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We calculate isolated photon production at forward rapidities in proton-nucleus collisions in the color
glass condensate framework. Our calculation uses dipole cross sections solved from the running coupling
Balitsky-Kovchegov equation with an initial condition fit to deep inelastic scattering data. For comparison,
we also update the results for the nuclear modification factor for pion production in the same kinematics.
We present predictions for future forward RHIC and LHC measurements at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV andffiffiffiffiffiffiffiffi
sNN

p ¼ 8 TeV.
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I. INTRODUCTION

Interpreting ultrarelativistic heavy ion collision data from
the BNL-RHIC and CERN-LHC experiments requires a
detailed understanding of the initial stages of the collision
process. In collisions of heavy nuclei, however, the initial
state effects are propagated through the space-time evolution
of the produced medium, and it may be very difficult to
disentangle initial state cold nuclear matter effects from final
state interactions. To separately study the initial condition,
or the structure of the colliding nuclei at small Bjorken x, the
nucleus must be studied with a simpler probe. Ideally,
one would want to study deep inelastic scattering (DIS),
but before the future EIC or LHeC colliders are realized
[1,2], proton-nucleus collisions provide an environment
where one does not necessarily expect the formation of a
thermal medium.
Measurements of inclusive photon and hadron spectra at

forward rapidities (forward being the proton-going direc-
tion) are sensitive to the small-x structure of the nucleus.
Even long before the LHC proton-lead results [3–8], the
observed nuclear suppression for pion production at
forward rapidities at the RHIC [9–11] was important for
nuclear parton distribution analyses and a hint of a

significant suppression of the nuclear gluon distribution
at small x [12,13]. Recently, the possibility of using
upcoming LHC isolated photon production data to con-
strain nuclear parton distribution functions (PDFs) in the
collinear factorization approach, especially the gluon dis-
tribution at small x, has been pointed out e.g. in Ref. [14].
At high energy (or at very small x), the partonic densities

become very large, of the order of 1=αs, and a convenient
framework to describe QCD in this region is given by
the color glass condensate (CGC) effective theory [15].
The CGC formalism provides a framework to resum large
logarithms of αs ln 1=x using the Balitsky-Kovchegov
(BK) [16,17] (or Jalilian-Marian-Iancu-McLerran-Weigert-
Leonidov-Kovner) evolution equations. For particle produc-
tion at forward rapidities and moderate transverse momenta,
these high energy logarithms can be expected to domi-
nate over the transverse momentum logarithms αs lnQ2

resummed by the Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) evolution. The leading order (LO) inclusive
particle production calculations in the CGC framework
have been shown to be in good agreement with a variety
of RHIC and LHC data [18–24]. Recently, there has also
been significant progress in developing the theory towards
next-to-leading order (NLO) accuracy [25–30].
In this work we calculate isolated photon and inclusive

π0 production in the kinematics relevant to upcoming
proton-lead results from the LHC experiments and
proton-gold and proton-aluminum processes measured at
the RHIC (see the RHIC cold QCD plan [31]). The esse-
ntial ingredient in our calculation is the dipole cross
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section, whose evolution with x is calculated from the
running coupling BK equation. The initial conditions for
this evolution have been fit to HERA DIS measurements
for electron-proton deep inelastic scattering in Ref. [22]
and extended to nuclei using an optical Glauber procedure
relying on standard nuclear geometry. The same dipole
cross sections, without any additional parameters, have
previously been used to calculate single inclusive particle
production [22], forward J=Ψ production [23,24] and Drell-
Yan cross sections [32] in proton-proton and proton-nucleus
collisions. The range of processes addressed in these works
demonstrates the universality and predictive power of the
dilute-dense CGC framework, combining the dipole picture
of DIS with the “hybrid” formalism for forward hadronic
collisions. The main purpose of this paper is to extend this
set of observables, all calculated consistently with the same
parametrization, to photon production.
This paper is structured as follows. First, in Sec. II we

review the leading order π0 production cross section
calculation from the CGC formalism. In Sec. III, we
discuss how the isolated photon production cross section
is calculated in the same framework. The necessary input to
our calculations, the dipole-nucleus scattering amplitude, is
introduced in Sec. IV before showing our results for the
RHIC and LHC in Sec. V.

