinsic transvers
momentum@Eq. ~23!#. Because of the steep decrease of
2xa)na(12xb)nb as a function ofxa andxb , the averaging
over the transverse momenta leads to the enhancement f
k1.
s-
n
nt

,

tor

The enhancement factork1 arising from the parton distri-
bution function allows us to determine the scale ofpgT at
which the effect of the parton intrinsicpT will be important.
The enhancement factork1 is close to unity if 4s2nanb

!(As22pgT)2 and is much greater than unity if 4s2nanb is
large or comparable to (As22pgT)2. As nanb;24 for the
Compton process, the importance of the intrinsicpT depends
on whether 7A2s is small compared toAs22pgT . When
7A2s is large or comparable to (As22pgT), the enhance-
ment factork1 becomes quite large. This is the main orig
for the large enhancement factor forpgT,6 GeV/c in
hadron-proton collisions atAs;20 GeV.

For the cross sectionds/dt, the dominant contributions
come from terms proportional to 1/t̂ and 1/û. It can be ap-
proximated by

ds

dt
;CS 1

t̂
1

1

û
D . ~34!

From Eqs.~13!, ~14!, and~28!, we have

t̂;upgt2bTu2, ~35!

and

û;upgt2aTu2. ~36!

The integration over the intrinsic transverse momentum d
tributions can be carried out to yield

E da
T
db

T
Da~a

T
2l!Db~b

T
2l!C

3S 1

~pgT
2a

T
!2

1
1

~pgT
2b

T
!2D

;H pgT

2

~pgT
2l!222s2J 2C

pgT
2

, for pgT@s ~37!

where first factor on the right-hand side

k25
pgT

2

~pgT2l!222s2
, ~38!

is the enhancement factor due to the parton intrinsic tra
verse momentum and the variation ofds/dt. This enhance-
ment factor k2 arising from ds/dt is close to unity if
pgT@s. From Eqs.~34!, ~35!, and ~36!, the enhancemen
factor due tods/dt becomes much greater than unity wh
pgT is of the orders.

Putting all the results together, we have

Eg

d3s~hahb→gX!

dpg
3

;kA2p

B

4AaAbpgT

pAs

3S 12
2pgT

As
D na1nb 2C

pgT
2

, ~39!
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wherek is given by

k5k1k25expH 4s2nanb

~As22pgT!2J pgT
2

pgT
2 ~12l!222s2

.

~40!

The quantityk in Eqs.~39! and~40! is the ratio of the photon
production cross section with the parton intrinsic transve
momentum to the cross section without the parton intrin
transverse momentum. From Eq.~40! we infer that forpgT

@A^pT
2&, which allows the expansion in Eq.~22!, k is

greater than unity and represents an enhancement due t
parton intrinsic transverse momentum. It is a function
bothAs andpgT . It decreases asAs increases. For the sam
As, the first factor increases with increasingpgT while the
second factor increases with decreasingpgT .

If one uses 2s250.9 ~GeV/c)2 as given by Owens@22#,
then for pgT56 GeV/c at As520 GeV, Eqs.~33! and ~38!
give k152.2 andk251.27, and a combined enhanceme
factork52.8, in rough agreement with the enhancement f
tor of about 3.8 obtained from numerical calculations in F
3. There is a substantial enhancement of the photon pro
tion cross section atAs;20 GeV due to the parton intrinsi
transverse momentum. ForpgT56 GeV/c atAs563 GeV,k
decreases to 1.07, in agreement with the numerical resul
Fig. 4. This value ofk is only slightly greater than unity
indicating that the parton intrinsicpT has only small influ-
ence forpgT;6 GeV/c at As.63 GeV.

The enhancement factork in Eq. ~40! shows that one
should expect a large enhancement due to the intrinsic tr
verse momentum for the production of photons with tra
verse momentumpgT close toAs/2 such thatAs22pgT is
not much greater thanA^pT

2&. In this case,xa0;2pgT /As is
close to unity and the magnitude of the cross section is h
ever quite small.

The above analytical integration of the six-dimension
integral of Eq.~1! serves the purpose of illustrating the im
portant features of the enhancement due to the parton in
sic transverse momentum. In order to compare with exp
mental data quantitatively, we need to carry out numer
integrations of Eq.~1! in their full complexities without sim-
plifying assumptions in the following sections.

