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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 GeMbr nucleon-nucleon collisions at a center-of-mass energy of a few tens of
GeV. The enhancement increasesyasdecreases. Such an enhancement is an important consideration in the
region of photon momenta under investigation in high-energy heavy-ion colli§i88556-28188)04007-2

PACS numbds): 25.75~q, 24.85+p, 13.85.Qk, 13.75.Cs

I. INTRODUCTION which are found predominantly in the region of photons with
low transverse momentum, extending to the region of inter-
Currently, high-energy heavy-ion collisions are used tomediate transverse momentum of 1-3 GeVAt photon
produce matter under extreme conditions. One of the objeenergies up to 2 GeV, photons can come from the decay of
tives is to search for the quark-gluon plast@GP whichis  #° and 7° resonances as well as fromw, 7', anda;, and
expected to exist at high temperatures and/or high baryothe interaction of the hadron matter vigo— yp and wo
densities(For an introduction to this field, see Ref4-5].)  — y# reactions(see for example Ref§14—17). One may
Photons arising from the electromagnetic interactions of thevish to go to the region of photon transverse momentum
constituents of the plasma will provide information on thep_>2 GeV/c. If a hot quark-gluon plasma is formed ini-
properties of the plasma at the time of their production. Sinceially, clear signals of photons from the plasma could be
photons are hardly absorbed by the produced medium, theyisible by examining photons withp; in the range 2-3
form a relatively “clean” probe to study the state of the GeV/c [8—10]. On the other hand, photons in this region of
quark-gluon plasma. The detection of these photons duringansverse momenta are also produced by the collision of
the quark-gluon plasma phase will be of great interest irpartons of the projectile nucleons with partons of the target
probing the state of the quark-gluon plasma, if it is evernucleons. Such a contribution must be subtracted in order to
produced 6-15]. infer the net photons from the quark-gluon plasma sources.
Photons are also produced by many other processes in Recent investigations on photon production by parton col-
heavy-ion reactions. They can originate from the decay®f lisions in hadron-hadron collisions include the work by Au-
and 7°. As #° particles are copiously produced in strong renche, Baier, Douiri, Fontannaz, and Scfiif8,19 and by
interactions between nucleons, photons originating from th&aer, Ohnemus, and Owe[0], who have performed QCD
decay of7® are much more abundant than photons producedalculations up to second order in Extensive comparisons
by electromagnetic interactions of the constituents of thewith experimental data have been carried out covering a
quark-gluon plasma. The photons from the decayrbfand  large range of incident energies and photon transverse mo-
7° can be subtracted out by making a direct measurement ghenta. In these QCD calculations, as well as other similar
their yield, obtained by combining pairs of photons. BecausdCD calculationg21], the intrinsic transverse momenta of
of the large number ofr® produced, this subtraction is a the partons have been neglected.
laborious task, but much progress has been made to provide Because of the finite size of the transverse dimension of a
meaningful results after the subtraction of the photons fronucleon, one expects that the partons in a nucleon have an
the 7° and 7° background$11—-13. Photon measurements intrinsic transverse momentum distribution with a width of
obtained after the subtraction of the photons from mesotthe order of\24/0.5 fm. Soft gluon radiation also contrib-
decays are conveniently called measurements of “direct phodtes to the parton intrinsic transverse momentum. The intrin-
tons.” sic transverse momentum distribution affects the distribution
Direct photons are produced from the interaction of mat-of the produced photons. Previous investigations of the pho-
ter in the QGP phase, a mixed QGP and hadron phase, a pu@n transverse momentum distribution in leading-orded)
hadron gas, and hard QCD proces§éd]. Different pro-  calculations with a constaht-factor already indicate the im-
cesses give rise to photons in different momentum regiongortance of the intrinsic transverse momentum of the partons
We are interested in photons from the quark-gluon plasm§22]. For p,r from 3 to 8 GeVE, the photon production
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cross sections for hadron-hadron collisions at 19.4 Ge\shadowing effect on photon production in nucleus-nucleus
</s<63 GeV are enhanced when the intrinsic transverseollisions.

momentum distribution is taken into account, in agreement

with earlier measurements. These findings are further sup- Il. PHOTON PRODUCTION IN THE

ported by recent experimental and theoretical investigations HARD-SCATTERING MODEL

for: hadrr(])n—proton collisions J\Z 31'7 and 38'8hGe\]?23]' _ In the relativistic hard-scattering process, the production
The enhancement increases s decreases. Therefore, in ot 4 photon in a hadron-hadron reaction, ¢ hy— y-X)

the region of our interest involving photons with,r of  4ises from the direct interaction of a parton of the hadrgn
about 2-3 GeW at a center-of-mass energy of about 20ith 3 parton of the other hadrdm, . The basic processes are

Collaborationg 11,12, the intrinsic transverse momentum of nihilation processeqaﬂ vg [6-8,2)

