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We investigate semi-inclusive photon-hadron production in the color-glass-condensate framework at
RHIC and the LHC energies in proton-proton (pp) and proton-nucleus (pA) collisions. We calculate the
coincidence probability for azimuthal correlation of pairs of photon-hadron production and show that the
away-side correlations have a double-peak or a single-peak structure depending on trigger particle
selection and kinematics. This novel feature is unique for semi-inclusive photon-hadron production
compared to a similar measurement for double inclusive dihadron production in pA collisions. We obtain
necessary conditions between kinematic variables for the appearance of a double-peak or a single-peak
structure for the away-side photon-hadron correlations in pp and pA collisions at forward rapidities and
show that this feature is mainly controlled by the ratio z; = phadron/ pPr'" ‘Decorrelation of away-side
photon-hadron production by increasing the energy, rapidity and density, and appearance of double-peak
structure can be understood by QCD saturation physics. We also provide predictions for the ratio of single
inclusive prompt photon to hadron production, and the two-dimensional nuclear modification factor for

the semi-inclusive photon-hadron pair production at RHIC and the LHC at forward rapidities.
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L. INTRODUCTION

It is generally believed that a system of partons (gluons)
at high-energy (or small Bjorken-x) forms a new state of
matter where the gluon distribution saturates [1]. Such a
system is endowed with a new dynamical momentum scale,
the so-called saturation scale at which nonlinear gluon
recombination effects become as important as the gluon
radiation. The color-glass-condensate (CGC) approach has
been proposed to study the physics of gluon saturation at the
small-x region [2,3]. The CGC formalism is an effective
perturbative quantum chromodynamics (pQCD) theory in
which one systematically resums quantum corrections,
which are enhanced by large logarithms of 1/x and also
incorporates nonlinear high gluon density effects. In the
CGC approach, the main features of particle production at
high energy remain universal and are controlled by the
saturation scale. This picture has been successfully applied
to many QCD processes from HERA to RHIC [3] and
the LHC [4-11]. In this paper, we will employ the CGC
formalism and show that the semi-inclusive photon-hadron
(y — h) production processes in pA collisions, i.e., p +
A — v+ h + X, offer more interesting insights to the
dynamics of gluon saturation.

Photons radiated in hard collisions not via hadronic
decays are usually called prompt photon. There are advan-
tages to studying prompt photon production as compared to
hadron production. It is theoretically cleaner; one avoids the
difficulties involved with the description of hadronization
and possible initial-state-final-state interference -effects
which may be present for hadron production and it can be
therefore used as a baseline to interpret jet-quenching
phenomenon in heavy-ion collisions. A detailed study of
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Ref. [12] showed that prompt photon production in proton-
nucleus (pA) collisions at RHIC and the LHC at forward
rapidities is a sensitive probe of the small-x physics and
QCD gluon saturation. On the same line, the semi-inclusive
prompt photon-hadron production in pA collisions also has
advantages over a similar production of dihadron. In par-
ticular, in dihadron production, a higher number of Wilson
lines and the Weizsidcker-Williams and the dipole gluon
distributions are involved [13], while in the photon-hadron
production cross section, only dipole gluon distribution
appears [12,14], which is both experimentally and theoreti-
cally well known; see, for example, Refs. [3,15-21].
Two-particle correlations in high-energy collisions have
played a significant role to reveal QCD novel phenomena
[22-24]. In particular, the photon-hadron jet correlations
have been a very powerful probe of the in-medium parton
energy loss in high-energy heavy-ion collisions [24,25].
It was suggested in Ref. [12] that the correlation of the
back-to-back photon-hadron pair production in high-
energy proton-proton (pp) and pA collisions can be used
to probe the gluon saturation at the small-x region and to
study the physics of cold nuclear matter in the dense
region. However, the correlation defined in Ref. [12] may
depend crucially on the so-called underlying event and
might be rather challenging to measure. Moreover, in
Ref. [12] the correlation was studied in a very limited
kinematics; see Sec. IV. In this paper, for the first time we
study the coincident probability for photon-hadron corre-
lation at RHIC and the LHC in both pp and pA collisions.
Dihadron azimuthal angle correlation was already mea-
sured by the coincidence probability at RHIC [23]. We
show that the away-side correlations for a pair of photon-
hadron obtained via the coincident probability have a
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double- or a single-peak structure depending on kinematics
and whether the trigger particle is selected to be a prompt
photon or hadron. We obtain kinematics conditions for
appearance of a double or a single-peak structure for the
away-side photon-hadron correlations, which can be veri-
fied by the upcoming experiments at RHIC and the LHC.
This novel feature is unique for prompt-hadron production
in contrast to dihadron production [13], where the trigger
particle can only be a hadron and it was already observed at
RHIC [23] that the away-side correlation has only single-
peak structure. The asymmetric nature of photon-hadron
production, and the fact that in semi-inclusive photon-
hadron production, QCD and electromagnetic interaction
are inextricably intertwined, make the azimuthal correla-
tion of the produced photon hadron very intriguing.

We will also provide quantitative predictions for the
(two-dimensional) nuclear modification factor for the
semi-inclusive photon-hadron production in pA collisions,
and the ratio of single inclusive prompt-photon to hadron
production in pp and pA collisions, at RHIC and the LHC
at forward rapidities.