IV. TRANSVERSE MOMENTUM DISTRIBUTION
OF PARTONS

The momentum distribution of partons for smallpT de-
pends on confinement, while the momentum distribution
high pT depends on the constituent counting rule which i
power law in nature@30,31,2#. They have different functiona
forms. To carry out our investigation of the parton intrins
momentum in numerical calculations, we join the two diffe
ent functional forms atpTM and assume the partonpT distri-
bution function of the form
e
c

the
f

t
-
.
c-

in

s-
-

-

l

n-
i-
l

t
a

D~pT!5CF 1

11e~pT2pTM!/D
D1~pT!

1
1

11e~pTM2pT!/D
D2~pT!G , ~41!

whereC;1 will be determined by the normalization cond
tion Eq. ~8!.

Following Owens@22#, we use the Gaussian distributio
D1(pT) for the distribution at lowpT as given by

D1~pT!5
1

2ps2
e2pT

2/2s2.
~42!

For largepT , we take the transverse momentum distributi
D2(pT) to be given by a power-law distribution as in th
spectator counting rule of Blankenbecler and Brodsky@30#

D2~pT!5
a

~pT
21M2!n

, ~43!

wherea5D1(pTM)(pTM
2 1M2)n. The results of our calcula

tion for photon production are rather insensitive to this tra
verse distributionD2. Using information from the work of
Sivers, Blankenbecler, and Brodsky@31#, we choosen54
andM51 GeV to describe the transverse momentum dis
bution D2. For numerical purposes, we set the match
transverse momentum to bepTM52A2s, and the matching
width D50.25 GeV/c.

V. NEXT-TO-LEADING-ORDER PERTURBATIVE QCD

It is well known that higher-order perturbative QCD co
rections are important in the evaluation of the cross secti
for many hard-scattering processes~see for example, Refs
@32# and @27#!. For photon production, contributions up t
the second order inas have been considered by Aurench
Baier, Douiri, Fontannaz, and Schiff, and by Baer, Ohnem
and Owens@18–20#. These calculations involve the evalu
tion of contributions from all next-to-leading-order Feynm
diagrams. In these calculations@18–20#, the intrinsic trans-
verse momentum of the partons has been neglected by u
a delta function distributiond(pT) so that integrations ove
the transverse momentum of the partons can be trivially c
ried out. From these leading-order plus next-to-leading-or
~LO1NLO! calculations, the effects of the higher-ord
terms can be represented by theK-factor defined by

K~pg!5H Eg

d3s

dpg
3

~LO1NLO!Y Eg

d3s

dpg
3

~LO!J , ~44!

whereEg(d3s/dpg
3)~LO1NLO! is the photon obtained with

the inclusion of both the lowest-order and the next-
leading-order terms, andEg(d3s/dpg

3)~LO! is the photon
cross section obtained in the lowest-order calculation.

Numerically, theK-factor is about 2 to 3.5 and is a slowl
varying function of the photon transverse momentum~see
Figs. 1 and 2!. It represents an effective modification of th
strength of the coupling constant at the vertex, as in a ve
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correction, due to the initial-state interaction between part
@32–35#. On the other hand, the vertex correction depends
the relative momentum between the colliding partons@33–
35#, which in turn depends mainly on the longitudinal m
menta; the vertex correction is insensitive to the parton tra
verse momenta. Because of this property, it is reasonab
consider theK-factor to be approximately independent of t
parton transverse momentum; that is

H Eg

d3s

dpg
3

~LO1NLO1PT!Y Eg

d3s

dpg
3

~LO1PT!J
;H Eg

d3s

dpg
3

~LO1NLO!Y Eg

d3s

dpg
3

~LO!J , ~45!

where the abbreviation ‘‘PT’’ stands for calculations whe
the parton transverse momentum distribution is taken
account. Upon using the above approximation to include
effects of the next-to-leading-order corrections and the p
ton intrinsic transverse momentum distribution, the pho
production cross section is given by

Eg

d3s

dpg
3

~LO1NLO1PT!;K~pg!Eg

d3s

dpg
3

~LO1PT!.

