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Rapidity correlations and DG from prompt photon plus jet production in polarized pp collisions
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A study of prompt photon plus associated jet production is performed at next-to-leading order@O(aas
2)# in

QCD atAS52002500 GeV, appropriate for the BNL RHIC polarizedpW pW collider experiment. Momentum
correlations between the jet and photon are examined and the utility of the process as a method for constraining
the size and shape of the polarized gluon density of the protonDG is examined.@S0556-2821~98!01417-9#

PACS number~s!: 12.38.Bx, 13.87.Ce, 13.88.1e
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I. INTRODUCTION

With the advent of the BNL Relativistic Heavy Ion Co
lider at Brookhaven~RHIC!, QCD will enter into a new in-
teresting phase in which polarized high energy collisions w
become a standard tool of analysis in high energy phys
RHIC, as app collider, will be endowed with a very high

luminosity ~500 pb21), not easily accessible topp̄ colliders
and will be spanning a center-of-mass energy range betw
50 to 500 GeV.

One of the main programs at RHIC will be to nail dow
the size and the shape of the polarized parton distribut
which, at the moment, suffer from significant model depe
dence, especially in the gluon contribution (DG). Interest in
spin physics has grown in the last few years thanks to
various polarized deep inelastic scattering~DIS! experiments
and to the existing proposal for the construction of app

collider at DESY ~HERA-NW ) running at lower energy
('50 GeV!.

More generally, in addition to the important informatio
on the spin structure of the nucleon which can be gathe
from these experiments, it is obvious that one might try
look for physics beyond the standard model using polar
tion as a tool to suppress unwanted background and to
hance specific signals. The studies of chiral couplings in
standard model or even compositeness will require pre
measurements of the hadronic background. There have
many attempts in the last few years at creating a backb
program for RHIC by analyzing a set of processes in lead
order and by defining suitable observables which are m
easily accessible to the experimental investigations.

More recently, next-to-leading order~NLO! studies of
various processes~see for instance@1#! have been presented

*Email address: schang@phys.ufl.edu
†Email address: coriano@jlabs2.jlab.org
‡Email address: gordon@hep.anl.gov
0556-2821/98/58~7!/074002~8!/$15.00 58 0740
ll
s.

en

s
-

e

d
o
-
n-
e

se
en

ne
g
re

A partial review of these developments can be found in@2#.
Among the most interesting processes which require an
curate theoretical determination are single and dou
prompt photon production, single and 2-jet production a
the Drell-Yan lepton-pair production. Work on the Drell-Ya
cross section at next leading order~NLO! has been presente
@3,4#, limited at the moment to the non-singlet sector, whi
is sensitive to the polarization of the quark distributions. B
cause of the fact that the initial partons are longitudinally~or
transversely! polarized, the calculation of the hard scatterin
are far more involved than in the unpolarized case.

Although the studies of thetotal cross sections for som
of these and other related processes will be necessary in
der to guarantee experimental observability of the cross
tions and thus the spin asymmetries, which are usually e
mated to be small, the study of the event structure of th
processes can provide interesting new insights into the
distributions. In this paper we study and compare the str
ture of prompt photon plus single jet production in the p
larized and unpolarized cases at RHIC center-of-mass e
gies.

II. MONTE CARLO CALCULATIONS AT NLO

Compared to total cross sections, distributions usually
veal more detail about the underlying hard scattering mec
nisms as well as more information on thex dependence of
the model structure functions. The drawback is that they
generally more difficult to define theoretically to NLO, sinc
many of them are affected by non-canceling infrared div
gences. Modern developments in combined analytic–Mo
Carlo techniques allow one to get exact numerical results
the NLO corrections in a reasonable amount of time. In
dition they allow great flexibility in placing experimenta
selections such as jet definitions and photon isolation cuts
the cross sections, thereby allowing a more realistic and
rect comparison with data.
© 1998 The American Physical Society02-1
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The analytical part of the calculation involves the~1! ex-
act ~analytical! evaluation of the virtual corrections and~2!
the exposure~by a cutoff regularization! of all the mass sin-
gularities in the real emissions. The rest of the phase spa
then integrated over numerically. We omit a general pres
tation of the method which can be found elsewhere and fo
on the study at NLO of the rapidity correlations in phot
plus associated jet production.

