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We investigate photon-hadron transverse energy-energy correlation (TEEC) and azimuthal correlations in
the forward rapidity region for proton-proton and proton-lead collisions within the small x saturation
formalism based on the color glass condensate (CGC), supplemented by the initial-state and final-state parton
shower simulation and hadronization using CASCADE. The study was performed in light of the upcoming
FoCal detector of ALICE and the ATLAS detector upgrades with the extended pseudorapidity coverage. We
predict a significant difference, at hadron-level, between the normalized TEECs in proton-proton and proton-
lead collisions. Having a direct access to partonic subprocesses we also directly investigate the impact of the
parton shower andhadronization on theTEEC.Theordinary azimuthal γ-hadron correlations show substantial
suppression for proton-lead collision, as predicted earlier at parton level.
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I. INTRODUCTION

Event shape observables, such as thrust, have long been
used in precision studies in quantum chromodynamics
(QCD), see, e.g., [1–3]. They are defined to be infrared
and collinear safe, meaning they are designed to be robust
against soft gluon emissions and collinear splittings. By
quantifying complex multiparticle final states with the use
of simple scalar quantities, event shape variables allow for
precise comparisons between experimental measurements
and perturbative QCD calculations. Event shape observ-
ables in eþe− collisions have been studied up to next-to-
next-to-leading order at fixed order [4–6], and at next-to-
next-to-next-to-leading logarithm [7–9]. Energy-energy
correlators (EEC), first introduced in [10,11], are more
differential variants of the C-parameter event shape variable
and measure the correlations of energy flow along direc-
tions on the celestial sphere see, e.g., [12–14] for exper-
imental determination and [15,16] for more comprehensive
reviews and summary of recent computations. Here, let us
mention, that despite the relative simplicity of the observ-
able, the full analytical result at next-to-leading order in
QCD was computed not that long ago [17]. In parallel, let
us note that EEC are interesting observables to apply

holography in order to study EEC’s nonperturbative aspects
[18] (see also [16] and references therein). Transverse
energy-energy correlators (TEEC) [19] are a natural exten-
sion of the EEC for hadron colliders. TEEC, by definition,
suppresses contributions from small transverse energy
hadrons. Final states in TEEC can be jets or hadrons. In
the latter case, it gives quite a direct access to the underlying
hard partonic process, due to the suppression of soft radiation
[see, e.g., [20] in the context of deep inelastic scattering
(DIS)]. Jet TEEC was measured at LHC in the context of
strong coupling studies [21–23]. However, in general, sound
jet reconstruction requires significant pT , which is an
unwanted feature in gluon saturation searches that should
occur at small x ∼ pT=

ffiffiffi
s

p
. Therefore, in the following work

we shall focus on TEEC defined for hadrons.
The process we are looking into is the forward produc-

tion of photons and hadrons,

pðPAÞ þ AðPBÞ → γðpγÞ þ hðphÞ; ð1Þ

where A is either a proton or a lead nucleus. At the
perturbative level, a single colored state makes this observ-
able a favorable starting point for gluon saturation studies
in the near-future high luminosity LHC forward calorim-
eters [24]. The gluon saturation phenomenon was predicted
in QCD long time ago [25,26] (see also the book [27]), and
later developed mainly through the color glass condensate
(CGC) effective theory (see e.g., [28] for a review). The
computations of scattering processes in CGC are incom-
parably more involved than in the collinear factorization.
There are a multitude of reasons for that, in particular, the
CGC computations include multiple interactions and thus

*Contact author: ganguli@agh.edu.pl
†Contact author: piotr.kotko@fis.agh.edu.pl

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 112, 114020 (2025)