~46!

VI. PHOTON PRODUCTION IN NUCLEON-NUCLEON
COLLISIONS

From Eq. ~46!, we can take into account the effects
intrinsic transverse momentum and next-to-leading-or
contributions by carrying out the calculation in two step
We perform the LO1NLO calculations, without the intrinsic
parton transverse momentum distribution, using the num
cal code from Aurencheet al. @18,19#. The ratio of the LO

FIG. 1. The K-factor as a function of the photon transver
momentumpgT at yg50. ~a! for pp collisions atAs517.3 GeV
and ~b! for As519.4 GeV.
s
n

s-
to

o
e
r-
n

r
.

ri-

1NLO calculation to the leading-order~LO! calculation then
gives theK-factor as a function of the photon momentum,
defined by Eq.~44!. We then carry out separately a nume
cal calculation of the leading order with the intrinsic tran
verse momentum distribution. Equation~46! is then used to
give the cross section when both effects are included.

The photon cross section depends on the functional
pendence ofQ2 in terms of physical quantities such aspgT
of the photon. Owens has studied different choices of
functional form, fromQ25pgT

2 to Q25pgT
2 /4, and found that

Q25pgT
2 /2 gives the best description of the experimen

data for production of photons with large transverse m
menta@22#. We shall accordingly use this functional depe
dence for our investigation.

We first carry out the LO and the LO1NLO calculations
using three different parton distribution functions:~1! the
Duke and Owens parton distribution function~set 1! @26#, ~2!
the CTEQ4 parton distribution function~set 3! @27,28#, and
~3! the MRS96 parton distribution function~set 1! @29#. The
ratio of the LO1NLO result to the LO result gives the
K-factors which are shown in Figs. 1 and 2, and the res
for LO and LO1NLO cross sections are shown in Figs.
and 6. TheK-factor in Figs. 1 and 2 as a function of th
photon transverse momentumpgT for yg50 indicate that it
has a value of approximately 2 for 1 GeV/c,pgT,6 GeV/c
in nucleon-nucleon collisions atAs517.3 and 19.4 GeV. It
behaves slightly differently forAs563 GeV, where it drops
from about 3 to 1.4, aspgT decreases from 2 GeV/c to 6
GeV/c. It becomes nearly a constant forpgT.6 GeV/c.

We next carry out a lowest-order calculation with the i
clusion of the transverse momentum distribution of the p
tons. Previously, Owens noted that the transverse momen
distribution of dilepton pairs gives a direct measure of t
parton intrinsic transverse momentum@22#. Data obtained by
Kaplan et al. @36# for pp collisions atAs527.4 GeV indi-
cate ^pT

2(m1m2)&51.9 (GeV/c)2 which corresponds to a
parton transverse momentum 2s250.95 (GeV/c)2 in the
lowest order approximation. The value ofs decreases if
higher-order terms are included@32#. The convolution
method of Ref.@32# is however a model-dependent prescr
tion for incorporating the effects of the intrinsic transver
momentum. Nevertheless, it indicates that the amount of
trinsic transverse momentum needed to describe the da
influenced by the amount of QCD dynamics included in t
analysis. The analysis of Owens using the lowest-order Q
with a constantK-factor indicates that̂ pT

2&52s250.9

FIG. 2. The K-factor as a function of the photon transver
momentumpgT at yg50 for pp collisions atAs563 GeV.
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(GeV/c)2 gives a good agreement with photon producti
data in pp, p1p, and p2p collisions at 19.4 GeV,As
,62 GeV@22#. Recent analysis@23# suggests even a great
value of ^pT

2& of about 2 (GeV/c)2. More future work is
needed to clarify the situation on the magnitude of the par
intrinsic transverse momentum.