partonﬁ plarl]ys an important role and caqno'F be, neglectgaf * One represents the probability for finding a partowith
How the photon transverse momenFun? d!strlbutlons at di momentuma=(x,,ay) in the hadrorh, by the parton dis-
ferent\/glare affected by the parton intrinsic transverse mo-ipytion function G (Xa.ar), which depends also on the
me_lr_1;[]um IS thle malntiubjgct oftoutr u;fvesttlgﬁfu%n: . N tmomentum transfe®?. Thex, and Q? dependences of the
. ere 1S aiso another important etiect which 1s importan parton distribution functiorG,;,, for various partons have
in photon production. Previous calculations of photon pro- _ . a . .
duction indicate the importance of higher-order QCD term een obtained by f'“_'”g large sets of experimental data in
; ; different hard-scattering proces4@6—29.
[18-20. The next-to-leading-order calculations lead to a . . .
correction factor, th&-factor, with a magnitude of about 2. In Iead|ng-0(der perturbat,ve QCD, the cross section for
It is necessary to include the effects of the next-to-leadinghs'ﬂ“L _hb_fy+x IS a cpnvolunon of the parton momentum
order corrections. One expects that the next—to—leading-ordeqjs'[r?!bm'OnS and theg'r elementary collision cross sections
effects are nearly independent of the intrinsic transverse md=»d"o(@b—yX')/dp;,
mentum. One can include the effects of the intrinsic trans- 3
verse momentum and the next-to-leading-order corrections ¢ d*o(hahp— ¥X) =S | dx.dardx,db
> ; - T3 = Xadardx,dby
by first treating them separately and then combining them as dp? ab
independent multiplicative factors. The final results can be
compared with experimental data. Good agreement with ex- X Gah (Xa,a1) G/, (Xp . bT)
perimental data at different reaction energies will form the
basis of extrapolation to the region of interest in high-energy da(ab—yX")
heavy-ion collisions. XEy dp? :
Previous work by Cleymanst al.[21] on photon produc- 4
tion in pp collisions covers a region from/s=23 GeV 10 The parton invariant cross section is relateditg/dt by
1.8 TeV. These authors use the next-to-leading-order calcu-
lation program of Aurenchet al. [18], without assuming dBo(ab—yX') do(ab—yX')
parton intrinsic transverse momentum. However, the results 3 =
of these authors cannot be interpreted as the conclusive evi- dp; mdt
dence for the absence of any parton intrinsic momentum ef- .= S 5
fect at energies of/s~20 GeV, because their theoretical XS\/{S_(m1+m2) Hs—(m;—my)%}
results are lower than the UA6 data d@6=24.3 GeV by (s+ mi—mg)
about a factor of Zsee Fig. 3 of Ref[21]), and the theoret- 5
ical results are lower than the E706 data/at=30.6 GeV by @
about a factor of 1.7see Fig. 4 of Ref[21]). As mentioned
above, Oweng22] has earlier explained similar discrepan-
cies in the photon production data pp, =" p, and 7 p
reactions at 19.4 Ge¥\/s<63 GeV as arising from the par-
ton intrinsic momentuni22]. We shall provide further sup-
port of Owens’ observations by analytical and numerical s=(a+b)?
studies. '
In this manuscript, we first examine photon production in s 5
nucleon-nucleon collisions and extend our considerations to t=(a-p,)* ©)
nucleus-nucleus collisions. In nucleon-nucleus and nucleus- ~
nucleus collisions, there are shadowing effects for photon U=(b—py)2-
production in nuclei. Previous experimental investigations of o
photon production usingr~ beams on nuclei suggest that ~ For definiteness, we shall use the nucleon-nucleon center-
the effective shadowing in the production of photons can b@f-mass system to refer to the momenta of the photon and the
represented by a target mass dependence of theA6rwith partons. After averaging the flavors, the colors, and the isos-
a~1.0[24], which can be explained theoreticallg5]. Be-  pins of the initial states o}, q, andg, and summing over
causex is close to unity, the effective shadowing for photon final states, the differential cross sectiaiv(a+b— vy
production in nuclei is quite weak. We shall not include the+X")/dt are

@

1]

4
s+i+u->, m?)
i=1

wheremg, m, are the masses of the incident partons, and
m3 (=m,) andm, are the masses of the outgoing particles.

In the above equation, we have used the Mandelstam vari-
ables
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do(ga—yq) 1(eq 2 87, o of the parton intrinsic momentum should be of the order of
— v Telo] e 7/(0.5 fm)=0.4 GeVE, and the width of the intrinsic trans-
dt e/ (s—m) verse momentum abouf2x 0.4 GeVk=0.65 GeVt. Soft
m2 m2 |2 gluon radiation of the partons also makes an additional con-
1| = _ tribution to the width of the intrinsic transverse momentum.
[(s—m2 u—m2> In the usual PQCD calculations, one neglects the parton
) 5 intrinsic transverse momentum by approximating the parton
4 + m transverse momentum distributi@(a;) with a delta func-
S—m? u-—-m2 tion D(a7) = d(at). Then, the integration ovesr and b+ in
Eqg. (1) can be trivially carried out. In such an approximate
1/s—=m?2 u-m? description, the colliding partons have zero transverse mo-
2 . + 2/ | (4) mentum. The produced photon acquires a transverse momen-

tum through the basic collision processes @f(orq)

and —vyg(orqg) and qg— yg, with differential distributions as
given by Eqgs.(4) and(5).

The transverse momentum of the photons produced from
the collisions of the constituents of the quark-gluon plasma
expected in high-energy heavy-ion collisions lies predomi-
2 nantly in the lowp,; region, extending to the region of

m m? 1/ t—
Tl—=t= 2) - Z( = intermediatep ,r of a few GeVkt. Hard-scattering processes
t=m= u-m u in nucleon-nucleon collisions also produce photons in this
G m? intermediate transverse momentum region. It is necessary to
+ - ' determine the hard-scattering contributions to the photon
t—m? ] production in order to extract information on the quark-gluon

_ plasma photons. The determination of the hard-scattering
wherem is the quark masse, ande are the quark charge photons will require the inclusion of the effects of the intrin-
and the proton charge respectively, amgand as are the  gjc parton transverse momentum.
electromagnetic fine-structure constant and the strong inter- previously, the effect of parton intrinsic transverse mo-
action coupling constant, respectively. The strong couplingnentum has been investigated by Owd@g] in hadron-

constantas is related to the momentum transf@f by nucleon collisions at different energies. In the range of 3
127 GeV/c <p,r<8 GeVic, Owens found by numerical calcu-
ay(Q?)= (6) lations that the parton intrinsip; leads to an enhancement

2742y’
(33=2N7)In(Q7A%) of the photon production cross section and the enhancement

whereN; is the number of flavors, and is the QCD scale increases as the incident hadron energy decre_{&@;sThe
' enhancement of photon production cross section due to the

arameter. AP
P We shall assume a factorizable parton distribution funclarton intrinsic transverse momentum has also been reported

tion where the intrinsic transverse momentum distribution” "€c€Nt numericgl _calculations and experimental stuqies for
can be factored out in the form _hadron-_proton collisions a_\f§= 3_1.7 gnd 38_.8 GeV23]. It_ls _
2 instructive to show analytically in this section how the intrin-
Gan,(Xa:ar) = Famn,(Xa,Q%)Dalar). (D sic transverse momentum enhances the photon production
cross section. We shall make simplifying assumptions in this
'Wection in order to carry out the six-dimensional integration
in Eg. (1) analytically.