In the next sections, after a brief overview of the vario
contributions to the cross section, we move to a study of
rapidity correlations between the photon and the jet. T
analysis presented is similar in spirit to the study of mom
tum correlation given in Refs.@5,6#, with the due modifica-
tions.

III. THE PHOTON PLUS JET CROSS SECTION

The main goal at polarized hadron colliders is the study
the polarized parton distributions of the nucleon which
defined by

D f i~x,M2!5 f i
1~x,M2!2 f i

2~x,M2!. ~3.1!

The corresponding unpolarized distributions are defined

f i~x,M2!5 f i
1~x,M2!1 f i

2~x,M2!, ~3.2!

wheref i
1 and f i

2 represent the distribution of partons of typ
i with positive and negative helicities respectively, with r
spect to that of the parent hadron. The hard subprocess
tering cross sections are defined by

Dŝ i j 5
1

2
~s112s12! ~3.3!

and

ŝ i j 5
1

2
~s111s12!, ~3.4!

for the polarized and unpolarized cases, respectively.
It has been observed by many authors that the cross

tion for prompt photon production is dominated by the su
processqg→gq in hadronic collisions already in leadin
order. This means that the cross section, if properly und
stood, could potentially prove very useful for providing i
formation on the unpolarized gluon densities,g(x,Q2), of
hadrons. Original Born level studies of this cross section a
indicated that the same is true in the polarized case. It
therefore been suggested that it may prove useful in pinn
down the polarized gluon densities@7#. In this context it has
been examined quite extensively in leading, and more
cently in next-to-leading order@8,9#. The most recent NLO
study @10# included the effects of photon isolation on th
cross section. The results of all the NLO studies confirm
the conclusions from the LO ones that the cross sectio
very sensitive toDG and that the asymmetries are perturb
tively stable.

Recently the photon plus jet cross section was studie
LO @11# and NLO@12# and HERA-NW center-of-mass system
~c.m.s! energies. The main conclusions from these studie
that this cross section will give more detail about thex shape
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of the polarized gluon distribution than the single prom
photon cross section. The present calculation follows alo
the same lines as that in Ref.@12#. At O(aas

2) the virtual
corrections to the LO non-fragmentation processes,qg

→gq andqq̄→gg, are calculated along with the three-bod
processes:

q1g→q1g1g, ~3.5a!

g1g→q1q̄1g, ~3.5b!

q1q̄→g1g1g, ~3.5c!

q1q→q1q1g, ~3.5d!

q̄1q→q̄1q1g, ~3.5e!

q1q̄→q81q̄81g, ~3.5f!

q1q8→q81q1g. ~3.5g!

The virtual corrections as well as the three-body matrix e
ments were calculated in Ref.@9# and we use these matri
elements in this calculation. In the present calculation
fragmentation contributions are estimated in LO, but bef
isolation these contributions are numerically more import
here due to the higher c.m.s. energy of the RHIC collider
compared to that expected at HERA-NW . The results of Ref.
@10# also showed that isolation significantly reduced the fra
mantation contributions and that their presence, although
fecting the predictions for the cross sections, did not aff
the asymmetries very much.

Rapidity correlations to LO and NLO

As mentioned above, although single inclusive prom
photon production will definitely be very important for con
straining the size ofDG, information on the detailedx shape
of the distribution will not be as easily extracted. This
because the calculation of the inclusive cross section
volves one convolution over the momentum fractions,x, of
the initial partons. In fact, at hadron level, the factoriz
hadronic total cross section is generically denoted as

Ds5(
i , j

E
0

1

dx1dx2D f i~x1 ,!D f j~x2!E dDs, ~3.6!

where we sum over all the partonsi , j . The practical effect of
the integral over thexi is that a measurement of the kine
matic variables of the photon is not sufficient to determ
them. If, on the other hand, one or more of the jets produ
in the reaction is also tagged, no convolution is involved
the calculation and the cross section is directly proportio
to the parton densities.