To see the dependence of the photon transverse mom
tum distribution on the magnitude of^pT

2& of the parton in-
trinsic transverse momentum, we show in Fig. 3 the res
for pp collisions at As519.4 GeV, using the Duke an
Owens parton distribution function~set 1!. The cross sec-
tions for s50 are less than those for̂pT

2&52s250.9
(GeV/c)2 by about a factor of 3 to 4, which are less th
those for^pT

2&52s251.8 (GeV/c)2 by about a factor of 2
~except atpgT. 1 GeV/c). There is a substantial enhanc
ment of the cross section due to the parton intrinsic tra
verse momenta. The value of^pT

2&52s250.9 (GeV/c)2

provides a good description of the experimental data. T
enhancement factor for̂pT

2&52s250.9 (GeV/c)2 is rela-
tively constant forAs;20 GeV.

The enhancement of the photon production cross sec
in the region ofpgT under consideration poses an interest
puzzle. If the running coupling constant could be taken a
fixed constant, the total cross section obtained by integra
the photon momentum should be independent of the w
~or s) of the parton intrinsic transverse momentum distrib
tion. An enhancement of the cross sections in all regions
pgT appears to violate this normalization of the total phot

FIG. 3. The photon invariant cross section for nucleon-nucle
collisions atAs519.4 GeV andyg50 calculated with different
^pT

2&52s2 values of parton intrinsic momentum distribution an
the Duke and Owens parton distribution function~set 1!. The NLO
corrections have been included according to Eqs.~44! and ~46!.
n
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production cross section. The puzzle is resolved by not
that the cross section is not enhanced in all regions ofpgT .
The photon production cross section is enhanced in the
gion pgT@s, and it is suppressed forpgT!s because par-
tons acquire energies through their intrinsicpT and the prob-
ability for producing very low energy photons therefo
decreases when partons have intrinsicpT . A hint of the sup-
pression for lowpgT can be found in Figs. 3 and 4 where fo
pgT,1.2 GeV/c the cross section for the case 2s251.8
(GeV/c)2 is lower than that for 2s250.9 (GeV/c)2. While
we expect a suppression for this region of smallpgT!s, it is
a different matter whether perturbative QCD can rem
valid for this region where the associated value ofQ2 be-
comes very small. We shall not consider this region of sm
pgT .

Figure 4 shows the direct photon production results
nucleon-nucleon collisions atAs563 GeV andyg50. The
nucleon-nucleon collision data from R806/807@40# and
R108 ~CCOR! Collaborations@41# are shown in the figure
For pgT.1.2 GeV/c, the cross section is enhanced ass
increases. The magnitude of the enhancement is smaller
that for As519.4 GeV, indicating that the effect of intrinsi
transverse momentum decreases with increasingAs. For
pgT,1.2 GeV/c, the cross section initially increases ass
increases but decreases as^pT

2& increases further, indicating
that the trend of enhancement is reversed forpgT!s. The
value of 2s250.9 (GeV/c)2 provides a good description o
the experimental data. We shall henceforth follo

n FIG. 4. The photon invariant cross section for nucleon-nucle
collisions atAs563 GeV andyg50 calculated with different̂pT

2&
values of parton intrinsic momentum distribution and the Duke a
Owens parton distribution function~set 1!. The NLO corrections
have been included.
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384 PRC 58CHEUK-YIN WONG AND HUI WANG
Owens@22# to use 2s250.9 (GeV/c)2 when we include the
parton intrinsic transverse momentum distribution in o
subsequent calculations.

In Fig. 5 we present results of the photon cross section
the LO calculations, the LO1NLO calculations, and the LO
1NLO1PT results including further the effect of the tran
verse momentum distribution, forpp collisions atAs519.4
GeV andyg50. The LO1NLO calculations are enhance
from the LO calculations by about a factor of 2, and t
intrinsic momentum effect brings another factor of about 4
8, depending on the parton distribution function. The intr
sic transverse momentum of partons enhances the cross
tions by a substantial factor and is very important in t
region of intermediatepgT . The data forAs519.4 GeV
from E704@37#, E629@38#, and NA3@39# are also shown in
Figs. 3 and 5.~The NA3 data are taken from the reactionp
112C→g1X where we assume a nuclear dependence
A1.0, as in Ref.@37#.! The WA80 data in Figs. 3 and 5 rep
resent the upper limits of the cross section. The experime
data in the region ofpgT from 2 to 4 GeV/c can be described
well when both the effects of higher-order terms and
parton intrinsic transverse momentum are taken into acco
For the regionpgT.4 GeV/c, the experimental data of NA3
and E629 are different. The data of NA3 above 4 GeV/c fall
within the predictions using the CTEQ4 and the MRS96 p
ton distribution functions. Within the considerable expe
mental uncertainties, the experimental data agree with
LO1NLO1PT predictions, although there are small diffe
ences in the results from different parton distribution fun
tions.