We consider the production of a photon wigh=0 and
transverse momentum.,r. We introduce the photon light-
cone variablex,=(E.+ /ys. At y,=0, we have
Then, the functiorF o, (X,Q?) is the usual parton distribu-  _ andxy=pj(T7/ \/é :/I'h(fgzlo\t/c:n mo>r/nyentum can beprézpre-
tion function without assuming a parton intrinsic transversesented by
momentum distribution, as given j26—29.

For convenience, we normalize the transverse momentu
distributionD,(ar) such that

f darDa(ar)=1. (8)

7:(EyvpyTvpyZ):(Xy\/§1pyT10)- (9)

We take the partons to be massless. The momenta of the

target partora and projectile partob can be written agsee
Quarks, antiquarks, and gluons are asymptotically free ads-(4.10 and(4.11) of Ref. [2]]

high momenta, but their properties at low momenta are gov- ) )

erned by the confinement of these particles inside a hadron. :( Vs a Vs af ) (10)

lIl. EFFECT OF PARTON INTRINSIC
TRANSVERSE MOMENTUM

As a consequence, the transverse momentum distribution of Xa ™ F 2%,s’ ar. " Xa 2%.s
these patrticles is given by their momentum wave functions.

The width of the momentum distribution is related to the 2 2

- | - | . s v s B2
inverse of the size of the radius of confinement. Thus, if one b=|xp—+ ——=, br.Xp—— ——=
takes a confinement radius of 0.5 fm, the standard deviation 2 2xb\/§ 2 2xb\/§

) . (1)
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The Mandelstam variables t, andu are then

azb?

S=XoXpS+ —2ar-br, (12)

XaXpS

b
Xb+ —_—
XpS

u=— (13

X,S$+2br-py7,

ar
Xat+ —
XaS

t=— X,S+2ar Pyr. (14)

The momentum conservation conditios+t+u=0, leads
to a relation ofx, in terms ofx, given by

a3 1
Xg+ — =X, + 5
XaS Xp+ (bF/XpS) — X,

2(ar+bq)- —2ar-b
X[Xi— (ar+by)-pyr - O
S

Xb%2  x,a2

XpS  XaS
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sdo . . .
fdxadbeaAb(l—xa)“a(l—xb)”b—d—(tT(S(s+t+u)
T

27 AALS " (1 )nbda'
=\ 55— (1—Xap)"(1—X -,
B 7TS(Xb-|-— X,y) aT bT dt

(20

wherexyt andx,t are the solution ok, andx, from solving
Eqgs.(18) and(19), respectively, an® is

9°f
T2
X2

Xp=XpT

(21)

Ny 2yNgNp(1—2%,) +X,(Na+Np)
N, X,(1—2x,)2 '

Consider the case with, >0, whereo is the standard de-
viation of the partorp distribution. We can expand in pow-
ers of the intrinsic transverse momenta to get

P, (ar+by)
[pyr—ar—br|~ pyT( 1- Yf

p'yT

>+---. (22)

To Slmpllfy the last two terms in the square braCket., we notqqeg|ecting terms of second power a:p and bT and using
that x,~X;, [see Eq.(28) below]. The above equation be- Egs. (18), (19), and (22), we can separate ovtr and Xy

comes

2 2

a —ar—b
Xqt T:Xer |pyT2 r— b
XaS {xp+ (bF/X,8) — X, }s

: (19

which can be solved fax, to obtainx,=x,(X,). We assume

a parton distribution function of the forda(x) =A(1—x)".
The integration over the light-cone variabkesandxy, in Eq.
(1) becomes

§ do 5(xa—Xa(Xs)

J' dXadXpAaAp(1—Xa) Ma(1— Xp) b —
- dt

S(Xp—X,)
; s do
:AaAb dee (Xp) ] (16)
7S(Xp—X,) dt
where
f(Xp) =NaIn{1—Xa(Xp) }+ npIn(1—xp). (17)
The functionf(x,) is an extremum ok, at
b2 na(1—x —ar—b
xb+—T=xy+ al b) [PyT—ar T|. 18
XpS nb(l_xa) \/g
The corresponding, is given from Eq.(15) by
2
a Np(1—x —ar—b
Xa+—T=X7+ /Np( 2 |p,r—ar T|. (19
XaS na(l_xb) \/g

The integration ovek, andx, in Eq. (16) becomes

into
Xir=Xio+A; (i=a,b), (23
where
nb(l_xao)
=1 o e , 24
Xe0 ( ! na(l_xbo))xy 2
Np(1—Xa0) Py7-(ar+by)
Aa=—\/7 : - @
na(l_XbO) p'yT\/g
na(l_xbo)
Xeo=| L¥ nb(l—xw))X’ 20
and
Na(1—Xpo) P, (a7+by)
Y EE ST S
° Np(1—Xa0) p}'T\/g

For the Compton procesg{— yq), n,~6 andn,~4 [26],
and for the annihilation processqq— yg), na=n,~4.
Therefore we have approximately
Xa0™ Xpo ™~ 2X . (28
We are now ready to carry out the integration over the
intrinsic transverse moment and by in Eq. (1). The de-
pendence of (% Xx,7)" on the intrinsic momentuna; can
be separated out to be
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n.A The enhancement factar; arising from the parton distri-
(1—Xa7)"a~ (1~ Xq0)"2EXP — —— bution function allows us to determine the scalepof at
1—Xa0 which the effect of the parton intrinsig; will be important.

<(\s—2p,7)? and is much greater than unity ib#n,n, is

large or comparable to\/E—ZpyT)z. As nyny~ 24 for the
(29) Compton process, the importance of the intrinsjadepends

on whether %/2¢ is small compared ta/§—2pyT. When
The factor (+x,7)™ can be similarly separated. The inte- 7\/2¢ is large or comparable toJé—ZpyT), the enhance-