The cross section of interest here is the triple differen
cross section

d3DsgJ

dpT
gdhgdhJ

,

wherehg andhJ are the pseudorapidities of the photon a
jet, respectively andpT

g is the transverse momentum of th
photon.
2-2
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RAPIDITY CORRELATIONS AND DG FROM PROMPT . . . PHYSICAL REVIEW D 58 074002
We use light-cone coordinates

p15p1
1n15x1Qn1, p25p2

2n25x2Qn2,

n651/A2~1,0',61!,

with Q5AS/2 denoting the6 components on the light con
of the two incoming hadrons of momentaP1 and P2. We
also setp15x1P1 and p25x2P2 for the two partons tha
enter the hard scattering.

The 4-dimensionald function and the integration vari
ables ki are also rewritten on the light cone (ki

5ki
1 ,ki

2ki') and after simple manipulations we get

Ds;(
i j

E
0

1

dx1E
0

1

dx2D f i~x1!D f j~x2!

3E dk1
1dk2

2d2k1'd~k1
2!d~k2

2!DuM u2. ~3.7!

We have set

k1
15

k'

A2
ey1, k2

25
k'

A2
e2y2. ~3.8!

We have defined the two rapidities

yi5
1

2
log

ki
1

ki
2 , i 51,2 ~3.9!

and introduced the rapidity differenceDy5y12y2.
We easily get

d3DsgJ

dpT
gdhgdhJ

[
dDs

dk'dy1dy2

52k'x1 x2 (
i j

D f i~x1!D f j~x2!
dDs

dt
.

~3.10!

A derivation of this result is illustrated in the Appendix.
similar result applies to the unpolarized case, except that
polarized cross sections and structure functions are repl
by the corresponding unpolarized ones. In this next-
leading order calculation a jet definition is require
Throughout we use the Snowmass@18# jet definition.

All the 2-to-2 contributions~Born and virtual! to the
photon-plus-jet cross section give contributions with str
ture functions sampled at fixed kinematical pointsxi . Thus
the double longitudinal asymmetryALL , defined as the ratio
of the polarized to the unpolarized cross section, is dire
proportional to the ratioDG/g @11# in kinematic regions
where other subprocesses such asqq̄ scattering can be ne
glected. This guarantees sensitivity of the asymmetries
DG.

IV. RESULTS

All results are displayed forpW pW collisions at the center
of-mass energyAs5200 and 500 GeV which are energie
typical for the RHIC experiment at Brookhaven. For the u
07400
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polarized cross section the CTEQ4M parton densities@13#
are used throughout, and the value ofLMS̄ corresponding to
this distribution is also used. Use of other unpolarized par
densities at thex values probed here do not yield signifi
cantly different results. For the polarized case the Glu¨ck-
Reya-Stratman-Vogelsang~GRSV! @14# and Gehrmann-
Stirling ~GS! @15# distributions are used with the
corresponding values forLMS̄ . The authors of Refs.@14# and
@15# have proposed various parametrizations of the polari
parton densities differing mainly in the choice of input f
the polarized gluon densityDG. In the case of the GRSV
distributions we use the ‘‘valence’’ set which corresponds
a fit of the available DIS data~referred to by the authors a
the ‘‘fitted’’ DG scenario!, the large gluon fit which assume
that DG(x,Q0

2)5g(x,Q0
2) at input~the ‘‘DG5g’’ scenario!

and the small gluon fit which usesDG(x,Q0
2)50 at the input

scale~the ‘‘DG50’’ scenario!, which in this case starts a
the very low value ofQ0

250.34 GeV2. The latter two distri-
butions are intended to represent extreme choices forDG.
These parametrizations give gluon densities which differ
their absolute sizes as well as in theirx shape. The GS pa
rametrizations provide three fits to the data: GS A, GS B, a
GS C. It has been shown that the GS A and GS B distri
tions do not differ very much from theDG5g and fittedDG
sets of GRSV, respectively, whereas the the GS C se
widely different from any of the others. We shall prese
distributions using the three GRSV sets discussed ab
along with the GS C set for comparison. For the fragmen
tion functions we use the LO asymptotic parametrization
Ref. @16#. As will be shown, the choice of fragmentatio
functions makes very little difference to the prediction
since these processes account for only a small fraction of
cross section.