This paper is organized as follows: In Sec. II, we first
provide a concise description of theoretical framework by

da-qA—’II(l)V(Py)X ezaem p_
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introducing the main formulas for the calculation of the
cross sections of semi-inclusive photon hadron (Sec. IT A),
single inclusive prompt photon (Sec. IIB), and single
inclusive hadron (Sec. IIC) production within the CGC
approach. In Sec. IID, we describe how to compute the
main ingredient of our formalism, namely, dipole-target
forward scattering amplitude via the running-coupling
Balitsky-Kovchegov evolution equation [15]. In Sec. III,
we introduce the observables that we are interested to
compute and our numerical setup. In Sec. IV, we present
our detailed results and predictions. We summarize our
main results in Sec. V.

II. THEORETICAL FRAMEWORK

A. Semi-inclusive prompt photon-hadron production
in pp and pA collisions

The cross section for production of a prompt photon
and a quark with 4-momenta p” and [, respectively, in
scattering of a on shell quark with 4-momentum k on a
dense target either proton (p) or nucleus (A) at the
leading twist approximation in the CGC formalism is
given by [14]

~ 26 (p

qd
&by d prdlrdn.dy,

where +/S is the nucleon-nucleon center of mass energy
and the light cone fraction x,, is the ratio of the incoming
quark to nucleon energies, namely, Xy = k™ /m. The
pseudorapidities of outgoing prompt photon 7, and

quark 7, are defined via p~ %e"v and [” = \[/%e”h

The subscript T stands for the transverse component. The

vector l;T denotes the impact parameter of interaction. The
angle between the final-state quark and prompt photon

is denoted by A¢ and defined via cos(A¢p) = ZT it T.

Throughout this paper, we only consider light hadron
production, therefore at high transverse momentum
(ignoring hadron mass), the rapidity, and pseudorapidity
is the same. Note that due to the assumption of collinear
fragmentation of a quark into a hadron, the angle A¢
is then the angle between the produced photon and hadron,
assuming that the rapidity of the parent parton and
the fragmented hadron is the same. In Eq. (1), Ng(pr, x,)
is the imaginary part of (quark-antiquark) dipole-target
forward scattering amplitude which satisfies the
Jalilian-Marian-lancu-McLerran-Weigert-Leonidov-Kovner
(JIMWLK) evolution equation [26,27] and has all the
multiple scattering and small-x evolution effects encoded
(see Sec. IID).
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In order to relate the above partonic production cross
section to proton-target collisions, one needs to convolute
the partonic cross section in Eq. (1) with the quark and
antiquark distribution functions of a proton and the quark-
hadron fragmentation function,

doPA—hp")y(p")X

by dprd prdn.,dn),
1 dzf
= /; fdxqfq(qu QZ)

min Zf

do1A—=aDy(p?)X
dszdz ;:dledT].ydT]h
X Dyyy(zs, 0%, 2)

where p’ is the transverse momentum of the produced
hadron, and f,(x,, Q?) is the parton (quark) distribution
function (PDF) of the incoming proton which depends on
the light cone momentum fraction x, and the hard scale Q.
A summation over the quark and antiquark flavors in the
above expression should be understood. The function
Dy/,(z, Q) is the quark-hadron fragmentation function
(FF), where z; is the ratio of energies of the produced
hadron and quark.

The light cone momentum fraction x,, xz X, in
Egs. (1) and (2) are related to the transverse momenta
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and rapidities of the produced hadron and prompt photon
via (see the Appendix in Ref. [12])

1
Yo \/E Zf
1 o PT
wm e e i) 3)
h i
= ph 1 min — Pr e
f = pT/lT’ with Zf = T (47)
’ S\1 Pr omy
Js

B. Single inclusive prompt photon production
in pp and pA collisions

The prompt photon cross section in the CGC framework
can be readily obtained from Eq. (1) by integrating over
the momenta of the final-state quark. After some algebra,
the single inclusive prompt photon production can be
divided into two contributions of fragmentation and direct
photon [12],

d a_qA—n/( pY)X d a.Fragmentation d oPirect
d25Td2ﬁ;dny d*brd*pldn, dZEszﬁgdny’
1 1
= W ZDy/q(Zr Qz)NF(xgr P%/Z)
2
eq em 2[1 (1 2
—2)’]
w(2m) (p T)“
< [ LN 1), @
2<@?

where pJ is the transverse momentum of the produced
prompt photon, and D, /,(z, Q?) is the leading order
quark-photon fragmentation function [28]. In order to re-
late the partonic cross section given by Eq. (4) to prompt
photon production in pA collisions, we convolute Eq. (4)
with quark and antiquark distribution functions of the
projectile proton [29],

doPA=r(PX

dgaaa—y(p")X
d*brd?p prdn,

d*brd*pldn,
&)

1
= [ gty 09

where a summation over different quarks (antiquarks)
flavors is implicit. The light cone fraction variables x,,
X, z in Egs. (4) and (5) are related to the transverse
momentum of the produced prompt photon and its
rapidity [12],
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C. Single inclusive hadron production
in pp and pA collisions

The cross section for single inclusive hadron production
at leading twist approximation, in asymmetric collisions
such as pA or forward rapidity pp collisions at high
energy, in the CGC formalism is given by [30,31]

deA—>hX
dzﬁ’%dnh

(271,.)2[/ dzl:x1fg(x1 0 )NA(X2,p )Dh/g(z,Q )