2470-0010=2025=112(11)=114020(11) 114020-1 Published by the American Physical Society

https://orcid.org/0009-0007-5635-7067
https://orcid.org/0000-0003-1836-2432
https://ror.org/00bas1c41
https://crossmark.crossref.org/dialog/?doi=10.1103/pktk-k5g1&domain=pdf&date_stamp=2025-12-12
https://doi.org/10.1103/pktk-k5g1
https://doi.org/10.1103/pktk-k5g1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


higher twist corrections. Production of photons has been
computed in CGC at leading order in [29,30] with many
follow-up computations for proton-proton and proton-
nucleus collisions [31–39] as well as electron-nucleus
collisions [40–42].
On the experimental side, γ-hadron correlations in

proton-proton and proton-lead collisions have been mea-
sured by ALICE [43,44], while γ-jet correlations have been
studied by ATLAS [45,46] for proton-proton collisions
only. Although some of these studies do indicate the
presence of nuclear initial state effects, these measurements
were performed in lower rapidity range and were not
designed to search for gluon saturation effects. While a
direct observation of gluon saturation remains challenging,
several experimental signatures serve as indirect evidence
[47–49]; still, there are other mechanisms that can poten-
tially be at play, such as the so-called leading twist nuclear
shadowing [50] or parton energy loss. Discriminating
between different mechanisms requires a selection of
observables and broad range of kinematics.
In view of the above, the purpose of this work is to

compute both TEEC and photon-hadron azimuthal cor-
relations, in the kinematics of the near-future ALICE
and ATLAS upgrades. FoCal, or Forward Calorimeter
[51,52] is a part of the ALICE detector in LHC and is
planned to cover a very forward pseudorapidity window:
3.8 < η < 5.1. On the other hand, the ATLAS calorimeter
is proposed to have an increased pseudorapidity coverage
of jηj up to 4 [53]. The distinctive feature of our com-
putation is inclusion of the full parton shower and hadro-
nization, on top of the CGC setup (in the form of the hybrid
kT-factorization that convolutes the dipole transverse-
momentum–dependent (TMD) gluon distribution with
kinematic constraints and Dokshitzer–Gribov–Lipatov–
Altarelli–Parisi (DGLAP) correction with off-shell gauge
invariant leading order amplitude). The work is a signifi-
cant extension of [38] and provides a parallel study to [54]
from the Monte Carlo perspective.
As the final state photon can either be a direct product of

the hard interaction, or can be created later during the
shower, such a hadron-level computation has many chal-
lenges. At present there is no general purpose event
generator that does the parton-level computation within
the CGC framework, followed by the parton showers and
hadronization. The most serious advancement is the non-
linear parton shower based on Gribov-Levin-Ryskin equa-
tion [55], also with the kinematic constraint [56]. There are
also other generators that include certain small-x effects or
Pomeron self-interactions (see, e.g., [57–64]). However, in
our computation we would like to adhere to TMD-like
factorization directly based on the CGC framework. While
the leading order partonic cross section is straightforward
to compute using e.g., KATIE Monte Carlo [65], there does
not exist a Monte Carlo generator that can perform a
shower with gluon recombination, consistent with the
Balitsky-Kovchegov (BK) nonlinear evolution equation

[66,67] for TMD gluon distribution, not mentioning the
full B-JIMWLK equation [66,68–73]. There is however the
CASCADE Monte Carlo [74], which is capable of turning
the information contained in the TMD gluon distribution
into a cascade of partons (see also [75]). Such an approach
has already been used in the past, see [76,77] and this will
be our choice for the present study.
It is also worth mentioning that the parton showers

implemented in CASCADE take care of both the Sudakov
double logarithms in the back-to-back region, as well as the
collinear logarithms, in addition to the resummation of the
small-x effects. We would like to stress, however, that, in
general, the interplay of the Sudakov logarithms and
saturation may be highly nontrivial (see, e.g., [78–80]).
See also, e.g., [81,82] for the details of the Sudakov
resummation in the context of the TEEC.
The work is organized as follows. In the next Section we

explain the formalism used to perform our computations
and define the observables. In Sec. III we list details of the
kinematic cuts and discuss the results. Finally, in Sec. IV
we summarize the paper.