The renormalization, factorization, and fragmentati
scales are set to a common valuem5pT

g unless otherwise
stated. Since there are two ‘‘particles’’ in the final state, t
jet and the photon, both of whose transverse momenta
large, an alternative choice might bem5pT

J or some function
of pT

g and pT
J . The results of the calculations show that t

magnitudes ofpT
g and pT

J tend to be comparable and th
dependence of the asymmetries onm is slight, although the
individual cross sections may vary significantly withm.
Therefore, choices ofm different from m5pT

g should not
produce significantly different predictions for the asymm
tries. The two loop expression foras(Q

2) is used through-
out, with the number of flavors fixed atNf54, although the
contribution from charm was verified to be negligible at t
energies considered and is not included. None of the c
rently available polarized distributions include a parame
zation of the charm quark distribution. A new NLO param
etrization is in preparation which includes charm, but is n
yet available for this study@17#. Finally, the values of both
the jet cone size and photon isolation cones are fixed aRJ
50.7 andr g50.7, respectively, unless otherwise stated.

Figures 1a and 1b show the triple differential cross s
tion as a function ofpT

g of the photon for the various param
etrizations atAS5500 and 200 GeV, respectively. The u
polarized cross sections are shown for comparison.
2-3
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FIG. 1. ~a! pT
g distribution of the photon plus jet triple differential cross sectiond3sgJ/dpT

gdhgdhJ atAS5500 GeV for various polarized
parton distributions and for rapidities of the photon and jet averaged over the region20.5<hg,hJ<0.5. The cutpT

J>10 GeV is imposed.
~b! Similar to ~a! at AS5200 GeV.~c! and ~d! Corresponding asymmetries for the distributions in~a! and ~b!, respectively.
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curves were obtained by averaging over binsDpT
g51 GeV

and the restrictionpT
J>10 GeV was imposed. In additio

both the photon and jet rapidities are averaged over the
tral region,20.5<hg,hJ<0.5. All the parametrizations give
distributions which are distinctly different in both the
shapes and sizes. Their relative sizes are in direct relatio
the sizes and shapes of their respective gluon distributi
This is most obvious for the GS C parametrization which h
the most distinct gluon distribution, being negative over p
of the x range. The curves show a rise betweenpT

g510 and
11 GeV because of the restrictionpT

J>10 GeV and the fact
that the bin centered at 10 GeV is averaged over the ra
9.5<pT

g>10.5 GeV. AbovepT
g510 GeV both the two- and

three-body contributions to the cross section are fin
whereas below this value, only the latter are finite since
two-body contributions always produce a photon balanc
the pT of the jet.
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Figures 1c and 1d show the asymmetries for Figs. 1a
1b respectively. There are clear distinctions between the
dictions for the various parametrizations which will certain
make them distinguishable in the experiments. As expec
at the lowerAS the asymmetries are larger, but the corr
sponding cross sections are smaller. Combining both set
results will nevertheless suggests that a measurement o
polarized gluon distribution will be possible betweenx
50.04 andx50.5.

In Figs. 2a and 2b we look at distributions inhg at pT
g

510 GeV with the restrictionpT
J>10 GeV still imposed. In

both casesAS5200 GeV. In Fig. 2a the jet is restricted to b
in the central rapidity region,20.5<hJ<0.5, and in Fig. 2b
it is restricted to the forward region, 0.5<hJ<1.5. The tex-
tures of the different curves follow the same conventions
in Figs. 1a–1d. A visual comparison of the figures sho
clearly that when the jet is in the central rapidity region, t
2-4
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FIG. 2. ~a! Distribution in the rapidity of the photon atpT
g510 GeV andhJ averaged over the region20.5<hJ<0.5 andpT

J>10 GeV
at AS5200 GeV.~b! Similar to ~a! but for 0.5<hJ<1.5. ~c! and ~d! Asymmetries for the curves shown in~a! and ~b!, respectively.
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photon rapidity distribution peaks athg50, whereas when
the jet is restricted to the forward rapidity region, thehg also
peaks in this region. This positive rapidity correlation b
tween the photon and jet is present for both the polarized
unpolarized cross sections although it is clearly stronge
the unpolarized case.