+ E xlfq(xly QZ)N]«“()CQ, )Dh/q(z’ QZ)] + 5inelasticy
(7)

where the variables 7, and p are the pseudorapidity and
transverse momentum of the produced hadron. The func-
tions f,, Ng(4) and Dy, in the above are defined the same
asin Eq. (2). The indices g and g denote quarks and gluons,
with a summation over different flavors being implicit.
The first two terms in the above expression correspond
to elastic contribution, namely, an incoming parton scat-
tering elastically with the CGC target [30]. This incoming
parton with initial zero transverse momentum picks up
transverse momentum of an order saturation scale after
multiply scattering on the target. There is also inelastic
contribution to the cross section denoted by §¢!ai¢ corre-
sponding to a high transverse momentum parton radiated
from the incoming parton in the projectile wave function
[31,32]. In this case, the projectile parton interacts with the
target with small transfer momentum exchanges, but this
is enough to decohere the preexisting high-p; parton
from the hadron wave function and release it as an on
shell particle. The high-p; partons in the projectile wave
function arise due to Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi splitting of partons. It was shown in Ref. [32] that at
very forward rapidities the inelastic contributions are less
important compared to elastic ones while it is significant at
midrapidity at high-energy scatterings.

The longitudinal momentum fractions x; and x, are
defined as follows:
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X
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Z

One should note that the light cone fraction variables
defined above for the inclusive hadron production are
different from the corresponding light cone variables for
single inclusive prompt photon Eq. (6) and semi-inclusive
photon-hadron Eq. (3) production.

D. Small-x evolution equation and the
dipole forward scattering amplitude

The main ingredient in the cross section of semi-
inclusive photon-hadron production in Eq. (1), single
inclusive prompt photon production in Eq. (4), and single
inclusive hadron production in Eq. (7) is the universal
dipole forward scattering amplitude which incorporates
small-x dynamics and can be calculated via the first-
principle nonlinear JIMWLK equations [26,27]. In
Egs. (1), (4), and (7), the amplitude Ny (N,) is the two-
dimensional Fourier transformed of the imaginary part of
the forward dipole-target scattering amplitude N 4z in
the fundamental (') or adjoint (A) representation,

NA(F)(x kT) = fdp _'kT'F(l - NA(F)(E Y = ln(xo/x))),
)]

where r = |7| is the dipole transverse size. In the large-N,
limit, one has the following relation between the adjoint
and fundamental dipoles:

N AR Y) =2Np(r,Y) = Ni(r, Y). (10)

In the large N, limit, the coupled JIMWLK equations are
simplified to the Balitsky-Kovchegov (BK) equation [15-18],
a closed-form equation for the rapidity evolution of the
dipole amplitude in which both linear radiative processes
and nonlinear recombination effects are systematically
incorporated. The running-coupling BK (rcBK) equation
has the following simple form:

GNA<F)(F x) fdz

9 In(xy/x)
+ N a)(r2, x) = N gp)(1, x)
- NA(F)(rlyx)NA(F)(VZy x)], (11)

where the evolution kernel K™" using Balitsky ‘s prescrip-
tion [16] for the running coupling is defined as

5 s > Ncas(rz) (rl) r
K™(F, 7, 7y) = 1)+ =
(F, 71, 7o) 5 |:r1< N ) 2,2

27 175

wa e

with 7, = F — F,. The only external input for the rcBK
nonlinear equation is the initial condition for the evolution

7 T rz)[NA(F)(H, x)
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which is taken to have the following form motivated by the
McLerran-Venugopalan model [2]:

ey, (A_+e)] i

where the infrared scale is taken A = 0.241 GeV and the
onset of small-x evolution is assumed to be at x, = 0.01
[19]. The only free parameters in the above are y and
the initial saturation scale Q, (probed by quarks), with a
notation s = p and, A for a proton and nuclear target,
respectively. The initial saturation scale of proton
05, =0.168 GeV? with the corresponding y = 1.119
were extracted from a global fit to proton structure functions
in deep inelastic scattering (DIS) in the small-x region [19]
and single inclusive hadron data in pp collisions at RHIC
and the LHC [8,32-34]. Note that the current HERA data
alone is not enough to uniquely fix the values of Q,, and y
[19]. The recent LHC data, however, seems to indicate that
v > 1 is preferable [8]. We will consider the uncertainties
coming from our freedom to choose among different pa-
rameter sets for the rcBK description of the proton.

Notice that in the rcBK equation, Eq. (11), the impact-
parameter dependence of the collisions was ignored.
Solving the rcBK equation in the presence of the impact
parameter is still an open problem [35]. However, for the
minimum-bias analysis considered here this may not be
important. Then, the initial saturation scale of a nucleus
Qo4 should be considered as an impact-parameter averaged
value and it is extracted from the minimum-bias data. For
the minimum-bias collisions, one may assume that the
initial saturation scale of a nucleus with atomic mass
number A, scales linearly with A'/3 [2], namely, we have
Q34 = cA'3 Q3 where the parameter c is fixed from a fit
to data.! In Ref. [34], it was shown that DIS data for heavy
nuclear targets can be described with ¢ = 0.5. This is
consistent with the fact that RHIC inclusive hadron pro-
duction data in minimum-bias deuteron-gold collisions
prefers an initial saturation scale within Qf, =~ 3 + 40g,
[32,33]. We will take into account the uncertainties asso-
ciated with the variation of the initial saturation scale in the
rcBK evolution equation.