II. FRAMEWORK

Our computation is a two-stage procedure.
(1) First, we generate the Monte Carlo samples for the

partonic processes qðq̄Þg� → qðq̄Þγ, where g� rep-
resents an off-shell gluon, which, in addition to the
transverse momentum, carries only longitudinal
momentum parallel to the mother hadron (nucleus),
but no longitudinal momentum of the other hadron.
Such an approximation is dictated by the high
energy limit in the spirit of the high energy factori-
zation [83,84], or, actually, the so-called hybrid
factorization [85,86]). Indeed, the forward rapidity
requirement on the final states translates to the
asymmetry of the fractions xA, xB of the longitudinal
hadron momenta; more precisely

xA ¼
X
i

jk⃗Tijffiffiffi
s

p e−ηi ; xB ¼
X
i

jk⃗Tijffiffiffi
s

p eηi :

Therefore, for the large positive rapidity of the final
states the xA fraction will be small, while xB is
moderate, enabling the approximation in which the
hadronic state probed at xB is “dilute” and evolves
according to the ordinary DGLAP evolution, while
the one probed at xA is “dense,” demanding the
use of the CGC framework. However, if the trans-
verse momenta of the final states are sufficiently
large (but not too large—to still permit the use of the
small-x approach), the CGC framework can be
reformulated into the TMD factorization framework
[87–89]. The cross section for producing the qðqÞγ
final state is computed via the following factoriza-
tion prescription:
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dσpA→γqðq̄Þ ¼
Z

dxAdxB

Z
d2kTfqðq̄Þ=BðxB; μÞ

× F gðxA; kT ; μÞ
× dσqðq̄Þg�→γqðq̄ÞðxA; xB; kT ; μÞ; ð2Þ

where fqðq̄Þ=B is the collinear parton distribution
function (PDF) corresponding to the quark or
antiquark originating from the proton projectile B,
F g is the dipole gluon TMD PDF corresponding to
the gluon coming from the target A (we skip the
operator definitionhere—see, e.g., [38]). The partonic
cross-section dσqðq̄Þg�→γqðq̄Þ is calculated in a gauge
invariant way with one off-shell gluon carrying four-
momentum kμA ¼ xAP

μ
A þ kμT . The initial-state quark/

antiquark in this approximation does not carry any
transverse momentum component; its four-momen-
tum is kμB ¼ xBP

μ
B.

The partonic Monte Carlo samples were generated
in KATIE [65] that implements the high energy
factorization and provides an efficient way of comput-
ing off-shell gauge invariant amplitudes [90,91]. The
collinear PDFdescribing thedilute projectilewas set to
CT18NLO and provided via LHAPDF [92]. The
small-x dipole TMD gluon distribution was taken to
be theKutak-Sapeta fit toHERAdata [93]. This choice
is dictated by the fact that its nonlinear evolution is
based on the unified BK/DGLAP framework devel-
oped by Kwieciński and collaborators [94,95], which
includes, in particular, the kinematic constraint. The
outputs from KATIE are Les Houches files, which can
then be processed by other Monte Carlo generators.

(2) The second stage of the computation is to perform
the parton shower and hadronization. As descri-
bed in the Introduction, we use the CASCADE
Monte Carlo [74], which we run with the nonlinear
TMD gluon distribution (with full awareness of the
limitations of such a procedure). After performing
the final-state and initial-state shower, taking into
account the explicit transverse momentum of the
off-shell gluons, CASCADE does the full hadroni-
zation utilizing routines from PYTHIA.

In thisworkwe shall be concernedwith both the azimuthal
correlations (defined to be the differential cross section in the
azimuthal angle ϕ between the direct photon and a hadron)
and the TEEC. The latter is defined as the transverse energy
weighted differential cross section and for photon-hadron
production in pA collisions can be written as [81],

dΣpA→γh

dϕ
¼

X
h

Z
dσpA→γh ETγETh

ETγ
P

h0ETh0
δðϕγh − ϕÞ ð3Þ

where ETγ is the photon transverse energy, ETh is the
transverse energy of the hadron, and ϕγh is the azimuthal
angle between the leading photon and each hadron, the sum

being over all hadrons. Notice, that at parton level this is the
same as the azimuthal correlation.