II. INCLUSIVE PION PRODUCTION

Experimentally neutral pions are typically measured
together with isolated photons. Thus, while two of the
authors have already addressed hadron production in an
earlier work [22] (see also Ref. [33]), we present here the
results for neutral pion and isolated photon production
together for an easier comparison with measurements. For
this purpose let us first briefly summarize our procedure,
identical to the one of Ref. [22], for calculating identified
hadron cross sections.
Inclusive pion production at forward rapidities (and at

leading order) is dominated by a process where a dilute
parton from the probe scatters off the strong color field of
the target and fragments into a pion. The invariant yield in
proton-nucleus collisions for π0 production in the hybrid
formalism [20–22,34–36] is

dNpA→π0XðbTÞ
dyd2kT

¼ 1

ð2πÞ2
Z

dz
z2

X
i

xpfiðxp; μ2Þ

× S

�
kT

z
;bT; xg

�
Di→π0ðμ2; zÞ: ð1Þ

Here the target is probed at momentum fraction xg ¼
ðkT=zÞ= ffiffiffiffiffiffiffiffi

sNN
p

e−y, and the longitudinal momentum fraction
in the proton is xp ¼ ðkT=zÞ= ffiffiffiffiffiffiffiffi

sNN
p

ey. The distribution of
partons i in the probe is given in terms of the parton
distribution function fi, and Di→π0 is the fragmentation
function describing the formation of a pion out of the

parton i. We employ a scale choice μ2 ¼ k2T and use the
CTEQ6 [37] parton distribution functions and de Florian-
Sassot-Stratmann [38] fragmentation functions at leading
order in this work.
All the information about the target is encoded in the

function SðkT;bT; xgÞ, which describes the quark-target
scattering with transverse momentum transfer kT at impact
parameter bT. It is obtained as the Fourier transform of a
fundamental representation dipole correlator in the target
color field

SðkT;bT; xgÞ ¼
Z

d2rTe−ikT ·rT SðrT; xg;bTÞ; ð2Þ

with

SðxT − yTÞ ¼ 1 − NðxT − yTÞ ¼
1

Nc
hTrU†ðxTÞUðyTÞi:

ð3Þ
Here we denote by UðxTÞ the fundamental representation
Wilson lines in the target color field, and N is the dipole
amplitude. The dipole correlator is obtained by fitting the
HERA data in Ref. [22] and is discussed in more detail
in Sec. IV.
The yield in Eq (1) is calculated by summing over the

parton species. In this work, we include u, d, s and c quarks
and their antiquarks and gluons. For the gluon channel, the
Wilson lines are taken in the adjoint representation, where
the dipole correlator S̃ is obtained using the large Nc

approximation as S̃ ¼ S2.

III. INCLUSIVE PHOTON PRODUCTION
IN THE CGC

We consider photon production at forward rapidity,
a process in which a relatively large-x quark from the
dilute projectile scatters off the dense gluonic target and
radiates a photon, probing the target structure at small x.
The inclusive photon yield for such a process is [39–44]

dNpA→γXðbTÞ
d2kTdyγ

¼
X
q

e2qαem
πð2πÞ3

Z
d2lT

Z
xmin

dxp

× z2½1þ ð1 − zÞ2� qðxp; μ
2Þ

kT
2

ðkT þ lTÞ2
½zlT − ð1 − zÞkT �2

× SðkT þ lT;bT; xgÞ: ð4Þ

Here z is the longitudinal momentum fraction of the quark
carried by the photon and kT and yγ are the photon
transverse momentum and rapidity, respectively. The quark
transverse momentum lT and rapidity yq are integrated
over. Here the integral over the quark rapidity is written in
terms of xp, the fraction of the proton momentum carried
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by the quark, since for a given photon kinematics the quark
momentum lT and xp uniquely specify the quark rapidity.
The lower limit for the momentum fraction xp integral is

set by the photon kinematics as xmin ¼ kTeyγ=
ffiffiffi
s

p
. The

kinematics of the 1 → 2 scattering is such that

xg ¼
jkT je−yγ þ jlT je−yqffiffiffi

s
p ð5Þ

xp ¼ jkT jeyγ þ jlT jeyqffiffiffi
s

p ð6Þ

yq ¼ log

�
−eyγ jkT j − xq

ffiffiffi
s

p
jlT j

�
ð7Þ

z ¼ jkT j
xp

ffiffiffi
s

p eyγ : ð8Þ

Our formalism is not applicable in the kinematics where xg
in the nucleus becomes large. In practice, we approximate
large-x effects by freezing dipole amplitude at x > x0 and
set SðrT; xg;bTÞ ¼ SðrT; x0;bTÞ when x > x0. Here x0 is
the initial condition for the BK evolution, as discussed in
Sec. IV. Our results for the photon nuclear suppression
factor are sensitive to this domain even marginally only for
pT > 5 GeV in RHIC kinematics. Here the formalism is
not completely applicable, and we also do not expect
the experimental data to deviate from unity within the
uncertainties.
As we perform a leading order calculation, we use the

