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Abstract Using the small-x improved transverse momen-
tum dependent factorization (ITMD), which, for a general
two-to-two massless scattering can be proved within the
color glass condensate (CGC) theory for transverse momenta
of particles greater than the saturation scale, we provide
predictions for isolated forward photon and jet produc-
tion in proton-proton and proton-nucleus collisions within
the planned ALICE FoCal detector acceptance. We study
azimuthal correlations, pT spectra, as well as normalized
ratios of proton-proton cross sections for different energies.
The only TMD distribution needed for that process is the
“dipole” TMD gluon distribution, which in our computa-
tions is based on HERA data and undergoes momentum
space BK evolution equation with DGLAP corrections and
Sudakov resummation. We conclude, that the process pro-
vides an excellent probe of the dipole TMD gluon distribu-
tion in saturation regime.

1 Introduction

Despite quantum chromodynamics (QCD) seems to be the
correct theory of strong interactions, there are still puzzles
that await direct experimental verification. One of those is the
phenomenon of the “gluon saturation” [1], i.e. the regime of
parton densities where the perturbative splitting of gluons is
balanced by the gluon recombination, so that the gluon den-
sity stops its power-like growth. Actually the significance
of the saturation domain goes well beyond the perturbative
“partonic” language and is often treated via the effective
high energy description called the color glass condensate
(CGC) (for a review see eg. [2,3]). Regardless of whether
it is CGC formalism, or perturbative Pomeron splitting, the
saturation is a prediction of QCD and is expected to occur at
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asymptotically large energies. Although there are numerous
experimental hints that it has been already observed – see the
direct experimental data [4–6] as well as various phenomeno-
logical saturation-based approaches confronted with HERA,
RHIC and LHC data [7–12], there always exists an alter-
native explanation, either within the collinear factorization
(supplemented by other effects like MPI or resummations),
or by other possible nuclear effects eg. [13].

Potential discovery of saturation and its detailed proper-
ties are part of the electron ion collider (EIC) program [14].
However, before the EIC starts operating, there is still an
enormous potential in the LHC program. So far there were
no LHC experiments directly aiming at studies of saturation
physics, which is most likely to be seen only at the very
forward rapidity region in collisions of protons and nuclei.
This gap will be filled by the FoCal calorimeter of ALICE
collaboration [15,16]. The new detector will be able to mea-
sure with very good resolution jets and photons in the very
forward region, with pseudorapidity ultimately covering the
interval 3.4 < η < 5.8.

In that context, the process we would like to study, and
which has been investigated earlier in context of saturation
in [17,18] is the production of an isolated on-shell photon
and a jet in hadron-hadron collision

p(PB) + A(PA) → γ (k1) + J (k2) + X, (1)

where A may be either a proton or a nucleus target, which in
our study will always be lead. PB and PA are the incoming
hadron and nucleus momenta and k1, k2 are the momenta
of the photon and the reconstructed jet, respectively. We are
interested in the final state kinematics that probes the target
A at small longitudinal momentum fractions xA. More pre-
cisely, xA = kA ·PB/PA ·PB , where kA is the four momentum
exchanged between the partons extracted from the target A
and the rest of the partonic process. In order to ensure xA to
be very small, we will tag the final state particles within the
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FoCal acceptance, i.e. both k1 and k2 will have large rapidity,
so that xA � xB due to relations

xA =
∑

i

|�kTi |√
s
e−ηi , xB =

∑

i

|�kTi |√
s
eηi , (2)

where the sum goes over final states. We will assume that xA
is small enough to apply the saturation formalism, i.e. non-
linear evolution equations for the A target, whilst xB is mod-
erate, so that no nonlinear evolution is needed there (we shall
explicitly demonstrate this asymmetry in our computation in
Sect. 2). Such a concept is known as the hybrid factorization
[19,20]. Consequently, to a good approximation, only gluons
are exchanged between the hard process and the target A.