} The enhancement factor; is close to unity if 4r°n,n,

(ar+b
N(l_Xao)naEX[{ I_nanb pyT (aT T)
(1_Xao)p«/T\/g

gral over the transverse momentum in Et). becomes ment factorx, becomes quite large. This is the main origin
q for the large enhancement factor fqr,;<6 GeV/c in
O’ ..
dadb-D -(a+)Dw(b-)(1— X.x)a( 1 — Xp.r) 1o — hadron-proton collisions aj@~20 GeV.
f rdbrDa(an) Dy(br) (1= Xar) (1 =Xor) ™ gy For the cross sectioda/dt, the dominant contributions
come from terms proportional totland 1. It can be ap-
=(1—2xy)”a+”bf da;dbD (ar)Dy(by) proximated by
pyr-(ar+by) | do do (1 3)
xexp 2ynn——— =} —, 30 ~Cl=+=]|. (34)
p{ " P(1-2x,)p,rys] dt (49 e it u
where we have used E(R28). We assume a Gaussian parton From Eqgs.(13), (14), and(28), we have
transverse momentum distribution, D(py)=exp A
{—p%202} 1270 with (p3)=202, and we obtain t~|[p,—brl?, (35)
and
J dardbrD4(ar) Dy(br)
u~|p,—arl% 36
pyT‘ (aT+bT) do |p'yt T| ( )
xXexp 2ynghy————"—""1— 7 . . T .
(Vs—2p.,7)p.r) dt The integration over the intrinsic transverse momentum dis-
vy tributions can be carried out to yield
% 40°n,n, ]
=exp ——=— 5
(\s=2p,7) f da db D,(a —A\)Dy(b.—N\)C
do
><J' da;dbyD (ar—N)Dp(br—N) =, 1 1
dt X 2 + 2
(31) (Py,—a)"  (Py,—b,)
where [ piT ] 2C . @7
~\————————, for p >0
_ 2_ 2 2 Y
 20° /_nanbpyT - (Py,~N)=20%| pir
(V5—=2p,r)Pyr where first factor on the right-hand side
The first factor on the right-hand side of E&1), 2
P . S (39)
40%n,n 2 (D= N)2—252"
K1= exp{ U—abz] , (33) (p'yT A) 20—
(Vs—2p,7)

is the enhancement factor due to the parton intrinsic trans-
is the enhancement factor due to the parton intrinsic transverse momentum and the variationdg/dt. This enhance-
verse momentum and the variation of the parton distributiorment factor «, arising from do/dt is close to unity if
function. We can understand the origin of this enhancemerp,r>0. From Egs.(34), (35), and (36), the enhancement

in the following way. The integration ovex, andx, leads to  factor due todo/dt becomes much greater than unity when
a cross section proportional to {Ix,7)"a(1—x,7)™ [Eq. P, is of the ordero.

(20)]. If there were no parton intrinsic transverse momentum, Putting all the results together, we have

X1 Would be given byx,,. The presence of the intrinsic

transverse momentum leads gy varying aboutx,g with d3o(hhy— yX) 2@ 4AAbP T

the variation A, depending on the intrinsic transverse Evd—ps.NK EW—\@
momentum[Eq. (23)]. Because of the steep decrease of (1 Y

—X,)"2(1—x,)™ as a function ofk, andx,, the averaging 2p.r Nat Mo 5

over the transverse momenta leads to the enhancement factor X|1— \/Z ) —, (39
K1q. S pyT
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wherex is given by

D(Pr)=C| - pras D1(PY)
F{ 4'O'znanb ] piT 1
K= K1Ky=8€X i
v (Vs—2p,7)2) p2r(1-\)2—202 Tt poia 2P| (41)

(40)

whereC~1 will be determined by the normalization condi-

tion Eq. (8).
The quantityx in Egs.(39) and(40) is the ratio of the photon Following Owens[22], we use the Gaussian distribution
production cross section with the parton intrinsic transvers® ,(py) for the distribution at lowp; as given by
momentum to the cross section without the parton intrinsic
transverse momentum. From E40) we infer that forp,r
>\/(p7), which allows the expansion in Eq22), « is
greater than unity and represents an enhancement due to the
parton intrinsic transverse momentum. It is a function ofFor largepr, we take the transverse momentum distribution
both /s andp,r . It decreases ags increases. For the same D2(Pr) to be given by a power-law distribution as in the
Vs, the first factor increases with increasipg; while the — SPectator counting rule of Blankenbecler and Brodg3gj
second factor increases with decreasing .

If one uses 22=0.9 (GeV/c)? as given by Owen§22], Dy(py)= ————,
then forp,r=6 GeVic at Js=20 GeV, Eqgs(33) and (39 (pZ+M3)"
give k;=2.2 andk,=1.27, and a combined enhancement ) i
factor x=2.8, in rough agreement with the enhancement fac¥vherea=D1(prw)(pru+M*)". The results of our calcula-

tor of about 3.8 obtained from numerical calculations in Fig.tion for photon production are rather insensitive to this trans-

3. There is a substantial enhancement of the photon produ¥/€rse distributionD,. Using information from the work of

tion cross section af's~20 GeV due to the parton intrinsic Sivers, Blankenbecler, gnd Brodskg1], we choosen=4' .

transverse momentum. Fp;=6 GeVic at (5=63 GeV. and_M =1 GeVto desc_rlbe the transverse momentum dls_trl-
. . . bution D,. For numerical purposes, we set the matching

d('acreases' to 1.07, in agreement.wnh the numerical resylts Mansverse momentum to hﬁ&M=2\/§U, and the matching

Fig. 4. This value ofx is only slightly greater than unity, width A=0.25 GeVE.

indicating that the parton intrinsipt has only small influ-

ence forp,r~6 GeVic at Js>63 GeV.

The enhancement factor in Eq. (40) shows that one
should expect a large enhancement due to the intrinsic trans- It is well known that higher-order perturbative QCD cor-
verse momentum for the production of photons with transfections are important in the evaluation of the cross sections
verse momentunp, close to Js/2 such that\/§—2pyT is  for many hard-scattering process(e for example, Refs.
not much greater thar;{(_p%;. In this casexao~2pyT/\@ is [32] and [27]). For photon production, contributions up to

close to unity and the magnitude of the cross section is hovvt-he. secono_l _order v, have been _con5|dered by Aurenche,
ever quite small. Baier, Douiri, Fontannaz, and Schiff, and by Baer, Ohnemus,

The above analytical integration of the six—dimensionaland Oweng18-20. These calculations involve the evalua-

. . X ~“"tion of contributions from all next-to-leading-order Feynman
integral of Eq.(1) serves the purpose of illustrating the im- diagrams. In these calculatioh$8—2(, the intrinsic trans-

pprtant features of the enhancement due to the pgrton intrir},-erse momentum of the partons has been neglected by using

sic transverse momentum. In order to compare with experiz qelta function distributions(py) so that integrations over

mental data quantitatively, we need to carry out numericajpe transverse momentum of the partons can be trivially car-

integrations of Eq(1) in their full complexities without sim-  yieq out. From these leading-order plus next-to-leading-order

plifying assumptions in the following sections. (LO+NLO) calculations, the effects of the higher-order
terms can be represented by #eactor defined by