Recent photon production experiments using high-ene

FIG. 5. The photon invariant cross section for nucleon-nucle
collisions atAs519.4 GeV andyg50.
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heavy ions were performed for Pb-Pb collisions at 158 G
per nucleon@12,13#, which correspond to nucleon-nucleo
collisions atAs517.3 GeV. In order to facilitate the com
parison with experimental data, we show the theoretical
sults forpp collisions atAs517.3 GeV andyg50 in Fig. 6.
The intrinsic transverse momentum enhances the cross
tions by a factor of about 4 to 8. It is therefore an importa
effect which must be included in the discussion of phot
cross sections in the region ofpgT between 1 and 6 GeV/c.

VII. PHOTON PRODUCTION FROM THE QCD
HARD-SCATTERING PROCESSES

IN NUCLEUS-NUCLEUS COLLISIONS

We can determine the direct photon production cross s
tion in high-energy nucleus-nucleus collisions arising fro
the hard scattering between partons. Because of the w
effective shadowing effect in photon production by part
collisions as indicated by experimentalpA data @24#, we
shall neglect the shadowing effect. The photon distribution
a collision of a nucleusA and a nucleusB at an impact
parameterb due to the hard scattering of partons is given

Eg

dNg
AB~HS!

dpg

~b!5n
NN

~b!Eg

dNg
NN~HS!

dpg

, ~47!

where n
NN

(b) is the number of inelastic nucleon-nucleo
collisions,

n
NN

~b!5ABTAB~b!s in
NN , ~48!

n

FIG. 6. The photon invariant cross section for nucleon-nucle
collisions atAs517.3 GeV andyg50. The scale on the right refer
to the photon distribution per central Pb-Pb collision event in
WA98 measurement~Ref. @12#!.
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and the photon distribution in an inelastic nucleon-nucle
collision is

Eg

dNg
NN~HS!

dpg

5Eg

dsg
NN~HS!

s in
NNdpg

. ~49!

In the above equations,s in
NN and sg

NN are the nucleon-
nucleon total inelastic cross section and photon produc
cross section respectively,TAB(b) is the thickness function
for the nucleus-nucleus collision@2#

TAB~b!5E dbAdbBTA~bA!TB~bB!t~b2bA2bB!, ~50!

whereTA(b) andTB(b) are respectively the thickness fun
tions for nucleusA andB, and the baryon-baryon thicknes
function t(b2bA2bB) can be approximated by a delta fun
tion, t(b2bA2bB)5d(b2bA2bB). Note that when one
combines Eqs.~47!, ~48!, and ~49!, the nucleon-nucleon in
elastic cross sections in

NN cancels out and one obtains th
result

Eg

dNg
AB~HS!

dpg

~b!5ABTAB~b!Eg

dsg
NN~HS!

dpg

. ~51!

Writing the result for nucleus-nucleus collisions in th
form of Eq. ~47! provides a more intuitive picture of th
scaling of the photon multiplicity from nucleon-nucleon co
lisions to nucleus-nucleus collisions.

Experimentally, one measures the yield of photons
event of nucleus-nucleus collisions in coincidence with
measurement of the degree of inelasticity of the events
characterized by the multiplicity of produced particles. R
sults are given in terms of the photon yield per inelas
collision event for the most-inelastic fractionf of all inelas-
tic events. The most-inelastic fractionf depends on the
maximum impact parameterbm , and one can deduce a rel
tion of f as a function of the maximum impact parameterbm
from the Glauber model by

f ~bm!5
*o

bmdb$12„12TAB(b)s in
NN

…

AB%

*o
`db$12„12TAB(b)s in

NN
…

AB%
. ~52!