III. RESULTS

In this Section, we provide numerical results for TEEC
and azimuthal correlations for γ-hadron production in
proton-proton (pp) and proton-lead (pPb) collisions within
the FoCal detector acceptance as part of the future ALICE
upgrade, as well as the extended ATLAS kinematics.
For the FoCal kinematics the parton-level events were

generated at a center-of-mass (CM) energy of 8.8 TeV per
nucleon in KATIE, for both pp and pPb. The colored
partons were produced within an extended pseudorapidity
window of 2.8 < η < 6.1 (compared to the experimental
acceptance) and the direct photons with 3.8 < η < 5.1. We
further imposed a minimum transverse momentum con-
dition of 7 GeV on both the parton and the direct photon
(we discuss the sensitivity of this choice later in this
Section). For ATLAS kinematics the center-of-mass energy
was set to 8.16 TeV per nucleon and the parton and the
direct photon were required to have a minimum transverse
momentum of 5 GeV. Here, the partons were produced
within the extended pseudorapidity 1.7 < η < 5.0, and the
direct photons with 2.7 < η < 4.0. Although the ATLAS
detector covers both hemispheres, we only focus on the
forward region for the purpose of this study. For both
kinematical setups we require that the minimum distance R
between the partonic final states in the η − ϕ plane is> 0.1.
At parton level, the factorization and renormalization scales
were set to the average pT of the final states. As mentioned
above, the partons were generated within a slightly broader
pseudorapidity window, as compared to the constraints
applied on the hadrons. This is to account for hadrons
produced within the detector acceptance but produced from
partons emitted outside this range.
To construct the final observables we collect the photons

and charged hadrons with 2.7 < η < 4.0 for the ATLAS
kinematics and with 3.8 < η < 5.1 for FoCal. The photons
were required to have a minimum transverse momentum of
5 GeV in both cases. No such transverse momentum
constraints were imposed on the hadrons. However, we
only choose the events where at least one hadron possesses
transverse momentum above a pTTrig. We study the impact
of this pTTrig later in this Section. We summarize these
kinematic cuts in Table I.
Figure 1 shows γ-hadron TEEC in pp and pPb for both

ATLAS (left) and FoCal (right) kinematics. There is a
significant suppression in pPb TEEC compared to pp. The
suppression is more pronounced in the back-to-back
(ϕ ∼ π) region. Notice that our TEEC is normalized, so
the suppression is due to an interplay of the shape of the
TMD distributions for proton and lead, and not just the
overall suppression of the lead TMD. In these computations
the pTTrig was set to 5 GeV. In order to better visualize this
suppression, in Fig. 2 we show the suppression factor
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RTEEC
pPb defined as,

RTEEC
pPb ¼

ð1Σ dΣ
dϕÞpPb

ð1Σ dΣ
dϕÞpp

:

We stress this is not the usual nuclear modification factor:
(i) it is defined for the TEEC and (ii) both numerator and
denominator are normalized quantities. Although for a
wide range of ϕ RTEEC

pPb is close to 1, there is a sharp drop

near the back-to-back region. We show RTEEC
pPb for two

different pTTrig values, 5 GeV and 10 GeV. For a pTTrig of
10 GeV (in blue), we see a suppression of about ∼20% for
ATLAS kinematics (left) and about ∼22% for FoCal (right)
near ϕ ∼ π. For pTTrig ¼ 5 GeV (in red), we see a stronger
suppression of about ∼24% for ATLAS and about ∼30%
for FoCal kinematics near ϕ ∼ π. This shows how the shape
of the distribution varies with the pTTrig.