1 2, 2
D,(pr)= e Pr/20% 42
1(pr 2o

(43

V. NEXT-TO-LEADING-ORDER PERTURBATIVE QCD

IV. TRANSVERSE MOMENTUM DISTRIBUTION dd

dio o
OF PARTONS K(py)z { EV—S(LO-FNLO)/ Ey—s(LO)} , (49
dp; dp;

The momentum distribution of partons for smal de- whereEy(d%/d pﬁ)(LO+NLO) is the photon obtained with
pends on confinement, while the momentum distribution athe inclusion of both the lowest-order and the next-to-
high p+ depends on the constituent couqting rule Wh!ch is deading-order terms, anEy(d%/d pi)(Lo) is the photon
power law in natur¢30,31,3. They have different functional  cross section obtained in the lowest-order calculation.
forms. To carry out our investigation of the parton intrinsic ~ Numerically, theK-factor is about 2 to 3.5 and is a slowly
momentum in numerical calculations, we join the two differ- varying function of the photon transverse moment(sae
ent functional forms apt), and assume the partqe} distri-  Figs. 1 and 2 It represents an effective modification of the
bution function of the form strength of the coupling constant at the vertex, as in a vertex



382 CHEUK-YIN WONG AND HUI WANG PRC 58

' j ' ' 3.5 — T T T T
24 | :
22 3.0 1
5 5, " =63 Gev
S 225 ]
S 2.0 S
' 1’ 2.0 ]
M 18 g
' — DO
——= CTEQ4 15  ——- cTEQ4 ]
16 ¢ —-— MRS96 7 —-— MRS9%
L L L L 1.0 1 1 1 1 1
24 I ' ' ' ' ] 2.0 4.0 6.0 8.0 100 12.0
’ Py (GeVic)
2.2
s FIG. 2. TheK-factor as a function of the photon transverse
:i 2.0 momentump .t aty,=0 for pp collisions at\/s=63 GeV.
I
i 1.8 +NLO calculation to the leading-ordéitO) calculation then

gives theK-factor as a function of the photon momentum, as
defined by Eq(44). We then carry out separately a numeri-
cal calculation of the leading order with the intrinsic trans-
verse momentum distribution. Equatiof6) is then used to
give the cross section when both effects are included.

The photon cross section depends on the functional de-
pendence ofQ? in terms of physical quantities such BST
of the photon. Owens has studied different choices of the
functional form, fromQ?= p2 to Q?=p2./4, and found that

correction, due to the initial-state interaction between parton®°=p>:/2 gives the best description of the experimental
[32—-35. On the other hand, the vertex correction depends ofata for production of photons with large transverse mo-
the relative momentum between the colliding partpd3—  menta[22]. We shall accordingly use this functional depen-
35], which in turn depends mainly on the longitudinal mo- dence for our investigation.

menta; the vertex correction is insensitive to the parton trans- We first carry out the LO and the LONLO calculations
verse momenta. Because of this property, it is reasonable tsing three different parton distribution functiong) the
consider thé<-factor to be approximately independent of the Duke and Owens parton distribution functitset 1 [26], (2)

~
N
T
L

Lo 2.0 3.0 4.0 5.0 6.0
Py (GeVie)

FIG. 1. TheK-factor as a function of the photon transverse
momentump,r aty,=0. (a) for pp collisions at\s=17.3 GeV
and(b) for ys=19.4 GeV.

parton transverse momentum; that is the CTEQ4 parton distribution functiofset 3 [27,2§, and
(3) the MRS96 parton distribution functidiset 1 [29]. The
d3c d3c ratio of the LO+NLO result to the LO result gives the
[Ey—3(LO+NLO+PT)/ Ey—s(LO+PT)] K-factors which are shown in Figs. 1 and 2, and the results
dpy, dp, for LO and LO+NLO cross sections are shown in Figs. 5

and 6. TheK-factor in Figs. 1 and 2 as a function of the
, (45) photon transverse momentupy for y,=0 indicate that it

has a value of approximately 2 for 1 Ged# p,r<6 GeV/lc

in nucleon-nucleon collisions afs=17.3 and 19.4 GeV. It
where the abbreviation “PT" stands for calculations wherepehaves slightly differently fox/s=63 GeV, where it drops
the parton transverse momentum distribution is taken int9rom about 3 to 1.4, ap,r decreases from 2 GeW/to 6
account. Upon using the above approximation to include thgsev/c. It becomes nearly a constant forr>6 GeVic.
effects of the next-to-leading-order corrections and the par- \ye next carry out a lowest-order calculation with the in-
ton intrinsic transverse momentum distribution, the photorgjysion of the transverse momentum distribution of the par-

dio dic
~ Eyd—pi(LO-i—NLO) Eyd_g(LO)

Py

production cross section is given by tons. Previously, Owens noted that the transverse momentum
" e distribution of dilepton pairs gives a direct measure of the
L _ L parton intrinsic transverse momentyi2]. Data obtained by
EVdp3 (LO+NLO+PT) K(pV)E“/dp3 (LO+PT). Kaplan et al. [36] for pp collisions at\s=27.4 GeV indi-
7 7 (46) cate (p3(u*u"))=1.9 (GeVk)? which corresponds to a

parton transverse momentunu2=0.95 (GeV/c)? in the
lowest order approximation. The value of decreases if
higher-order terms are includef32]. The convolution
method of Ref[32] is however a model-dependent prescrip-

From Eq.(46), we can take into account the effects of tion for incorporating the effects of the intrinsic transverse
intrinsic transverse momentum and next-to-leading-ordemomentum. Nevertheless, it indicates that the amount of in-
contributions by carrying out the calculation in two steps.trinsic transverse momentum needed to describe the data is
We perform the L&G-NLO calculations, without the intrinsic influenced by the amount of QCD dynamics included in the
parton transverse momentum distribution, using the numerianalysis. The analysis of Owens using the lowest-order QCD
cal code from Aurenchet al. [18,19. The ratio of the LO with a constantK-factor indicates that(p2)=202=0.9

VI. PHOTON PRODUCTION IN NUCLEON-NUCLEON
COLLISIONS
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FIG. 3. The photon invariant cross section for nucleon-nucleon ~FIG. 4. The photon invariant cross section for nucleon-nucleon

collisions ats=19.4 GeV andy,=0 calculated with different ~collisions atys=63 GeV andy,=0 calculated with differen¢p?)
(p?)=202 values of parton intrinsic momentum distribution and values of parton intrinsic momentum distribution and the Duke and

the Duke and Owens parton distribution functi@et 3. The NLO ~ Owens parton distribution functiofset 1. The NLO corrections
corrections have been included according to E44) and (46). have been included.