leading order CTEQ6 parton distribution functions [37] to
describe the quark content of the probe. In Eq. (4) we
include u, d, s and c quarks and their antiquarks with
corresponding fractional electric charges eq. The scale μ2

at which the PDFs are evaluated is chosen to be
μ2 ¼ maxflT2;kT

2g. The scale uncertainty mostly cancels
in the nuclear modification factor, as we demonstrate
explicitly in the Appendix.
The expression for the cross section (4) is divergent

when the quark and the photon are close to each other in
phase space. In particular, as discussed in Ref. [44], Eq. (4)
contains a divergent contribution corresponding to q → γ
fragmentation. In this work we are interested in prompt
photon production and do not want to include the frag-
mentation component. To enforce an isolation cut we
multiply the integrand of Eq. (4) by the measure function

θ
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðyγ − yqÞ2 þ Δϕ2

q
− R

�
: ð9Þ

Here Δϕ is the azimuthal angle difference between the
scattered quark and the photon and R a chosen isolation
cone radius, which we vary as a check of the systematics.

IV. DIPOLE SCATTERING

To describe dipole-proton scattering we use the MVe

parametrization from Ref. [22]. Here, the dipole-proton
scattering amplitude N ¼ 1 − S at the initial rapidity x0 ¼
0.01 is parametrized as

NðrT; x ¼ x0Þ ¼ 1 − exp

�
−
rT2Q2

s0

4

× ln

�
1

jrT jΛQCD
þ ec · e

��
: ð10Þ

The impact parameter profile is assumed to factorize, and is
parametrized by a constant,

Z
d2bTNðrT;bT; xÞ ¼

σ0
2
NðrT; xÞ: ð11Þ

The dipole amplitude is evolved to values of x smaller
than x0 by solving the running coupling Balitsky-
Kovchegov evolution equation. The parameters of the
model (Qs0; ec; σ0 and the scale of the coordinate space
running coupling in the BK equation) have been obtained
by fitting the HERA reduced cross section data at small
x ≤ 0.01 in Ref. [22]. The fit done in Ref. [22] includes
only light quarks, but in this work we also include the
charm quark contribution. As we are mostly interested in
cross section ratios (namely the nuclear suppression factor
RpA), the quark mass effects should be negligible.
The dipole-nucleus scattering amplitude is obtained by

generalizing Eq. (10) at the initial condition x ¼ x0 to
nuclei using an optical Glauber model (see again [22]). The
dipole-nucleus amplitude at x ¼ x0 is written as

NAðrT;bTÞ ¼ 1 − exp

�
−ATAðbTÞ

σ0
2

rT2Q2
s0

4

× ln

�
1

jrT jΛQCD
þ ec · e

��
: ð12Þ

Here TA is the thickness function of the nucleus normalized
to unity [

R
d2bTTAðbTÞ ¼ 1]. The evolution to smaller

values of x is then done using the BK equation separately at
each value of b≡ jbT j. We emphasize that all the other
parameters besides the standard Woods-Saxon geometry
that is used to determine TA are constrained by the HERA
DIS data.
Here we need to calculate cross sections in the same

kinematics in both proton-nucleus and proton-proton col-
lisions. For a proton target we need to take into account the
fact that the geometric size of the proton measured in deep
inelastic scattering experiments, σ0=2, is not the same as the
inelastic nucleon-nucleon cross section σinel. For a proton
target, the cross section is obtained by integrating Eqs. (1)
and (4) over the area occupied by the small-x gluons in the
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target, which in our factorized model for the proton impact
parameter dependence yields a factor σ0=2 as in Eq. (11).
The invariant yield reported by the experiments is defined
as this cross section divided by the total inelastic cross
section σinel. Thus, for a proton target, Eqs. (1) and (4) are
effectively multiplied by σ0=2

σinel
, and the dipole-proton ampli-

tude has no explicit impact parameter dependence. For
more details, see [22]. Here we use the values σinel ¼
42 mb at

ffiffiffi
s

p ¼ 200 GeV [10] and σinel ¼ 75 mb at
ffiffiffi
s

p ¼
8 TeV [45]. This corresponds to a number of binary
collisions Nbin ¼ 4.948 for pþ Au collisions, Nbin ¼
2.568 for pþ Al collisions at the RHIC and Nbin ¼
8.153 for pþ Pb collisions at the LHC.