N(r,Y=O)=1—exp|:

III. OBSERVABLES AND NUMERICAL SETUP

In this paper, we only consider observables which are
defined as a ratio of cross sections. We expect that some
of the theoretical uncertainties, such as sensitivity to K
factors which effectively incorporates the missing higher
order corrections, will drop out in this way. Therefore, we
take K = 1 throughout this paper. We start by considering

"Note that a different A dependence of the nuclear saturation
scale with a prefactor fitted to the HERA data, numerically leads
to a very similar relation between the proton and nuclear
saturation scale [36].
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the ratio of inclusive prompt photon to the neutral pion
production, defined as

,yinclusive( _— ) B dNPA—’Y(Pl)X dNI’A—’h(P}})X
P P15 Mhs My 25 ;d")y 42 -’hdnh
(14)

where the cross section for the single inclusive prompt
photon and hadron production in pA and pp collisions
are given in Egs. (5) and (7).

In order to investigate the azimuthal angle correlations
between the produced prompt photon and hadron, we
calculate the coincidence probability. In the contrast to a
more symmetric production like dihadron, for the photon-
hadron production we have freedom to select the trigger
particle to be a produced prompt photon or a hadron. We
consider here both cases. In a case that the trigger particle
is a prompt photon, the coincidence probability is defined
as CPy(A¢) = N} (Ad)/Npporons Where Ny™(Ag) is
the yield of photon-hadron pair production including a
associated hadron (neutral pion) with a transverse mo-
mentum p}}, ¢ Wwith a trigger (leading) prompt photon
with transverse momentum py., and the azimuthal angle
between them A ¢. In the same fashion, one can define the
coincidence probability with a hadron triggered as
CP,(Ap) = NY"'(Ah)/Npagron, Where NY'"(A¢h) is the
yield of photon-hadron pair including a associated prompt
photon and a trigger hadron (neutral pion) with transverse
momentum denoted by p7. ¢ and p/. |, respectively,

CP,(Ad; P g PT.Ls My M)

n NPT YR]X

Y Y h
2m fp%L dprpr f 2 depT LI prdn A

2_)de1'/4 v(pT)X ’ (15)
fp d Pr= 5 prdn,
CP,(Ad;py s Pk imy 1)
pA=h(p!)y(pT)X
2w [y APl [y APt B 6

pA—h(pt)X
RO
where the integrals are performed within given momenta
bins denoted by subscript p},, prg ph,, and phi.
The yields in the above expression are defined in
Egs. (1), (4), and (7). Similar to the dihadron correlation
measurements at RHIC [23], in the definition of the coin-
cidence probability, we follow a convention that a leading
or trigger particle has transverse momentum larger than
an associated particle. Later, we will also study, the impli-
cation of different kinematic definitions for the trigger
particle in y — h correlations.

In nuclear collisions, nuclear effects on particle produc-
tion may be evaluated in terms of ratios of particle yields in
pA and pp collisions (scaled with a proper normalization),
the so-called nuclear modification factor R 4. The nuclear
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modification factor for semi-inclusive photon-hadron pro-
duction is defined as

h
R, 1 (Ad:pt. p1im,, M)

1 deA*h(pT)y(ﬁy)X / NPP—’h(P )y(pr)X
- (17)
Neon d*p dﬂydﬂh d*prd ;dﬂydﬂh
R
R (PT, P73 M M)
1 dNPA=REDYRDX  aNprr—h(PP)y(P])X a8)
Neon dpltdpidn,dn,l dpidpidn,dn,’

where the photon-hadron yield in high-energy pA and pp
collisions is given in Eq. (1). In Eq. (18), the integrals over
the angles were performed. The normalization constant
N.o is the number of binary proton-nucleus collisions.
We take N = 3.6 and 7.4 at /s = 0.2 and 8.8 TeV,
respectively, in pA collisions [37]. Notice that in our
approach N is taken from the outset and one should
take into account a possible discrepancy between our
assumed normalization N ; and the experimentally mea-
sured value for N by rescaling our curves.

We will use the next to leading order Martin-Stirling-
Thorne-Watt 2008 PDFs [38] and the next to leading order
Kniehl-Kramer-Potter FFs [39] for neutral pion. For the
photon fragmentation function, we will use the full leading
log parametrization [28,40]. We assume the factorization
scale Q in the FFs and the PDFs to be equal and its value is
taken to be p% and pJ for inclusive (and semi-inclusive)
hadron and prompt photon production, respectively.

IV. MAIN RESULTS AND PREDICTIONS

In Fig. 1 (right), we show the ratio of single inclusive
prompt photon to neutral pion (7°) production defined via
Eq. (14) for , = ,, = nand p] = pl = pr at the LHC
energy +/S = 8.8 TeV as a function of transverse momen-
tum pr in minimum-bias pp and pA collisions at different
rapidities 7. It is seen that at the LHC, the ratio
yirelusive /720 is smaller than one for a large range of rap-
idities. In Fig. 1 (left), we compare the ratio y™°1usive /770 at
a fixed rapidity n = 3 but different energies. In our
approach, a fast valence quark from the projectile proton
radiates a photon before and after multiply interaction
on the color-glass-condensate target [12]. The prompt
photon can be mainly produced by quark (at the leading
log approximation), while pions can be produced by both
projectile gluons and quarks; see Egs. (5) and (7). At the
LHC energies at around midrapidity, gluons dominate and
consequently the pion production rate is higher than
prompt photon while for forward collisions and hight p;
we have x; — 1, therefore projectile quark distributions
enhance and consequently the prompt photon production
rate grows with increasing rapidity. This can be seen from
Fig. 1, namely, the ratio y"!*i¢ /70 increases with rapid-
ity and transverse momentum while it decreases with
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FIG. 1 (color online). The ratio y""""¢ /770 as a function of transverse momentum pJ. = p% = p; at various rapidities 1, = N, =

7 and energies in minimum bias pp and pA collisions.

energy. Note that in our picture, the description of the
target appears via the dipole-target forward scattering
amplitude and it numerically drops out in the ratio, and
as a consequence the ratio Y™ /70 is approximately
equal for pp and pA collisions at high pry and is not
sensitive to the initial saturation scale.’