In order to describe the target A we shall use the so-called
transverse momentum dependent (TMD) gluon distributions.
There are at least two reasons for that. The first one is related
to the observables we want to study. Having two final states
allows us to investigate azimuthal plane correlations between
the final states, which is directly related to the transverse
momenta of partons. The second reason is that we shall
use the high energy QCD, where the concept of transverse
momentum dependent gluon distributions is rather funda-
mental. This is because in the high energy regime, or, equiv-
alently the small-x limit, the largest scale is set by s → ∞
at fixed Q2, where s is CM energy squared and Q2 is the
hard scale (given for example by the transverse momenta of
jets). In collinear factorization, on the other hand, we have
Q2 → ∞ at fixed s. Therefore, at small x one has to include
the power corrections kT /Q, which are not necessarily sup-
pressed. This means one should not neglect the transverse
momenta of exchanged gluons, both in the PDF, which then
becomes the TMD PDF, and in the hard process, which in
that case has to be computed from off-shell amplitudes. This
framework is known as the high energy factorization (HEF)
or kT -factorization [21,22]. It is also possible (and essential
in the context of the present work) to incorporate a nonlinear
evolution and thus the saturation phenomenon in the TMD
PDFs.

In QCD the TMD PDFs have the following generic oper-
ator definition

F (x, kT )

= 2
∫

dξ−d2ξT

(2π)3P+ e ix P
+ξ−−i �kT ·�ξT

×〈P| Tr F̂ j+(ξ−, �ξT , 0)U1 F̂
j+ (0)U2 |P〉 , (3)

where |P〉 is a hadron state with momentum P , F̂ j+ =
F j+
a ta is the gluon field strength tensor projected onto a trans-

verse component j and light-cone “plus” component. The
two field operators are displaced in the light cone “minus”
direction by an amount ξ− and in the transverse direction
by a vector �ξT . For simplicity, the transverse components
are summed over, what corresponds to the unpolarized TMD

PDF. U1 and U2 are Wilson lines in fundamental represen-
tations connecting the points where the fields are evaluated.
(In principle, there could be a double-trace expression in the
definition, but we omit here this case for brevity.) The pre-
cise form of these Wilson lines is, in principle, arbitrary; it is
not fixed by the requirement of gauge invariance. However,
resummation of gluons collinear to the target hadron predicts
the form of these Wilson lines and their structure depends on
the color flow in the hard process [23]. For a discussion of all
possible operators (following the prescription of [23]) and
explicit calculation of operators relevant for some multipar-
ticle processes see [24].

Consider now the simplest partonic sub-process contribut-
ing to (1), that dominates at small x :

g(kA) + q(kB) → γ (k1) + q(k2). (4)

The corresponding TMD gluon PDF associated with the
gluon kA (whose longitudinal fraction xA is small) has a
one-term from which follows a very simple color structure
of that sub-process. It reads

F (1)
qg (x, kT )

= 2
∫

dξ−d2ξT

(2π)3P+ e ix P
+ξ−−i �kT ·�ξT

×〈P| Tr F̂ j+(ξ−, �ξT , 0)U [+] F̂ j+ (0)U [−] |P〉 , (5)

where U [−] and U [+] are, respectively, past-pointing and
future-pointing “staple-like” Wilson lines:

U [∓]

=
[
(ξ−, �ξT , 0), (∓∞, �ξT , 0)

]

×
[
(∓∞, �ξT , 0), (∓∞, �0T , 0)

]

×
[
(∓∞, �0T , 0), (0, �0T , 0)

]
, (6)

where [x, y] are straight Wilson line segments, for example
[
(ξ−, �0T , 0), (0, �0T , 0)

]

= P exp

{
ig

∫ ξ−

0
ds Â+(s, �0T , 0)

}
. (7)

The TMD gluon distribution in (5) cannot be interpreted as
the gluon number distribution; it is not possible to choose
the gauge that would eliminate both the past-pointing and
the future-pointing Wilson lines. Such situation would be
the case if one considered instead the production of dijets in
DIS, where there is only one colored initial state.