In Fig. 3 we show the azimuthal correlation (defined as
the differential cross section in the azimuthal angle) of the
leading photon-hadron pair within the ATLAS (left) and
FoCal (right) kinematics. pTTrig was taken to be 5 GeV.
Similar to the TEEC distributions, we observe a significant
suppression in the pPb differential cross section compared
to pp, which is much stronger in the back-to-back region.
This is consistent with the CGC picture, which predicts a
suppression of the lead TMD (normalized to the number of
nucleons) at small x compared to the proton. The results in
the FoCal kinematics correspond to a stronger suppression
due to more forward kinematics. Let us note, that, in
general, it is not obvious that the suppression due to gluon
saturation survives the shower and hadronization. For the
present kinematics our computation shows, however, that
the suppression is still present and is rather significant. The
usual nuclear modification factor RpPb defined as,

RpPb ¼
1

A

ðdσdϕÞpPb
ðdσdϕÞpp

;

is shown in Fig. 4. Here too, we show the nuclear
modification factor for two different pTTrig values of 5
and 10 GeV. RpPb exhibits a stronger suppression for both
pTTrig values in comparison to the TEEC ratio, especially
in the back-to-back region. The factor drops by ∼30% for
pTTrig 5 GeV (in red) for ATLAS (left) and close to ∼40%
for FoCal (right) kinematics. Similarly for pTTrig ¼ 10 GeV
(in blue), there is a stronger suppression of ∼30% observed
in FoCal, as compared to ∼25% in ATLAS.
In our study, we defined the azimuthal correlation

observable for the leading photon and the leading hadron.
Alternatively, we could have defined this observable for the
leading photon and any hadron (with the presence of a

FIG. 1. Normalized γ-hadron TEEC in pp and pPb collisions at CM energy 8.16 TeV, 2.7 < y�1; y
�
2 < 4.0 (on the left) and at CM

energy 8.8 TeV, 3.8 < y�1; y
�
2 < 5.1 (on the right). The photon in both cases was required to have a minimum transverse momentum of

5 GeV. Although there was no such restriction on the hadron transverse momentum, the events were required to have at least one hadron
with pT > 5 GeV.

TABLE I. Parton and hadron level kinematical cuts for ATLAS
and FoCal. The subscript P corresponds to parton-level, and h to
hadron-level cut.

Quantity ATLAS FoCal

Parton level pTγ
>5 GeV >7 GeV

pTP
>5 GeV >7 GeV

ηγ 2.7 < ηγ < 4.0 3.8 < ηγ < 5.1
ηP 1.7 < ηP < 5.0 2.8 < ηP < 6.1

Hadron level pTγ
>5 GeV >5 GeV

pTh
� � � � � �

pTTrig ¼ 5ð10Þ GeV ¼ 5ð10Þ GeV
ηγ 2.7 < ηγ < 4.0 3.8 < ηγ < 5.1
ηh 2.7 < ηh < 4.0 3.8 < ηh < 5.1
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FIG. 2. RTEEC
pPb for γ-hadron production in pp and pPb collisions at CM energy 8.16 TeV, 2.7 < y�1; y

�
2 < 4.0 (on the left) and at CM

energy 8.8 TeV, 3.8 < y�1; y
�
2 < 5.1 (on the right). The photon in both cases was required to have a minimum transverse momentum of

5 GeV. Although there was no such restriction on the hadron transverse momentum, the events were required to have at least one hadron
with pT > 5 GeV (in red) and pT > 10 GeV (in blue).

FIG. 3. Leading γ-hadron azimuthal correlation in pp and pPb collisions at CM energy 8.16 TeV, 2.7 < y�1; y
�
2 < 4.0 (on the left) and at

CM energy 8.8 TeV, 3.8 < y�1; y
�
2 < 5.1 (on the right). The photon in both cases was required to have a minimum transverse momentum

of 5 GeV. Although there was no such restriction on the hadron transverse momentum, the events were required to have at least one
hadron with pT > 5 GeV.