Next, we study the azimuthal angle correlation of
photon-hadron (y — 7°) production by computing the
coincidence probability defined in Eqs. (15) and (16).
In Figs. (2 and 3) we show the coincidence probability
for photon-hadron production at RHIC and the LHC en-
ergy at various kinematics obtained by solutions of the
rcBK evolution equation (11) with a initial saturation scale
for proton Qf, = 0.168 GeV?* and for a nucleus within
Q05, =3+ 4Q(2)p (corresponding to the band). It is seen
that the away-side correlation has a double- or single-peak
structure depending on the definition of the trigger (or the
leading particle) and kinematics. Namely, if the leading
particle is selected, a prompt photon with pJ = p%, then
the corresponding coincidence probability CP;,(A¢)
defined via Eq. (15), can have a double-peak structure at
A¢ = 7. But if the leading particle is selected to be a
hadron with p > pY, then the coincidence probability
CP,(A¢) defined via Eq. (16), has a single-peak structure
at A¢ = 7. In order to understand this phenomenon, first
note that the cross section of semi-inclusive photon-hadron
production in quark-nucleus collisions given by Eq. (1),
becomes zero for

pr =y + pJl =0. (19)

*Note that in calculation of the ratio of y™"sive /70 we ignored
the inelastic contributions in both inclusive prompt photon and
hadron production cross sections assuming that higher order
terms will be canceled out in the ratio.

This is simply because if the projectile parton is already
without any transverse momentum, the production rate of
photon hadron should go to zero and the off shell photon
remains as part of the projectile hadron wave function. In
other words, in order for the higher Fock components of
the projectile hadron wave function to be resolved and a
photon to be radiated, the projectile quark should interact
with small-x target via exchanging transverse momentum.
The necessary kinematics for having a local minimum for
the cross section of photon-hadron production can be
readily obtained from Eq. (19) by using relations given in
Eq. (3), namely, I = p}T’/zf and the fact that for the
fragmentation fraction we have z;‘c‘i“ = zy = 1. Therefore,

we obtain

ir=—=1 (20)

SRk
N

N

o7 (e™ + eM)
NG

Note that in our approach, the projectile is treated in the
collinear factorization [14]. Therefore, radiation of the
photon from quark at this level has the standard features
of pQCD, including the back-to-back correlation in the
transverse momentum. Moreover, due to multiple scatter-
ings with target, the cross section of photon-hadron
production should have a local minimum for the back-
to-back production provided the kinematics conditions
given in Egs. (20) and (21) are satisfied. However,
because of convolution with fragmentation and parton
distribution functions, the local minimum will not be
zero, but gets smeared out. On the other hand, the
product of p#Np(pr, x,) in Eq. (1) has a maximum
when the transverse momentum p; approaches the

2D
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FIG. 2 (color online). The photon-hadron (y — 7°) azimuthal correlation (the coincidence probability) CP,(A¢) and CP.(A¢)
defined in Egs. (15) and (16) in minimum-bias (mini-bias) pA and pp collisions at RHIC VS = 0.2 TeV at different rapidities for the
produced hadron 7, and inclusive prompt photon 7,,. In the plot, the values of transverse momenta bins of the associated (and leading)
neutral pion p’;, s (and p’}’ 1) and leading (and associated) prompt photon p% ;. (and p% ) are given.

saturation scale. As a result, a double-peak structure
appears for the away-side correlation. Note that the
integrand in the coincidence probability samples smaller
transverse momentum for photon than hadron for the
same reason we already mentioned, namely, a photon
can be produced if the parton already acquired a trans-
verse momentum impulse. In the case that the trigger
particle is selected to be a hadron rather than a prompt
photon, one should perform the integral over the trans-
verse momentum of the hadron, which is larger than
transverse momentum of photon zy > 1, violating the
condition given in Eq. (20), and consequently the local
minimum at A¢ = 7 is washed away and as a result the
double-peak structure will be fused to a single peak. This
can be clearly seen in Figs. (2 and 3) at both RHIC and
the LHC.

In order to further investigate the consequences of the
conditions given in Eqgs. (20) and (21), let us defined the
azimuthal correlation in the following form [12],

doPA—hph)y(p])X
20 wh dph Y 1Y [A¢]/
d brPTdPTPTdPTd”I«/dthd’
daPA—hph)y(pX

d*b,pdptpldpldn.,dn,déd

P(A}) =

[Ad =Ad,]

(22)

which has the meaning of the probability of the semi-
inclusive photon-hadron pair production at a certain kine-
matics and angle A¢, triggering the same production
with the same kinematics at a fixed reference angle
A¢, = 7/2. The correlation defined in Eq. (22) may be
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The y — 7° coincidence probability CP,(A¢) and CP,(A¢) in minimum-bias pA and pp colhslons at the

LHC /S = 8.8 TeV at N, = M, = 3 for two bins of transverse momenta of the associated (and leading) neutral pion pT s (and pT L)

and leading (and associated) prompt photon p7; (and pj o).

more challenging to measure compared to the coincidence
probability defined in Egs. (15) and (16), due to the so-
called underlying event dependence, but it is free from the
extra integrals over transverse momenta and this facilitates
to clearly examine the conditions in Eqs. (20) and (21). In a
sense, the correlation defined in Eq. (22) can be considered
as a snap shot of the integrand in the coincidence proba-
bility defined in Eqs. (15) and (16).