In the present work we are interested in the small-x limit
of the TMD (5). It has been recognized in [25] that (5) cor-
responds to the so-called dipole gluon distribution known in
the CGC theory (see also [26] for the discussion of two dif-
ferent gluon distributions at small x). This correspondence
built a bridge (or rather a footbridge at that time) between the
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TMD factorization approach and the CGC. More precisely,
one finds [25] that the CGC expressions for various massless
two-particle production processes correspond in the back-
to-back limit to a convolution of a leading-twist TMD given
by a generic formula (3) and an on-shell hard factors, corre-
sponding to different color structures entering the TMD.

On the other hand, two-particle correlations are extremely
interesting beyond the back-to-back limit, when the two-
particle imbalance is treated more precisely. This can be
taken into account via the so-called small-x Improved TMD
(ITMD) factorization [27]. This formalism includes the
power corrections (i.e. the kT dependence) in the hard fac-
tors, which are computed within the high energy factorization
framework [21], using the modern automated methods [28–
30], all consistent with the Lipatov’s effective action [31]. In
[32] it was demonstrated, that the ITMD formulation can be
rigorously derived from the CGC, for certain processes, by
neglecting the so-called geniune twist corrections, i.e. higher
twist operators that are normally associated with “hard” mul-
tiple partonic interactions. These type of multiple interaction
contributions are suppressed for two-body final states with
the hard scale and thus for processes like jet production the
ITMD formalism is very convenient [33–36].

In particular, in [32] the ITMD factorization formula for
the photon+jet production was explicitly derived, confirming
that in that case, there are no higher genuine twist contribu-
tions, thus the formula essentially reproduces earlier CGC
result of [25], and the corresponding operator is the one in
(5). There is a formal difference between CGC and ITMD
though. In ITMD the operator definitions of gluon distribu-
tion functions are more general, to leading genuine twist, as
they incorporate full x dependence (for a related discussion
see [37]). The LO factorization formula reads

dσpA→ j+γ

=
∫
dxA dxB

∫
d2kT fq/B(xB;μ)

F (1)
qg (xA, kT ;μ) dσqg∗→qγ (xA, xB, kT ;μ), (8)

where fq/B is the collinear PDF for a quark in target B (a

proton), F (1)
qg is the dipole TMD PDF (5) corresponding to

target A (proton or nucleus) and dσqg∗→qγ is the LO partonic
cross section obtained from the amplitude with off-shell ini-
tial state gluon g∗(kA)+q(kB) → γ (k1)+q(k2), where the
incoming momenta are

kμ
A = xAP

μ
A + kμ

T , (9)

kμ
B = xB P

μ
B , (10)

with kT · PA = kT · PB = 0. In the high energy kinematics
the off-shell gluon couples eikonally, i.e. through pμ

A instead
of the transverse polarization vector. Obviously, since the
TMD PDF is gauge invariant, the amplitude has to defined

in a gauge invariant way as well. This is, in general, non
trivial with off-shell gluons and requires introducing Wilson
line along PA, see eg. [30]. However, in the present simple
process gauge invariance is satisfied trivially off-shell with
the ordinary set of diagrams.

Notice, that in the factorization formula (8) we have intro-
duced the dependence of the TMD PDF on the hard scale μ.
This is an effective (and efficient) way of incorporating the
resummation of the Sudakov logarithms. They are impor-
tant for observables sensitive to kT , like azimuthal correla-
tions, when a hard scale μ � kT is present. At small x , in
particular in the CGC formalism, the Sudakov resummation
was carried out for various processes [10,38–44] as well as
the threshold resummation and combination of both [45–47].
The resummation is done in the impact parameter space and,
in general, entangles the hard part, the collinear PDFs and
the TMD PDFs. On the other hand, there are many stud-
ies of small-x TMD gluon distributions with explicit hard
scale dependence, for example [48,49]. Further, more rele-
vant phenomenologically, there were attempts in the linear
domain to merge the BFKL and DGLAP equations [50–52],
or to describe the evolution in terms of the coherent gluon
emission [53,54]. In the nonlinear domain, the notable work
is an attempt [55] to extend the CCFM equation to account
for nonlinear term. Finally, in [56,57] an effective methods
of implementing the hard scale dependence was proposed,
based on a reweighting procedure which can be applied both
to linear and non-linear evolution. Although, in perturbative
QCD, in general the Sudakov factor cannot be distributed
to provide the same hard scale dependence in the collinear
PDF and TMD PDF as in (8), in [58] the Authors compared
the full impact parameter resummation with the simplified
approach for dijet production in pA collisions, and they are
qualitatively very similar. We expect similar thing to occur in
the present case, therefore we shall proceed with the formula
(8).