For measurements within the most-inelastic fractionf (bm)
of events, the photon distribution per inelastic event is giv
by taking the average of Eq.~47! over the range of impac
parameters from 0 tobm . We therefore have the photo
distribution per inelastic event in a nucleus-nucleus collis
given by

Eg

dNg
AB~HS!

dpg

~bm!5^n
NN

&~bm!Eg

dsg
NN~HS!

s in
NNdpg

, ~53!

where the average number of nucleon-nucleon collisions
event within the range of impact parameters from 0 tobm is

^n
NN

&~bm!5
*0

bmdbABTAB~b!s in
NN

*o
bmdb$12~12TAB~b!s in

NN!AB%
. ~54!
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In Fig. 7~a! we show^nNN&(bm), the number of nucleon-
nucleon inelastic collisions averaged over the range 0,b
,bm , as a function of the maximum impact parameterbm

for Pb-Pb collisions, and in Fig. 7~b! the corresponding
most-inelastic fractionf (bm).

The photon production data from the WA98 Collabor
tion were collected for the most-inelastic 10% of the to
number of Pb-Pb inelastic collisions@12#. For this value of
f (bm)50.1, the impact parameterbm is found from Fig. 7 to
be 4.44 fm. With an inelastic nucleon-nucleon cross sec
of 29.4 mb @2#, the average number of inelastic nucleo
nucleon collisions within this range of impact paramete
from 0 to 4.44 fm iŝ nNN&5654. This is the scaling numbe
which one must multiply to the photon yield in a nucleo
nucleon inelastic collision to give the total photon yield p
central Pb-Pb collision.

Using this scaling factor, we obtain the photon distrib
tion from hard scattering of partons per central Pb-Pb co
sion at a nucleon-nucleon collision energy ofAs517.3 GeV
and yg50. They are shown as the dashed and dashed
curve in Fig. 8 for the CTEQ4 parton distribution functio
~set 3! and the MRS96 parton distribution function~set 1!.
They have been calculated for the most-inelastic 10% of
inelastic Pb-Pb collisions. They should be compared w
photon distributions from the quark-gluon plasma at differe
temperatures to be discussed in the next section and sh
as the solid curves in Fig. 8.

The scaling between nucleon-nucleon collisions
nucleus-nucleus collisions can be extended for S-Au co

FIG. 7. ~a! The number of inelastic nucleon-nucleon collisio
in Pb-Pb collisions averaged over the impact parameter from
bm as a function of the impact parameterbm . ~b! The fraction of the
total inelastic cross section for collisions with an impact parame
from 0 to bm .
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386 PRC 58CHEUK-YIN WONG AND HUI WANG
sions which were studied by the WA80 Collaboration@11#.
The WA80 photon data were collected for the 7.4% of t
most-inelastic events for which the maximum impact para
eter bm is found to be 2.9 fm and the number of nucleo
nucleon inelastic collisionŝnNN& averaged over the range o
impact parameters from 0 tobm is 160. This scaling numbe
has been used to convert the WA80 upper lim
EgdNg

SAu/d3pg data toEgdsg
NN/d3pg data in Figs. 3 and 5

VIII. PHOTON PRODUCTION FROM THE QGP
IN NUCLEUS-NUCLEUS COLLISIONS

In a quark-gluon plasma, the constituents of the plas
interact with each other. The interaction between the c
stituents leads to the production of photons viagq (or q̄)
→gq (or q̄) andqq̄→gg reactions, which are the same pr
cesses as in photon production in parton collisions@6–
10,14#. Upon taking the lowest-order Feynman diagrams
the evaluation of the cross section and assuming a the
massmth5gT/A6, the rate of photon production in a quar
gluon plasma at temperatureT is @9# @Eq. ~16.66! of Ref. @2##

Eg

dNg

dpgd4x
5

5

9

aeas

2p2
f q~pg!T2lnH 3.7388Eg

g2T
J , ~55!

FIG. 8. The invariant photon distribution per central Pb-Pb c
lision event in the WA98 measurement~Ref. @12#! at yg50 as a
function ofpgT . The dashed and dashed-dot curves are results f
parton hard scattering obtained in LO1NLO1PT calculations, and
the solid curves are from a quark-gluon plasma with different ini
temperaturesT0 and a critical temperatureTc5200 MeV.
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whereg2/4p5as is the strong-interaction coupling constan
and f q(pg) is the Fermi-Dirac distribution of the quarks i
the plasma which, forEg@T, is approximately the Boltzman
distribution

f q~pg!;e2Eg /T.

