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We study photon+jet production in proton—proton and proton-lead
collisions using the small-x Improved Transverse Momentum Dependent
(ITMD) factorization framework in KaTie. The ITMD factorization frame-
work, rooted in the Color Glass Condensate (CGC) theory (and for this
particular process essentially identical to it), proves particularly useful at
probing particle production at relatively large transverse momenta remain-
ing at the same time sensitive to saturation effects in transverse momen-
tum dependent (TMD) gluon distributions. Our investigation focuses on
the azimuthal correlations and few other observables across a spectrum of
center-of-mass energies. The comprehensive exploration of these observ-
ables leads to a deeper understanding of the underlying dynamics of gluons
in the saturation domain.
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1. Introduction

Gluon saturation is a fundamental phenomenon in Quantum Chromo-
dynamics (QCD) that manifests at very high energies in hadronic collisions.
As we move to these higher energies, the splitting of gluons gives rise to a
power-like growth, but at some point during the evolution of the system, the
growth is tamed due to gluon recombination. The gluons enter a collective
state with transverse momenta of the order of a new emergent scale Qs(x),
where x is the Bjorken variable. Experimental studies, such as those con-
ducted at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron
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Collider (LHC), have already provided crucial insights into this phenomenon,
from direct experimental data [1-3] to phenomenological studies based on
HERA, RHIC, and LHC in [4-9]. Further studies of this densely packed
regime is one of the main motivations for the future Electron—Ion Collider
(EIC) [10], but even before that, there are opportunities to study saturation
effects in the upcoming forward calorimeter (FoCal) at the LHC [11, 12].

The CGC framework [13—15] provides a universal description of many
high-energy hadronic and nuclear processes and successfully describes the
gluon dynamics at very high energies (small x). Our calculations here are
based on the small-z Improved Transverse Momentum Dependent (ITMD)
factorization framework [16]. In ITMD, forward production of particles is de-
scribed via a set of TMD PDFs with corresponding off-shell gauge-invariant
matrix elements.

The process we study here is

p(P) + A(Py) — y(k1) + J(k2) + X , (1)

where the A can either be a proton or a nucleus. In the very forward region
it gives rise to a dilute-dense system where the target is probed at much
smaller longitudinal momentum fractions x 4, as shown in Fig. 3.

The ITMD factorization formula for this kind of process was explicitly
derived in [17| and is the same as the CGC formula [18]. At leading order
for the dominant sub-process g*(ka) + q(kp) — (k1) + q(k2), we have

dopasjry = /dxA dxp /ko:T fo/B(TB; 1) .7-'(5;) (x A, kr; 1)
Xdoggr—qy(Ta, 2B, ki 1) | (2)

where f,/p is the collinear PDF, ]:(g) is essentially the dipole TMD PDF
corresponding to target A. The incoming momenta are

Ky =z APl + K, Ky = zpPy, (3)

with k1 - P4 = k7 - Pg = 0. For larger transverse momenta of radiated par-
tons, effects of soft and collinear radiation become significant and Sudakov
resummation has to be included, see the discussion in the original paper [19].

2. Results

In this section, we show numerical results for the photon and jet pro-
duction. We use the proposed FoCal rapidity range of 3.8 to 5.1. The
cross sections were calculated at three different center-of-mass energies for
pp: b TeV, 8.8 TeV, and 14 TeV, while for pPb, only 8.8 TeV with three
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different transverse momentum thresholds ranging from 5 to 20 GeV. Within
KaTie [20], the dipole gluon TMD was based on KS non-linear fit to HERA
data [21], PDF was set to CT18NLO in LHAPDF [22].

Azimuthal correlations are sensitive to the transverse component present
in the initial momenta and hence are key to observing saturation effects in
the high-energy processes. In Fig. 1, we see the differential cross section as
a function of azimuthal separation between the final states. The p—Pb cross
section per nucleon shows clear signs of suppression as compared to p—p,
especially in the back-to-back region and this suppression grows stronger as
we move to lower pr thresholds. This is best observed in the ratio of p—Pb
differential cross section to p—p in Fig. 2
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For the lowest pr cut, we observe a ~ 40% suppression near Ay ~ 7 and
for the highest pr cut, this reduces to ~ 20%. The theoretical uncertainty
in both these cases were calculated by varying the hard scale by a factor
of 2 and including the statistical errors in the Monte-Carlo generation. The
plots in Fig. 3 are the differential cross sections in x 4 and x g, clearly showing
x4 < xp. This further justifies the use of the small-z ITMD framework.
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Fig. 1. Differential cross sections for y+jet in FoCal acceptance range for p—p and
p—PDb collisions at /s = 8.8 TeV, as a function of azimuthal separation (Ay).
The three plots correspond to different transverse momentum cuts on final states:
5 GeV, 10 GeV, and 20 GeV.
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Fig. 2. Nuclear modification ratio as a function of the azimuthal angle difference
Ay for y+jet with three different pr thresholds.
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Fig.3. Spectra of longitudinal fractions probed in the TMD PDF, x4, and the
collinear PDF, x g for y+jet production at different /s energies in FoCal acceptance
for moderate transverse momentum cut pr > 10 GeV (on the left), and at /s energy
8.8 TeV in FoCal acceptance for different transverse momentum cut pp > 5 GeV,
pr > 10 GeV, and pr > 20 GeV (on the right).

Finally, it is interesting to see how the p—p differential cross sections
behave at different energies and under the influence of different evolution
equations. Four different cases are shown in Fig. 4: ITMD with Sudakov
resummation, I'TMD without Sudakov resummation, linear version of KS
TMD gluon distribution with Sudakov, and the running coupling BK (r¢BK)
equation [23, 24]. We observed a growing suppression in the large Ay re-
gion for moderate pr cuts (both 10 and 20 GeV, except in the rcBK case).
It was interesting to see that the trends for all pr cuts were similar without
the Sudakov resummation indicating a possibility of a non-trivial interplay
between the shape of the curve and the cut-off, in the presence of the Su-
dakov resummation. The same calculations were also performed using the
linear gluon distribution, which showed similar results. The trend is slightly
different for the ratio of cross-sections with the rcBK gluon distribution,
which might allow for the discrimination between models.
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Fig.4. Ratio of 14 TeV cross section to 8.8 TeV cross section, both independently
normalized to the total cross section for y+jet production in p—p collisions using
— top left: ITMD without Sudakov resummation for different energies and trans-
verse momentum cuts; top right: ITMD 4+ Sudakov resummation; bottom left:
linear gluon distributions with Sudakov resummation; and bottom right: running
coupling BK gluon distribution.

3. Summary and outlook

We investigated azimuthal correlation, longitudinal momentum fraction
along with some other observables (which were not shown here) for forward
photon+jet production in p—p and p—Pb. The I'TMD formulation can be
rigorously derived from CGC for certain processes and for this particular
process the ITMD factorization formula and the CGC result are essentially
the same. The calculations were done within the FoCal kinematics. The
results show strong signs of saturation effects and thus demonstrate the
potential of the planned FoCal detector in studies of high-energy QCD.
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