In Fig. 4, we show the photon-hadron correlation P(A @)
defined in Eq. (22) at forward rapidity n, = n, = 3 for
various transverse momenta of produced prompt photon
p7, and hadron p’ at RHIC and the LHC for minimum-
bias pA collisions. The initial saturation scale for proton

05, = 0.168 GeV? and nuclei Qf, = 3Q;, are fixed for

all curves. It is clearly seen that the photon-hadron away-
side correlations can have a double-peak structure both at
RHIC and the LHC for the kinematics satisfying the con-
ditions in Egs. (20) and (21), and the away-side double-
peak correlations will evolve to a single-peak structure for
kinematics outside of region defined by Eqgs. (20) and (21).

In high-energy collisions, the produced parton on aver-
age have intrinsic transverse momentum of order of the
saturation scale. By increasing the energy or density or
decreasing the transverse momentum of the probe, the
saturation scale Q; increases and consequently this washes
away the intrinsic back-to-back correlations and the
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FIG. 4 (color online).

The photon-hadron correlation P(A¢) defined in Eq. (22) in minimum-bias pA collisions at the LHC (right)

and RHIC (left) at forward rapidity for various transverse momenta of produced prompt photon pJ and hadron p}. corresponding to

two cases of z; > 1 and z; < 1.

away-side correlation is suppressed. Numerically, a bigger
saturation scale, pushes the unintegrated gluon density
profile to larger transverse momentum. As a result, the
single inclusive production (either hadron or prompt
photon) cross section (the denumenator in the coincidence
probability) is enhanced, while the two-particle correlated
cross section Eq. (1) is suppressed by a larger saturation
scale Q,. Therefore, the coincidence probability defined
in Egs. (15) and (16) decreases with increasing the satura-
tion scale and we expect the photon-hadron away-
side correlation at the LHC to be smaller than RHIC
(at the same rapidity and transverse momenta of asso-
ciated and leading particle). This can be clearly seen in
Fig. 5 where we compare the coincidence probability
CP,(A¢) obtained at various energies. Moreover, the
saturation scale grows with density, therefore the away-
side correlations in pA collisions should be more sup-
pressed compared to pp collisions at the same kinematics;
see Figs. (2 and 3).

It is seen from Figs. (2—4) that generally at a fixed
rapidity and energy, the suppression of away-side y — h
correlation is larger for a case that z; > 1. This effect can
be traced back to the fact that y — h pairs with z; > 1
probe lower x, region compared to the cases that z; <'1.
This can be understood by rewriting the definition of x, in

Eq. (3), which appears in the unintegrated gluon density in

Y
e r -
terms of x7, namely, x, = Tg(e Ty + ée M), Therefore,

Y — h pair production with z; > 1 have a lower x, and
consequently the suppression due to saturation will be
larger.

In Fig. 3, we show CP,(A¢) and CP,(A¢) at the LHC
VS =288 TeV at forward rapidity 7, =mn, =3 in
minimum-bias pA and pp collisions for two bins of trans-
verse momenta of associated prompt photon pj ¢ and
hadron p’}, s» and the corresponding leading hadron p% I
and prompt photon py,. Namely, in the top and lower
panel we performed the integral for the associated particle
within [1,2] GeV and [1,6] GeV (and for the corresponding
leading particle within [2,20] GeV and [6,20] GeV),
respectively. The correlation signal enhances by increasing
the transverse momenta interval of the associated particle.
This is simply because in Egs. (15) and (16), by construc-
tion, the integrals over the leading particle is mainly
canceled out in the ratio, and the correlation becomes
proportional to the integral over the associated particle.
For higher transverse momenta bins, the saturation scale is
smaller and the back-to-back correlation is restored. Notice
that since the rcBK evolution solution is not reliable at high
transverse momentum, we had to impose an upper limit cut
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FIG. 5 (color online). The vy — 7’ azimuthal correlation
CP,(A¢) defined in Eq. (15) in minimum-bias pA collisions
at forward rapidity 7, = 7, = 3 for various energies at RHIC
and the LHC.

for the integrals over transverse momenta of the leading
particle in Eq. (15) and (16). However, the cross sections
drop so fast with transverse momentum at forward rapid-
ities that this upper cutoff should not make a big difference.

The azimuthal correlation CPj,(A ¢) defined in Eq. (15)
is generally bigger than the corresponding correlation
CP,(A¢) defined in Eq. (16), at the same kinematics.
This is because when the trigger particle is taken a prompt
photon, in Eq. (15), the electromagnetic coupling a.p,,
drops out in the ratio of two cross sections and that
enhances the signal compared to the case that the trigger
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FIG. 6 (color online).
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particle is selected to be a hadron. This can be seen in
Figs. (2 and 3).