Figure 2c which shows the corresponding asymmet
for the curves in Fig. 2a, verifies that the distributions a
symmetric and also shows that they have distinctive sha
The corresponding asymmetry curves for Fig. 2b, i.e.,
curves in Fig. 2d, all rise sharply in the negative rapid
region, i.e., in the opposite direction to the region where
rapidity distributions peak. Thus the asymmetries displa
negative rapidity correlation between the photon and jet. T
GSC distribution warrants special attention in this ca
Since the GSC distribution predictsnegativeasymmetries at
small x, there is a negative instead of a positive peak in
asymmetry curve at negative rapidities. This effect, if it
07400
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large enough to be measured, could potentially be use
disinguish between negative and positiveDG distributions.

An explanation for the negative rapidity correlations pr
dicted for the polarized case was given in Ref.@12# in terms
of competing effects between the subprocess matrix
ments, which tend to generate positive rapidity correlatio
and the polarized parton distributions which tend to produ
negative correlations. It is shown in Ref.@5# that the small-
x1 ,x2 behavior of the productx1x2f 1(x1 ,Q2) f 2(x2 ,Q2)
along with the structure of the hard subprocess matrix e
ments generate the positive rapidity correlations between
final state particles in the unpolarized case. Since it is w
established that the small-x behavior of the ratioDG/g is
;x as x→0, then there is an additional power ofx in the
polarized parton distributions at smallx as compared to the
unpolarized ones. It can be shown from Eq.~A6! @5# that
when only two final state particles are present, as is the c
in LO, then the productx1x2 can be expressed as
2-5
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FIG. 3. ~a! Distribution in the rapidity of the jet atpT
g510 GeV andhg averaged over the region20.5<hg<0.5 andpT

J>10 GeV at
AS5200 GeV.~b! Similar to ~a! but for 0.5<hg<1.5. ~c! and ~d! Asymmetries for the curves shown in~a! and ~b!, respectively.
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2~pT

g!2

S
„11cosh~hg2hJ!…. ~4.1!

The effect of this additional factor in the polarized case
compared to the unpolarized case is to suppress the pola
rapidity distributions at the pointhg5hJ and produce two
symmetrical peaks on both phase sides of this point. Th
are many other factors such as, for example, available p
which also affect the rapidity correlations and may tend
obscure the effect of the small-x behavior, but from Fig. 2d
the effect is a significant rise in the predicted asymmetrie
negative rapidities. This strong sensitivity to polarization
fects in this region should serve as a very good test of
underlying QCD mechanism as well as a check on assu
tions about the small-x behavior of the polarized parton den
sities.

In Figs. 3a and 3b rapidity distributions are plotted for t
07400
s
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e
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jet using similar cuts to those used in Figs. 2a and 2b. In F
3a, the photon is restricted to be in the central rapidity reg
whereas in Fig. 3b it is restricted to be in the forward regio
As before, there is a net positive rapidity correlation betwe
the photon and jet for the polarized as well as the unpo
ized cases, but as Fig. 3d shows, the effect is stronger for
unpolarized case. This leads the asymmetries to pea
negative rapidities of the jet. Again for GSC the effect
different due to the negative gluon distributions.

One of the striking features of the asymmetry curves
Figs. 3c and 3d is the differences in their shapes as comp
to each other and as compared to those of Figs. 2c and
The parametrizations with the larger polarized gluon dis
butions the ‘‘fitted’’ DG and DG5g scenarios give asym
metries which decrease ashJ moves away from the centra
region in Fig. 3c and away fromhJ;21.5 in Fig. 3d. The
differences between these curves and those of Fig. 2
2-6
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explained by the asymmetricpT cuts between the photon an
jet which affects the phase space available for jet or pro
photon production differently.