FIG. 4. Nuclear modification factor for γ-hadron production in pp and pPb collisions at CM energy 8.16 TeV, 2.7 < y�1; y
�
2 < 4.0 (on

the left) and at CM energy 8.8 TeV, 3.8 < y�1; y
�
2 < 5.1 (on the right). The photon in both cases was required to have a minimum

transverse momentum of 5 GeV. Although there was no such restriction on the hadron transverse momentum, the events were required to
have at least one hadron with pT > 5 GeV (in red) and pT > 10 GeV (in blue).
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trigger hadron in both cases). Let us therefore discuss
how these hadron-level observables compare with each
other and with the TEEC. Figure 5 shows the TEEC and
the azimuthal correlations of the leading photon-hadron
pair and Fig. 6, on the other hand, is the azimuthal
correlation of the leading photon with a randomly chosen
hadron. The azimuthal correlation distributions have
been normalized for comparison purposes. Although
the overall shape is quite similar, the normalized azimu-
thal correlations are generally flatter, especially the one
defined for leading-photon–any-hadron correlation. This
picture is consistent with our expectations from pertur-
bative QCD, namely the selection of the leading hadron
corresponds to the harder partonic process, which is
naturally very peaked in both collinear and back-to-back
regions.

Let us discuss next the asymmetry of TEEC (ATEEC),
which is defined as the difference,

ATEEC ¼ 1

Σ
dΣ
dτ

����
τ

−
1

Σ
dΣ
dτ

����
1−τ

; ð4Þ

where τ ¼ 1þ cosϕ
2

. ATEEC has been found to be quite
useful in analyzing the shape of TEEC distributions and in
practice has been used alongside the TEEC. Figure 7 shows
this asymmetry for ATLAS (left) and FoCal (right) kin-
ematics. The quantity is negative throughout. It is highly
asymmetric for both pp and pPb in the low τ (τ ∼ 0) region,
which corresponds to the back-to-back limit. It appears that
pPb TEEC is more asymmetric than pp, although both sets
of distributions become more symmetric toward τ ∼ 0.5
or ϕ ∼ π=2.

FIG. 5. Comparison of normalized TEEC and azimuthal correlation of the hardest γ-hadron pair in pp and pPb collisions at CM energy
8.16 TeV, 2.7 < y�1; y

�
2 < 4.0 (left) and at CM energy 8.8 TeV, 3.8 < y�1; y

�
2 < 5.1 (right). The photon in both cases was required to have

a minimum transverse momentum of 5 GeV. Although there was no such restriction on the hadron transverse momentum, the events
were required to have at least one hadron with pT > 5 GeV.

FIG. 6. Comparison of normalized TEEC and azimuthal correlation of the hardest γ and a randomly chosen hadron in pp and pPb
collisions at CM Energy 8.16 TeV, 2.7 < y�1; y

�
2 < 4.0 (left) and at CM energy 8.8 TeV, 3.8 < y�1; y

�
2 < 5.1 (right). The photon in both

cases was required to have a minimum transverse momentum of 5 GeV. Although there was no such restriction on the hadron transverse
momentum, the events were required to have at least one hadron with pT > 5 GeV.
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Let us finally see how much the earlier assumption about
the minimum parton transverse momentum impacts the
final observables. Here, we mean the cut imposed in KATIE
at the parton level of the computation. Figure 8 shows a 2D

histogram, where the z axis represents event counts with
respect to the azimuthal angle between the leading photon
and each hadron accounted, with the corresponding pT of
the leading parton (in the partonic subprocess). For this

FIG. 7. Asymmetry in γ-hadron TEEC (ATEEC) in pp and pPb collisions at CM energy 8.16 TeV, 2.7 < y�1; y
�
2 < 4.0 (on the left) and

at CM energy 8.8 TeV, 3.8 < y�1; y
�
2 < 5.1 (on the right). The photon in both cases was required to have a minimum transverse

momentum of 5 GeV. Although there was no such restriction on the hadron transverse momentum, the events were required to have at
least one hadron with pT > 5 GeV.