As we already pointed out, the double-peak structure for
the photon-hadron coincidence probability CP,(A¢) at
A¢ = 7 is due to the interplay between a local minimum
for the cross section at py = 0 and two maxima for the
cross section when pr = Q,. The double-peak structure
can be stretched out and becomes more pronounced by
measuring the associated hadron at about or higher rapidity
than the trigger prompt photon, i.e., n; = n,. This is due
to the fact that because of the kinematic limit for more
forward production, the integrand of the associated hadron
in CP,(A¢) is relatively shifted to lower transverse
momentum and consequently the conditions for local mini-
mum in Egs. (20) and (21) are satisfied while at the same
time, the saturation scale increases for more forward
production leading to an enhancement of the two local
maxima. In Figs. (2 and 6), we show this effect by compar-
ing the azimuthal correlations at different rapidities, 1,
and 7,, at RHIC and the LHC.

Although the main features of the photon-hadron corre-
lations, e.g., the double- or single-peak structure and decor-
relation with energy/rapidity, density, and transverse
momentum seem to be robust and understandable due to
the nonlinear gluon saturation dynamics, there are some
uncertainties on the magnitude of the correlation obtained
in our approach. These uncertainties are due to the fact that
with available worldwide small-x experimental data it is
not yet possible to uniquely fix the parameters of the rcBK
evolution equation and the initial saturation scale of the
proton and nucleus [8,19,32-34]. To highlight our main
uncertainties, in Fig. 7 we show CP;,(A¢) for minimum-
bias pA and pp collisions at forward rapidity at RHIC and
the LHC, with two different initial saturation scales of
proton, namely, Of, = 0.168 and 0.2 GeV? corresponding

0.002————T——T— T
o —
=3, M= == pA (Mini-Bias)
2<p’. . [GeV] <20
00015 phTwL[ vl -
I1<p s [GeV]<2
2
51/5 0.001 8.8 TeV
Ay
3
0.0005
| 1 ] | ]
0= 2 3 4 5
Ad

The y — #° azimuthal correlation CP,,(A ¢) defined in Eq. (15) in minimum-bias pA and pp collisions at the

LHC +/S = 8.8 TeV at different rapidities of the produced hadron 1, and prompt photon Ny-
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azimuthal correlation CP;,(A¢) in minimum-bias pA and pp collisions at forward rapidity at

RHIC and the LHC. The curves are obtained by the rcBK equation with two different initial saturation scales of proton Q3 , = 0.168
and 0.2 GeV? and the corresponding initial saturation scale of the nucleus within 03, = 3 + 4Q%p.

toy =1.19 and y = 1 in Eq. (13), respectively [19], and
the initial saturation scale of nuclei (gold and lead) within
QG4 = 3 + 405, Although both values of Q, (or ) are

extracted from a fit to HERA data on the proton target at
small-x [19] (with a good y?), the recent LHC data seems
to favor the parameter set with v > 1 (or lower value for
Qop) [8]. The uncertainties in the initial scale for proton
will bring even larger uncertainties in determining the
parameters of the rcBK equation for the case of nuclear
target.> Therefore, the upcoming LHC data on pA colli-
sions can provide a crucial complementary constrain on the
rcBK evolution equation and small-x physics. For other
measurements sensitive to the saturation physics at the
LHC, see Refs. [9,12,32].

Note that the semi-inclusive photon-hadron cross sec-
tion in Eq. (1) has collinear singularity. Therefore, one
should first treat the collinear singularity for the near-side
jet A¢ = 0in a same fashion as was done for the inclusive
prompt photon production in Eq. (4) by introducing
the quark-photon fragmentation function. Therefore, our
results at near-side A¢ = 0 should be less reliable.
However, one should bear in mind that the integrand in
the azimuthal correlation generally samples lower trans-
verse momenta for the away-side correlations A¢ = 7
than for near-side ones A¢ = 0. Therefore, here we only
focused on the away-side correlations which is a sensitive
probe of small-x physics and gluon saturation.

In Fig. 8, we show the nuclear modification factor Ri',z

for semi-inclusive photon-hadron pair production defined
in Eq. (17) as a function of A¢ at the LHC energy

>This is partly due to the fact that solution of the rcBK
equation in the presence of impact parameter is not yet available.

VS = 8.8 TeV and N, = M, = 3 for two different trans-
verse momenta bins of produced prompt photon pJ and
hadron p’ (the integral is performed over the given interval
of transverse momenta). Similar to previous plots, the band
[CGC-rcBK-average] in Fig. 8 comes from the rcBK so-
lutions incorporating the uncertainties associated to a
variation of the initial saturation scale of the nucleus in a
range consistent with previous studies of DIS structure
functions as well as particle production in minimum-bias
pp, pA, and AA collisions in the CGC formalism. One may
therefore expect that the possible effects of fluctuations on
particle production is effectively contained in our error

band. The away-side nuclear modification RZX at Agp =

7 is dramatically suppressed with a lower peak structure
when the transverse momentum bin of the produced
prompt photon is larger than hadron z; < 1. This is fully
in accordance with the photon-hadron decorrelation in
pA compared to pp collisions, and conditions given in
Egs. (20) and (21) for the existence of the local minimum
for the away-side photon-hadron production. Note that the
sensitivity to the transverse momenta or the ratio z7 only
manifests itself at around A¢ = 7.