(GeVic)? gives a good agreement with photon productionproduction cross section. The puzzle is resolved by noting
data inpp, 7*p, and 7 p collisions at 19.4 Ge¥ \s  that the cross section is not enhanced in all regiong. gt
<62 GeV[22]. Recent analysif23] suggests even a greater The photon production cross section is enhanced in the re-
value of (p7) of about 2 (GeVé)>. More future work is  gion p,r>0, and it is suppressed fqr,;<o because par-
_nee;de_d to clarify the situation on the magnitude of the partofions acquire energies through their intrinpicand the prob-
Intrinsic transverse momentum. ability for producing very low energy photons therefore
To see the dependence of the photon transverse momegecreases when partons have intrinsic A hint of the sup-
tum distribution on the magnitude ¢p%) of the parton in-  pression for lowp,,r can be found in Figs. 3 and 4 where for
trinsic transverse momentum, we show in Fig. 3 the result@ﬂ< 1.2 GeVk the cross section for the caser2=1.8
for pp collisions at+s=19.4 GeV, using the Duke and (GeV/c)? is lower than that for 22=0.9 (GeVk)2. While
Owens parton distribution functiofset 1. The cross sec- we expect a suppression for this region of smght<o, itis
tions for c=0 are less than those fofp?)=20?=0.9 a different matter whether perturbative QCD can remain
(GeV/c)? by about a factor of 3 to 4, which are less thanvalid for this region where the associated valueQ@f be-
those for(p2)=20?=1.8 (GeVk)? by about a factor of 2 comes very small. We shall not consider this region of small
(except atp,r= 1 GeV/c). There is a substantial enhance- p,r.
ment of the cross section due to the parton intrinsic trans- Figure 4 shows the direct photon production results for
verse momenta. The value ¢p3)=202=0.9 (GeVk)?  nucleon-nucleon collisions afs=63 GeV andy,=0. The
provides a good description of the experimental data. The&ucleon-nucleon collision data from R806/8040] and
enhancement factor fo(rp$>:202:o_9 (GeVk)? is rela- R108(CCOR Collaborationg41] are shown in the figure.
tively constant fory/s~20 GeV. For p,s>1.2 GeVk, the cross section is enhanced as
The enhancement of the photon production cross sectioficreases. The magnitude of the enhancement is smaller than
in the region ofp.,; under consideration poses an interestingthat for Js=19.4 GeV, indicating that the effect of intrinsic
puzzle. If the running coupling constant could be taken as &ansverse momentum decreases with increasjsg For
fixed constant, the total cross section obtained by integrating,r<1.2 GeVk, the cross section initially increases as
the photon momentum should be independent of the widtfincreases but decreases(@$) increases further, indicating
(or o) of the parton intrinsic transverse momentum distribu-that the trend of enhancement is reverseddor<o. The
tion. An enhancement of the cross sections in all regions ofalue of 20°=0.9 (GeVk)? provides a good description of
p,r appears to violate this normalization of the total photonthe experimental data. We shall henceforth follow



384 CHEUK-YIN WONG AND HUI WANG PRC 58

1097 10” -
4107
1077 i 10 lLoswnLos ]
3 ¢ s =19.4GeV, y=0 12 1 107
Y - =
L ooy s =173 GeV, y=0 3
107  [LOWNLO+PR ) i 107" | Lo—\\ ;
1107
LO+NLO 5 s
31 10 S
0 p o {1072
N 10 «%
R0 E 3 11073
SN =
“‘g 8 -34 &
S10v | ] <10 -2
~ LI 4 10 &
M%: §10‘35 3 s
R o L 3 \ Do 4 10'7§
S &) ——- CTEQ4 >
o s 0% L -~ MRS9% N
100077 ¢ . 10°R
©® WAS0 upper limit 37
197 ¢
107" bo 19°
——- CTEQ
—-— MRS9% 10% |
1 0-37 L 1 0-10
10‘39 1 Il 1 Il Il
107 ‘ ‘ ‘ , , L 0.0 10 20 3.0 40 5.0 6.0
0.0 .0 20 30 40 50 6.0 P, (GeVie)

P (GeVic) o _
FIG. 6. The photon invariant cross section for nucleon-nucleon

FIG. 5. The photon invariant cross section for nucleon-nucleorfllisions at\/§:_17._3 GeV and/,=0. The scale on the right refers
collisions at\s=19.4 GeV andy,=0. to the photon distribution per central Pb-Pb collision event in the
Y WA98 measuremertRef. [12]).

Owens[22] to use 2°=0.9 (GeVk)? when we include the heavy ions were performed for Pb-Pb collisions at 158 GeV
parton intrinsic transverse momentum distribution in ourper nucleon[12,13, which correspond to nucleon-nucleon
subsequent calculations. collisions at\s=17.3 GeV. In order to facilitate the com-

In Fig. 5 we present results of the photon cross section foparison with experimental data, we show the theoretical re-
the LO calculations, the LONLO calculations, and the LO  gyts forpp collisions at/s=17.3 GeV and/,=0 in Fig. 6.