V. RESULTS

Let us now present our results for the nuclear suppres-
sion factors RpA. The advantage of this ratio compared to
individual yields is that the overall normalization uncer-
tainty can be expected to mostly cancel. We calculate

RpA ¼ dNpA

NbindNpp : ð13Þ

In the absence of nuclear effects, this ratio is exactly 1.

A. LHC

First in Fig. 1 we present results for inclusive π0

production at forward rapidities accessible at the LHCb
and, after future upgrades, also at ALICE. The same
nuclear suppression factor for isolated photon production
with two different isolation cuts R ¼ 0.4 and R ¼ 0.1 is
shown in Fig. 2. Comparing the results for photon and pion
production, we find that a much stronger suppression at low

transverse momentum is obtained in the case of pions. The
suppression factor for pions also approaches unity at high
kT faster than in the case of photons. This is expected, since
in our calculation a large π0 transverse momentum always
corresponds to a large kT in the target, leading to little
nuclear modification. A large photon momentum can, on
the other hand, be balanced by the recoiling quark and
correspond to a small intrinsic target kT , with the associated
large nuclear suppression. This pattern could change when
hadron production is evaluated at NLO, where the two-
particle final state kinematics more resembles LO photon
production.
The isolated photon suppression is larger than what was

obtained in Ref. [14] by performing a NLO petrurbative
quantum chromodynamics (pQCD) calculation with EPS09
nuclear parton distribution functions [13]. Further, the
suppression is expected to get stronger at more forward
rapidities. This is in contrast with the calculation involving
only recent nuclear PDFs, where a rapid DGLAP evolution
smooths out strong nuclear effects in the gluon PDF.
However, we also note that nuclear PDFs are not well
constrained in the small-x region probed in these processes,
and the corresponding predictions have large uncertainties.
The effect of different isolation cuts is also shown in

Fig. 2. We find that RpA is almost insensitive to the details
of the isolation procedure. A similar conclusion was made
in the NLO pQCD calculation presented in Ref. [14].
Experimentally the isolation cut is defined by imposing a
limit on the transverse energy in the cone, which is not
possible to implement in our leading order calculation.
However, the insensitivity of the nuclear suppression factor
to the cone size suggests that there is relatively little
uncertainty in our calculation related to the implementation
of the isolation cut.

FIG. 1. Nuclear suppression factor for inclusive π0 production
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8 TeV in pþ Pb collisions.

FIG. 2. Nuclear suppression factor for isolated photon produc-
tion at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8 TeV in pþ Pb collisions. Solid lines have
isolation cut R ¼ 0.4 and dotted lines isolation cut R ¼ 0.1.

B. DUCLOUÉ, T. LAPPI, and H. MÄNTYSAARI PHYS. REV. D 97, 054023 (2018)

054023-4



B. RHIC proton-gold collisions

After successful deuteron-gold runs where forward pion
production measurements were performed [9–11], there
was a proton-gold run at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV at the RHIC in
2015. At forward rapidities the RHIC data are at the edge of
the kinematical phase space, but it is still possible to go up
to y ∼ 4 with low pT photon and π0 production.
Our result for the nuclear suppression factor for inclusive

pion production is shown in Fig. 3 in the two rapidity bins
that correspond to STAR measurements. As already shown
by early CGC calculations [46] (see also Ref. [47]), a
Cronin-like enhancement at low transverse momentum is
visible close to the initial condition of the BK evolution.
This is a result of higher saturation scales in the nucleus
which makes it easier to give a transverse momentum of the
order of the nuclear saturation scale to the incoming parton,
compared to the parton-proton scattering in the same
kinematics. This enhancement then disappears when one
evolves to lower values of Bjorken x (measuring pions at
more forward rapidities), and the overall suppression
increases as a function of rapidity. We note that the fast
decrease of RpA with rapidity is a feature that is also visible
in the earlier BRAHMS charged hadron deuteron-gold data
[9]. The values of RpA in our calculation are, however,
larger than the ones measured by BRAHMS. Here one must
note that the features of the pT spectrum in these kinematics
(such as the Cronin peak, especially in the more central
rapidity bin) are very sensitive to the functional form of the
dipole amplitude at the initial condition, which is rather
poorly constrained by the DIS fit.
In the same kinematics we show the nuclear suppression

factor for isolated photon production in Fig. 4. Similarly as
in the case of the LHC kinematics, we find that the
suppression is smaller at low kT and has a weaker kT
dependence than for π0 production. We also expect to see a

small Cronin peak around kT ∼ 5 GeV in both rapidity
bins. The results are very little sensitive to the details of the
isolation cut, like in the LHC kinematics.