Finally, in Fig. 9, we show the two-dimensional nuclear
modification factor RZZx for semi-inclusive photon-hadron
production defined in Eq. (18) as a function of transverse
momentum of produced prompt photon pJ and hadron p’
at RHIC +/S = 0.2 TeV at N, = M, = 4 (top panel) and at
the LHC /S = 8.8 TeV at My = My = 3 (lower panel).
The area between two surfaces in Fig. 9, similar to Fig. 8
(the band labeled by CGC-rcBK-av) shows the uncertain-
ties associated to the variation of the initial saturation
scale of the nucleus. It is seen that at the LHC energy

\/§ = 8.8 TeV, the nuclear modification factor RZX is
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FIG. 8 (color online). The nuclear modification factor RhX for semi-inclusive photon-hadron (y — 7°) production defined in Eq. (17)

as a function of A¢ at the LHC in minimum-bias pA collisions at forward rapidity 1, = 1, = 3 for two different bins of transverse
momenta of produced prompt photon p}- and hadron p, namely, z; < 1 (right) and z; > 1 (left). The band (CGC-rcBK-average)
incorporates the uncertainties due to variation of the initial saturation scale in the rcBK evolution equation.
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FIG. 9 (color online). The nuclear modification factor Rﬁx for
semi-inclusive y — 7% production defined in Eq. (18) as a
function of transverse momentum of produced prompt photon
py and hadron p? in minimum-bias pA collisions at
RHIC /S = 0.2 TeV at Ny = M, = 4 (top panel) and the LHC
VS = 8.8 TeV at Ny = M, = 3 (lower panel). Two surfaces are
obtained from the solutions of the rcBK evolution equation with
two different initial saturation scales of the nucleus; see the text
for the details.

more suppressed compared to RHIC and also is more flat.
We recall that the semi-inclusive photon-hadron cross
section Eq. (1) is not equal to the product of cross sections
of single inclusive prompt photon and hadron production
given in Egs. (4) and (7). Note that in Ref. [12] it was
shown that at RHIC for the single inclusive prompt photon
production, a good portion of the suppression at forward
rapidities is due to the projectile being a deuteron rather
than a proton. Here for a comparison with pA run at the
LHC energy and in order to discard possible suppression
associated to isospin effect [12], we have only considered
proton-nucleus collisions at the RHIC energy, which can
be also useful for the future pA run at RHIC. We check that
similar to Ref. [12], discarding the fragmentation photon
contribution from the cross section, will not affect our

results for RﬁX significantly. Nevertheless, a detailed study

of the semi-inclusive photon-hadron production in the
presence of isolation cut is beyond the scope of the current

paper.

V. SUMMARY

We have investigated semi-inclusive prompt photon-
hadron production in high-energy pp and pA collisions
within the CGC framework by using the running-coupling
BK equation. We provided detailed predictions for the
coincidence probability of photon-hadron correlations
and showed that such correlations exhibit novel features,
namely, that the away-side correlations can have a
double- or single-peak structure depending on the trigger
particle selection and kinematics. The correlations have
a double-peak structure by selecting y — h pairs within
the kinematics region satisfying the conditions in

094016-12



SEMI-INCLUSIVE PHOTON-HADRON PRODUCTION IN ...

Egs. (20) and (21), and the away-side double-peak corre-
lations will evolve to a single-peak structure for kinematics
outside of that region. We showed that this feature can be
understood by QCD saturation dynamics. The double-peak
structure for the azimuthal correlations has also been
recently reported for other electromagnetic probes,
namely, the Drell-Yan Lepton-Pair-Jet correlation in pA
collisions [41] while it is absent for dihadron production
[13,23]. The decorrelation of the away-side photon-hadron
production with energy, rapidity, density, and transverse
momentum of the probe is very similar to the dihadron
production in pA collisions and can be understood in the
CGC framework. If experimentally confirmed, this will
provide significant evidence in favor of the universality
of particle production in the QCD saturation picture at high
energy.

In a sense, the double-peak structure for vy — h correla-
tions resembles the long-range azimuthal correlations for
the produced charged hadron pairs, observed in high-
multiplicity events in pp collisions at the LHC, the so-
called ridge phenomenon [42]. Although, the ridge is a
feature on a near-side A¢ = 0 of the two-particle correla-
tions, while the y — & double-peak structure is a away-side
feature. In both cases, a second local maximum occurs
because of angular collimation due to the presence of the
saturation scale in the system, and the effect shows up
within a kinematics window which is dictated by the satu-
ration scale” [10,11,43]. Similar to the ridge, the double-
peak structure here can survive up to rather large rapidity
(see Fig. 6), and in both cases, one expects that the same

“The author thanks Raju Venugopalan for pointing out the
possible similarity between these two phenomena.

PHYSICAL REVIEW D 86, 094016 (2012)

mechanism to be responsible for the self-deconstruction of
the effect, namely, decorrelation at very high energy [43].

We also showed that the ratio z; = pt/pJ is a sensitive
parameter to the saturation region and controls the away-
side y — h suppression in high-energy pp and pA
collisions.

We studied the ratio of single inclusive prompt photon to
hadron production y"sv¢ /70 in pp and pA collisions at
RHIC and the LHC at various rapidities. We found that the
ratio y™sive /70 is very similar for high-energy pp and
pA collisions at forward rapidities at high transverse mo-
mentum, and it increases with rapidity while it decreases
with energy. We also provided predictions for the nuclear
modification factor for the semi-inclusive photon-hadron
pair production Rﬁ% in pA collisions at RHIC and the LHC
at forward rapidities. We showed that the two-dimensional
R% is generally more flat at the LHC compared to the
RHIC at forward rapidities. We found that the suppression
of the nuclear modification factor for semi-inclusive
photon-hadron production is comparable to that for single
inclusive hadron [32] and prompt photons [12] production
in pA collisions at forward rapidities.
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