+NLO+PT results including further the effect of the trans- The intrinsic transverse momentum enhances the cross sec-
verse momentum distribution, farp collisions atys=19.4  tions by a factor of about 4 to 8. It is therefore an important
GeV andy,=0. The LO+NLO calculations are enhanced effect which must be included in the discussion of photon

from the LO calculations by about a factor of 2, and thecross sections in the region pfy.l. between 1 and 6 GeY/
intrinsic momentum effect brings another factor of about 4 to

8, depending on the parton distribution function. The intrin-
sic transverse momentum of partons enhances the cross sec-
tions by a substantial factor and is very important in the
region of intermediatep,r. The data for\Js=19.4 GeV

from E704[37], E629[38], and NA3[39] are also shown in We can determine the direct photon production cross sec-
Figs. 3 and 5(The NA3 data are taken from the reactipn tion in high-energy nucleus-nucleus collisions arising from
+1C— y+ X where we assume a nuclear dependence othe hard scattering between partons. Because of the weak
A0 as in Ref[37].) The WAS0 data in Figs. 3 and 5 rep- effective shadowing effect in photon production by parton
resent the upper limits of the cross section. The experimentgollisions as indicated by experimentpA data [24], we

data in the region of .+ from 2 to 4 GeVE can be described shall neglect the shadowing effect. The photon distribution in
well when both the effects of higher-order terms and thea collision of a nucleusA and a nucleu8 at an impact
parton intrinsic transverse momentum are taken into accounparameteb due to the hard scattering of partons is given by
For the regiorp >4 GeVl/c, the experimental data of NA3

VIl. PHOTON PRODUCTION FROM THE QCD
HARD-SCATTERING PROCESSES
IN NUCLEUS-NUCLEUS COLLISIONS

and E629 are different. The data of NA3 above 4 Gefall dNSP(HS) dNJN(HS)
within the predictions using the CTEQ4 and the MRS96 par- E, d (b)=n_(bE, d ' (47)
ton distribution functions. Within the considerable experi- Py Py

mental uncertainties, the experimental data agree with th\?vh b) i . ;
o . the number of inelastic nucleon-nucleon
LO+NLO+PT predictions, although there are small differ- G.H.e N(b) 18 n rot stic nd n-nd
ences in the results from different parton distribution func-collisions,
tions. _ NN
Recent photon production experiments using high-energy nNN(b)_ABTAB(b)Uin ' (48)
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and the photon distribution in an inelastic nucleon-nucleon ' ' ' ' ' '
collision is 800.0

Pb-Pb Collisions

dNJN(HS) dayN(HS) 600.0 |-
E, =B, (49) A
dp'y Tin dpy E
& 4000 -
- NN NN v
In the above equationsg;,” and o’," are the nucleon-
nucleon total inelastic cross section and photon productior 200.0 | (a)
cross section respectivel¥, g(b) is the thickness function
for the nucleus-nucleus collisidi?] 0.0 - ' ' : . :
1.0 T T T T T T
TAB(b):J dbadbgTa(ba) Te(bp)t(b—ba—bg), (50 s b ]
) ) (d)
whereT,(b) andTg(b) are respectively the thickness func- 06 b ]
tions for nucleusA andB, and the baryon-baryon thickness ~
functiont(b—b,—bg) can be approximated by a delta func- %
tion, t(b—bas—bg)=8(b—by—bg). Note that when one 04 ]
combines Eqs(47), (48), and(49), the nucleon-nucleon in-
elastic cross sectioor' cancels out and one obtains the 02 E
result
dN’;B(HS) ’;N(H ) 0'00.0 2.0 4.'0 6.'0 80 10I.0 120 140
y (b)=ABTag(b)E,———. (5] b, (fm)
dp, dp,

FIG. 7. (a) The number of inelastic nucleon-nucleon collisions
Writing the result for nucleus-nucleus collisions in the in Pb-Pb collisions averaged over the impact parameter from 0 to
form of Eq. (47) provides a more intuitive picture of the b,, as a function of the impact parametg. (b) The fraction of the
scaling of the photon multiplicity from nucleon-nucleon col- total inelastic cross section for collisions with an impact parameter
lisions to nucleus-nucleus collisions. from O tob,,.
Experimentally, one measures the yield of photons per

event of nucleus-nucleus collisions in coincidence with the | Fig. 7(a) we show(nyy) (b, the number of nucleon-
; 7 . ms
measurement of the degrge_ (.)f inelasticity of the events, %ucleon inelastic collisions averaged over the rangebO
characterized by the multiplicity of produced particles. Re- : A .
<b,,, as a function of the maximum impact paramdtgr

sults are given in terms of the photon yield per inelastic . L r
collision event for the most-inelastic fractidnof all inelas- for Pb-Pb collisions, and in Fig. (@) the corresponding

tic events. The most-inelastic fractioh depends on the most-inelastic fraction‘(_bm).
maximum impact parametér, and one can deduce a rela- The photon production data from the WA98 Collabora-

tion of f as a function of the maximum impact paramdigr tion were collected for the most-inelastic 10% of the total

from the Glauber model by number of Pb-Pb inelastic collisioi42]. For this value of
f(b,,) =0.1, the impact parametér, is found from Fig. 7 to
fb"‘db{l—(l—TAB(b) oNNyABY be 4.44 fm. With an inelastic nucleon-nucleon cross section
f(by) = ‘; NNAB (52 of 29.4 mb[2], the average number of inelastic nucleon-
Jodb{1—(1=Tap(b)oin )"} nucleon collisions within this range of impact parameters

from 0 to 4.44 fm is(nyy) = 654. This is the scaling number
which one must multiply to the photon yield in a nucleon-
"hucleon inelastic collision to give the total photon yield per
central Pb-Pb collision.

Using this scaling factor, we obtain the photon distribu-
n from hard scattering of partons per central Pb-Pb colli-

For measurements within the most-inelastic fractfgb,,)

of events, the photon distribution per inelastic event is give
by taking the average of E¢47) over the range of impact

parameters from 0 td,,. We therefore have the photon
distribution per inelastic event in a nucleus-nucleus collision[io

given by sion at a nucleon-nucleon collision energy\&f=17.3 GeV
AB NN andy,=0. They are shown as the dashed and dashed-dot
E dNy (HS)(b )=(n_ (b E da, "(HS) (53) curve in Fig. 8 for the CTEQ4 parton distribution function
y dp, m NN/ UmNdpy ' (set 3 and the MRS96 parton distribution functigget 1.