FIG. 8. γ-hadron TEEC counts in pp and pPb collisions at CM energy 8.16 TeV, 2.7 < y�1; y
�
2 < 4.0 (bottom row) and CM energy

8.8 TeV, 3.8 < y�1; y
�
2 < 5.1 (top row) with restpect to their azimuthal separation (ϕ) and the pT of hardest parton. The vertical axis here

reflects event counts, and not the TEEC defined above.
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objective, the trigger was set to 10 GeV. As seen from the
plots, the cuts imposed on hadrons are sufficient to induce
the proper parton-level kinematics. In particular, there is
very little contribution from events with partons having pT
smaller than the trigger.
Finally, Fig. 9 shows the comparison of these observ-

ables with the parton-level azimuthal correlations (we plot
this only for pp → γ þ h in ATLAS kinematics for
brevity). More precisely, we compare the parton-level
correlation with the hadron-level TEEC (red) and azimuthal

correlation of both the leading pair (in green) and leading
photon with a randomly chosen hadron (in pink). Obvi-
ously, at parton level the TEEC is identical with azimuthal
correlation between the direct photon and the parton;
both the direct photon and parton were required to have
a minimum transverse momentum of 5 GeV and were
generated within 2.7 < η < 4.0 in KATIE. The hadron-level
TEEC and azimuthal correlations were computed as
explained earlier. As expected, the parton-level correlations
(or TEEC) are very peaked in the collinear and back-to-
back regions. The TEEC, despite being a hadron-level
observable, quite closely follows the parton dynamics. Note
that, what we refer to as the parton-level here is just the hard
scattering computed from the off-shell matrix element,
without any shower. In Fig. 10 we show how the choice of
the trigger pT influences the above comparison. We notice
that matching the trigger pT with the partonic pT brings the
curves closer.

IV. SUMMARY

In this work, we presented detailed numerical results for
forward γ-hadron TEEC and azimuthal correlations in both
pp and pPb collisions within the kinematics of the near-
future ALICE and ATLAS upgrades. We used the CGC-
based formalism in the form of the hybrid kT factorization,
with the TMD gluon distributions encoding the gluon
saturation effects at small x. We used a two-stage procedure
to obtain the hadron-level results. The parton-level com-
putation was done using the KATIE Monte Carlo, while the
hadronization and parton shower were performed using
CASCADE. It is worth mentioning at this point, that
although this computation incorporates the nonlinear gluon
dynamics, there is no explicit parton-recombination imple-
mented in the CASCADE. On the other hand, the rate of

FIG. 9. Comparison of parton level azimuthal correlation from
KATIE, with γ-hadron TEEC and azimuthal correlation as
obtained post hadronization via CASCADE in pp collisions at
CM energy 8.16 TeV, with 2.7 < y�1; y

�
2 < 4.0 (all normalized).

The partons were generated with a minimum transverse momen-
tum of 5 GeV in KATIE.

(a) (b)

FIG. 10. Comparison of the parton-level result, with the hadron-level simulation with two choices of the hadronic trigger pT : 1 GeV
and 5 GeV. The photon was required to have a minimum pT of 5 GeV. The “parton level” here refers to the off-shell hard matrix element
convoluted with the dipole gluon TMD evaluated in KATIE, with a pT cut of 5 GeV for both the parton and the photon (azimuthal
correlations and TEEC are the same here).
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parton production in the shower is correctly taken into
account. We therefore claim that such a computation
captures the most important features.
We observe a significant suppression of both the

normalized TEEC and azimuthal correlations in pPb
compared to pp. In the former, the suppression is due
to a modification of the kT dependence of the lead TMD,
comparing to the proton TMD (the nuclear broadening).
In the latter case, the suppression is much stronger and is
mainly due to the suppression of the maximum of the
dipole lead TMD, comparing to the proton TMD at small
x. The observed trends align with predictions based on
gluon saturation. Our study further highlights the potential
of future forward detectors at LHC. In particular, FoCal,
with its very forward pseudorapidity coverage, probes the

nuclear target at significantly smaller values of x, making
it particularly sensitive to the potential gluon saturation
signals.
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