The differences between the shapes of the asymme
for the various models of polarized parton distributions
Figs. 3c and 3d are due to the differences in thex shapes of
the polarized parton distributions, particularly those forDG.
All the asymmetries fall ashJ goes to the extreme values a
may be expected since the unpolarized gluon distribution
a singular (x2a wherea,1) behavior at smallx, whereas all
the polarized gluon distributions go to zero at smallx. All
the other differences between the asymmetries are due
rectly to the differences between the corresponding polar
parton distributions. This re-enforces the conclusion that
cross section will undoubtedly yield very important inform
tion on the polarized parton distributions.

V. CONCLUSIONS

We have examined the possibility that both the size anx
shape of the polarized gluon distribution of the proton,DG,
may be measured at RHIC via a measurement of the ph
plus jet cross section. Control over the kinematic variable
both the photon and jet allows a much better determina
of the x value probed when compared to inclusive prom
photon production. A comparison of the predictions obtain
using different polarized parton densities shows that a c
distinction between both the sizes and shapes should be
sible. Further, more detailed information on thex shapes of
the polarized gluon distribution will be obtainable by car
fully choosing the kinematic regions in which the jet and
photon is tagged.

Assuming that the ‘‘fittedDG’’ scenario is the most plau
sible distribution, then a typical value for the asymmet
ALL is 5%, but given the uncertainty inDG the asymmetry
could be as small as 1% or as large as 20%. The expe
small-x behavior of the polarized and unpolarized distrib
tions leads to differences in correlations between the rap
ties of the photon and jet in each case. This effect can p
duce very large asymmetries in certain regions of ph
space which may be exploited and used to discriminate
tween various models ofDG.
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APPENDIX

The cross section for the 2-to-2 process is generic
given by

ds5
uM u2~2p!4

4p1•p2
d4~p11p22k12k2!

d1~k1
2!

~2p!3

d1~k2!2

~2p!3

3d4~p11p22k12k2!, ~A1!
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and working in the c.m. frame

ds

dt
5

1

16p2 uM u2. ~A2!

We expand the final state momenta in the light cone v
ables

s;E dk1
1dk1

2d2k1'dk2
1dk2

2d2k2'd~2!~k1'1k2'!d~p1
1

1p2
12k1

12k2
1!d~p1

21p2
22k1

22k2
2!d1~k1

2!d1~k2
2!

~A3!

and integrate overk1
2 , k2

1 andk2' , thereby eliminating 3 of
the 5 delta functions.

The remaining two delta functions are rewritten as

d~k1
2!5d„A2k'ey1~x2Q2k'e2y2!2k'

2
…,

d~k2
2!5d„A2k'e2y2~x1Q2k'ey1!2k'

2
… ~A4!

and the integration over the parton fractionsx1 ,x2 performed
by the relation

d1~k1
2!d1~k2

2!5
1

2k'
2 eDyQ2

d~x12 x̄1!d~x12 x̄2! ~A5!

with

x̄15
k'~11eDy!

A2Qey1
,

x̄25
k'~11eDy!

A2Qe2y2
. ~A6!

Therefore, the convolution integral for the cross section
reorganized as follows:

ds;E
0

1

dx1E
0

2

dx2f ~x1! f ~x2!

3E dk1
1dk2

2d2k'd~k1
2!d~k2

2!uM u2

5E
0

1

dx1E
0

1

dx2f ~x1! f ~x2!

3E dk1
1dk2

2d2k'

d~x12 x̄1!d~x12 x̄2!

2k'
2 eDyQ2

uM u2

5 f ~ x̄1! f ~ x̄2!E dk1
1dk2

2d2k'

2uk'u2eDyQ2
. ~A7!

At this point we change the remaining integration va
ables to the rapidity space using](k1

1 ,k2
2)/](y1 ,y2)

5exp@Dy#k'
2/2 and perform the integration over one of th

angle inkW' . With the correct normalization, we get the r
sult in Eq.~3.10!.
2-7



.

a-

le

ys.

dy
.
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