They have been calculated for the most-inelastic 10% of the
where the average number of nucleon-nucleon collisions peanelastic Pb-Pb collisions. They should be compared with
event within the range of impact parameters from ®jpis  photon distributions from the quark-gluon plasma at different

temperatures to be discussed in the next section and shown

fgmdbABTAB(b)O'mN as the solid curves in Fig. 8.
. s - (94 The scaling between nucleon-nucleon collisions to
Is db{l_(l—TAB(b)Uin ) } nucleus-nucleus collisions can be extended for S-Au colli-

<nNN>(bm) =
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~ FIG. 8. The invariant photon distribution per central Pb-Pb col- k1. 9. The total invariant photon distribution per central Pb-Pb
lision event in the WA98 measuremefRef. [12]) aty,=0 as a  cqjlision event in the WA98 measurementyat=0 as a function of
function ofp,r. The dashed and dashed-dot curves are results fro”ﬁﬂ, including the contributions from nucleon-nucleon hard scat-
parton hard scattering obtained in EQLO+PT calculations, and  terings and the quark-gluon plasma with an initial temperafige
the solid curves are from a quark-gluon plasma with different initial

temperatured, and a critical temperaturé.=200 MeV.

whereg?/4m= ay is the strong-interaction coupling constant,
sions which were studied by the WA80 Collaboratjdri].  andfq(p,) is the Fermi-Dirac distribution of the quarks in
The WA80 photon data were collected for the 7.4% of thethe plasma which, foE,>T, is approximately the Boltzman
most-inelastic events for which the maximum impact paramdistribution
eterb,, is found to be 2.9 fm and the number of nucleon-
nucleon inelastic collisionényy) averaged over the range of
impact parameters from O tm, is 160. This scaling number  One can introduce th&-factor to take into account the
has been used to convert the WA80 upper limitnext-to-leading-order effect. Th¢(E,)-factor as shown in
E,dN5*Yd%p,, data toE,do’y"/d®p,, data in Figs. 3 and 5. Fig. 1(a) obtained for parton collisionat ys=17.3 Ge\j
can be used as an approxim#teactor for constituent col-

Viil. PHOTON PRODUCTION FROM THE QGP lisions in the quark-gluon plasma. The photon distribution
IN NUCLEUS-NUCLEUS COLLISIONS per event is then

fq(py) Ne_E}//T-

In a quark-gluon plasma, the constituents of the plasma
interact with each other. The interaction between the con- g E“Sf d*xf,(p )szl .
stituents leads to the production of photons gia (or q) “dp, 9 2#° o 9°T
—yq (ora) andqae g reactions, which are the same pro- (56

cesses as in photon production in parton collisigfs  \we shall assume Bjorken hydrodynamics in which the
10,14. Upon taking the lowest-order Feynman diagrams inproper time varies with temperatufeas

the evaluation of the cross section and assuming a thermal
massmy,=gT/+/6, the rate of photon production in a quark- T (TO) s

T

dN, 5 K(E,)a

3.738857]

gluon plasma at temperatufes [9] [Eq. (16.66 of Ref.[2]] o
0

(57)

dN, 5 aeas
Tdp,dix 9 272

fo(p,) TN % , (55 where 7 is the initial proper time when the system is at a
ey 2 temperaturd ;. We consider a system with an initial volume
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of V given by Ar, where A is the average overlap area for IX. DISCUSSIONS AND CONCLUSIONS

the range of impact parameters considered. Then, during the | order to detect photons which are emitted during the
evolution of the system from temperatufg to the critical  guark-gluon plasma phase, it is necessary to determine the
phase-transition temperatufig in the quark-gluon plasma contribution of photons by non-quark-gluon plasma sources.
phase, the number of photons emitted can be obtained byhe hard scattering between partons also produces photons
carrying out the integration in E¢56). The result is in the momentum region of interest. It is therefore important
to study the hard-scattering contribution to photon produc-
tion in the intermediat®,; region of a few Ge\e.

4
E de: SK(Ey)aeas [ V7oTo| 1 For photon production at/s<63 GeV andp,r up to
7dp7 62 ht ) ToE, about 6 GeVe, the effects of the intrinsic transverse mo-
e T menta of the partons cannot be neglected. We have examined
_, [ 3.738& vo how the intrinsic transverse momentum distribution of par-
X|Ei(z2)+€ 4rrag , (58 tons affects the transverse momentum distribution of the

z=E,IT; photons produced in nucleon-nucleon collisions. The intrin-
sic momentum of the partons leads to an enhancement of the
cross section by a factor ranging from 3 to 8 for photons with
intermediatep .. Such an effect is an important consider-
ation in photon measurements under investigation in high-
energy heavy-ion collisions.

whereE;(z) is the exponential integrgl; dte” '/t [42].
The photon distribution from the quark-gluon plasma for
T.=200 MeV and different values df, is shown in Fig. 8

for the 10% most-inelastic central collisions of Pb on Pb, We have also compared the magnitude of photons pro-
where we have taken the initial time parame_tgrto be 1 duced by hard scattering with photons produced by the
f_m/c. As one obs_erves, the phqton numbers INCrease as I ark-gluon plasma. We find that for photon production in
tial temperature increases. This arises because it takesgs region of 1-3 GeW in Pb-Pb central collisions at 158

longer period of time to cool a system to the phase transitiosey/ per nucleon the quark-gluon plasma contribution ex-
temperature if the system is initially at a higher temperatureceeqds the hard-scattering contribution when the initial tem-
The photon number distributions from hard scattering of Parperature is greater than about 0.28 GeV.

tons are also shown in Fig. 8. One observes that the photon
distribution from the quark-gluon plasma is greater than that
from the hard scattering when the initial temperature of the
plasma exceeds about 0.28 GeV. One of us(H.W.) would like to thank Dr. G. R. Young

In Fig. 9, we show the prediction for photon production and Dr. M. R. Strayer for their hospitality at ORNL. The
when both the hard-scattering contributions and the quarkauthors would like to thank Professor P. Aurenche and Pro-
gluon plasma contributions are added together, for the 10%essor J. F. Owens for their kind help to provide the pro-
most-inelastic central collisions of Pb on Pb at 158 GeV pegrams for the next-to-leading-order calculations. The authors
nucleon. The hard-scattering results are obtained from theould like to thank Dr. T. C. Awes for helpful discussions.
LO+NLO+PT calculations. The total distribution depends This research was supported by the Division of Nuclear
on the plasma initial temperature. They have been calculate®@hysics, U.S. D.O.E. under Contract No. DE-ACO05-
by assuming a critical temperatufg=200 MeV. They may 960R22464 managed by Lockheed Martin Energy Research
be used to compare with experimental data. Corp.
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