One can introduce theK-factor to take into account the
next-to-leading-order effect. TheK(Eg)-factor as shown in
Fig. 1~a! obtained for parton collisions~at As517.3 GeV!
can be used as an approximateK-factor for constituent col-
lisions in the quark-gluon plasma. The photon distributi
per event is then

Eg

dNg

dpg

5
5

9

K~Eg!aeas

2p2 E d4x fq~pg!T2lnH 3.7388Eg

g2T
J .

~56!

We shall assume Bjorken hydrodynamics in which t
proper time varies with temperatureT as

t

t0

5S T0

T
D 3

, ~57!

wheret0 is the initial proper time when the system is at
temperatureT0. We consider a system with an initial volum

FIG. 9. The total invariant photon distribution per central Pb-
collision event in the WA98 measurement atyg50 as a function of
pgT , including the contributions from nucleon-nucleon hard sc
terings and the quark-gluon plasma with an initial temperatureT0.
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of V given byAt0 whereA is the average overlap area fo
the range of impact parameters considered. Then, during
evolution of the system from temperatureT0 to the critical
phase-transition temperatureTc in the quark-gluon plasma
phase, the number of photons emitted can be obtained
carrying out the integration in Eq.~56!. The result is

Eg

dNg

dpg

5
5K~Eg!aeas

6p2 S Vt0T0
4

\4 D 1

T0Eg

3FE1~z!1e2zlnS 3.7388z

4pas
D G

z5Eg /Tc

z5Eg /T0

, ~58!

whereE1(z) is the exponential integral*z
`dte2t/t @42#.

The photon distribution from the quark-gluon plasma
Tc5200 MeV and different values ofT0 is shown in Fig. 8
for the 10% most-inelastic central collisions of Pb on P
where we have taken the initial time parametert0 to be 1
fm/c. As one observes, the photon numbers increase as
tial temperature increases. This arises because it tak
longer period of time to cool a system to the phase transi
temperature if the system is initially at a higher temperatu
The photon number distributions from hard scattering of p
tons are also shown in Fig. 8. One observes that the ph
distribution from the quark-gluon plasma is greater than t
from the hard scattering when the initial temperature of
plasma exceeds about 0.28 GeV.

In Fig. 9, we show the prediction for photon productio
when both the hard-scattering contributions and the qu
gluon plasma contributions are added together, for the 1
most-inelastic central collisions of Pb on Pb at 158 GeV
nucleon. The hard-scattering results are obtained from
LO1NLO1PT calculations. The total distribution depen
on the plasma initial temperature. They have been calcul
by assuming a critical temperatureTc5200 MeV. They may
be used to compare with experimental data.
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IX. DISCUSSIONS AND CONCLUSIONS

In order to detect photons which are emitted during
quark-gluon plasma phase, it is necessary to determine
contribution of photons by non-quark-gluon plasma sourc
The hard scattering between partons also produces pho
in the momentum region of interest. It is therefore importa
to study the hard-scattering contribution to photon prod
tion in the intermediatepgT region of a few GeV/c.

For photon production atAs!63 GeV andpgT up to
about 6 GeV/c, the effects of the intrinsic transverse m
menta of the partons cannot be neglected. We have exam
how the intrinsic transverse momentum distribution of p
tons affects the transverse momentum distribution of
photons produced in nucleon-nucleon collisions. The intr
sic momentum of the partons leads to an enhancement o
cross section by a factor ranging from 3 to 8 for photons w
intermediatepgT . Such an effect is an important conside
ation in photon measurements under investigation in hi
energy heavy-ion collisions.

We have also compared the magnitude of photons p
duced by hard scattering with photons produced by
quark-gluon plasma. We find that for photon production
the region of 1–3 GeV/c in Pb-Pb central collisions at 15
GeV per nucleon the quark-gluon plasma contribution
ceeds the hard-scattering contribution when the initial te
perature is greater than about 0.28 GeV.
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