C. RHIC proton-aluminum collisions

The proton-aluminum collisions recorded at the RHIC
provide a possibility to study how nuclear effects evolve as
a function of the nuclear mass number A (see also
Ref. [48]). In comparison to gold with A ¼ 197, in the
case of aluminum (A ¼ 27) we expect significantly smaller
nuclear effects. We note that our optical Glauber model,
which uses a Woods-Saxon distribution to generalize the
dipole-proton amplitude to the dipole-nucleus case [see
Eq. (12)] may not be accurate with such a light nucleus (see
also the related discussion in [24]). In particular, when we

FIG. 3. Nuclear suppression factor for inclusive π0 production
in proton-gold collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV.

FIG. 4. Nuclear suppression factor for isolated photon produc-
tion in proton-gold collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Solid lines
have isolation cut R ¼ 0.4, and dotted lines R ¼ 0.1.

FIG. 5. Nuclear suppression factor for π0 production in proton-
aluminum collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV.
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calculate the minimum bias cross sections, in the case
of π0 production approximately 80% of the cross section
comes from regions where the saturation scale of the
nucleus falls below that of the proton. In that region we
get a contribution that explicitly gives RpA ¼ 1 by con-
struction (see Ref. [22]).
The nuclear suppression factor for π0 production at

forward rapidities is shown in Fig. 5. As expected, we
get basically no nuclear suppression, and the Cronin peak is
practically invisible. Similarly, in the case of isolated
photons for which RpA is shown in Fig. 6, we do not
expect any visible suppression at RHIC energies.

VI. CONCLUSIONS

In this work we presented predictions for the nuclear
modification factor in forward pion and direct photon
production at the RHIC and LHC. The nuclear modification
in our calculation is a result of the presence of strong
saturation effects in the heavy nuclei at small x. We find
that a significant suppression should be observed at
moderate transverse momentum, and that the suppression
grows strongly as a function of rapidity. We also expect that
a Cronin enhancement is seen at the RHIC, in particular, for
pion production, and that it disappears when moving to
LHC energies or to more forward rapidities.
In our framework the only input besides standard nuclear

geometry comes from HERA deep inelastic scattering
data, where the rcBK evolved dipole amplitude is fitted.
In particular, in contrast to many other works, we do not
introduce any additional parameters to control the satu-
ration scale of the nucleus. Therefore, the nuclear modi-
fication factor is a robust observable, and we expect that
the comparison of our results with future measurements at
the RHIC and LHC will help to better understand the
behavior of gluon densities at small x.
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APPENDIX: UNCERTAINTY RELATED
TO THE SCALE CHOICE

The leading order calculation does not set the scale at
which the parton distributions and fragmentation functions
should be evaluated when calculating cross sections. This
introduces an uncertainty in our calculations.
The sensitivity of our results on the scale choice in the

case of isolated photon production is demonstrated in Fig. 7.
We find that except at very low transverse momentum, the
scale uncertainty completely cancels in the nuclear modifi-
cation factor. We note that the CTEQ parton distribution
functions used in this work are only available at scales larger
than 1.3 GeV, and at lower scales one introduces additional
extrapolation uncertainties, which makes especially jkT j=2
and maxfkT; qTg=2 results in Fig. 7 unreliable at low jkT j.
We note that the scale variation likely underestimates the
NLO corrections that originate, for example, from (a) going
beyond 1 → 2 kinematics, and (b) having different anoma-
lous dimension due to the NLO evolution in the dipole
amplitude which potentially affects the pT spectra [30].

FIG. 6. Nuclear suppression factor for inclusive photon pro-
duction in proton-aluminum collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV.
Solid lines have isolation cut R ¼ 0.4 and dotted lines R ¼ 0.1.

FIG. 7. Dependence on the scale at which parton distribution
functions are evaluated when calculating photon production cross
sections at the LHC. Here qT refers to the transverse momentum
of the produced quark, and the photon rapidity is y ¼ 3.
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