2 Results

In this section we present numerical results for photon+jet
production in p-p and p-Pb collisions at 8.8 TeV, within the
FoCal acceptance range. In order to allow for jet reconstruc-
tion we choose the pseudorapidity range to be 3.8 < η < 5.1.
We study jets and photons with the minimum transverse
momentum ranging between 5 and 20 GeV. The lowest con-
sidered cut of 5 GeV is experimentally very challenging,
while the 20 GeV cut is rather conservative. The CM energy
of 8.8 TeV per nucleon is the declared value for which there
will be both p-p and p-Pb measurement. In addition, we com-
pute p-p cross sections for 5 and 14 TeV, in order to see how
the gluon saturation pattern in protons changes with energy.
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Fig. 1 Differential cross sections for γ +jet in FoCal acceptance range
for p-p and p-Pb collisions at

√
s = 8.8 TeV, as a function of azimuthal

separation (�ϕ). The three plots correspond to different transverse
momentum cuts on final states: 5 GeV, 10 GeV and 20 GeV

Fig. 2 Nuclear modification ratio as a function of the azimuthal angle
difference �ϕ for γ + jet with three different pT thresholds

Fig. 3 Transverse momentum distributions for photons and jets in
FoCal acceptance range for p-p and p-Pb collisions at

√
s = 8.8 TeV

The calculations were performed within the ITMD for-
malism, Eq. (8), which at tree level is implemented in the
parton-level Monte Carlo generator KaTie[59]. Using the
Monte Carlo allows for convenient application of the kine-
matic cuts and study of multiple observables. The collinear
PDFs were provided by the LHAPDF library [60] and set
to CT18NLO. The dipole TMD PDF with hard scale depen-
dence is based on the Kutak–Sapeta (KS) fit of the nonlinear
evolution equation of [50,61] to HERA data [62] and were
obtained in [58]. We require the minimal distance in the η−ϕ

plane, whereφ is the azimuthal angle, of R = 0.4 between the
photon and the jet. Both the factorization and renormalization
scales are set to the average pT , μF = μR = (pT1 + pT2)/2.

The first observable we studied are the azimuthal corre-
lations. In Fig. 1 we show the differential cross section as
a function of the azimuthal angle between the photon and
the jet for p-p and p-Pb collisions, dσ/d�ϕ, for three dif-
ferent cuts on the transverse momenta, 5 GeV, 10 GeV and
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Fig. 4 Spectra of longitudinal fractions probed in the TMD PDF, xA,
and the collinear PDF, xB for γ +jet production at different

√
s ener-

gies in FoCal acceptance for moderate transverse momentum cut pT >

10 GeV(on the left), and at
√
s energy 8.8 TeV in FoCal acceptance for

different transverse momentum cut pT > 5 GeV, pT > 10 GeV and
pT > 20 GeV(on the right)

20 GeV. Notice, the p-Pb cross section is divided by the num-
ber of nucleons. The theoretical uncertainty was computed in
a standard way, via the hard scale variation by a factor of two
and including the statistical errors due to the Monte Carlo
integration. We observe a clear and large suppression of the
back-to-back peak of p-Pb comparing to p-p indicating very
strong saturation signal. The suppression gets milder with
increasing the pT cut. It is essential to notice, that including
the Sudakov resummation the saturation signal, understood
as the suppression of p-Pb with respect to p-p, is not washed
away. We summarize this fact in Fig. 2 by computing the
nuclear modification ratios

Rγ+Jet
pPb =

( dσ
d�ϕ

)
pPb( dσ

d�ϕ

)
pp

(11)

We see that the suppression of the p-Pb cross section due to
saturation is up to 40% for the lowest pT cut, and decreases
to about 20% for pT > 20 GeV. Similar conclusions were
obtained for di-jets in [58].

Next, in Fig. 3 we show the transverse momentum spectra
of photons and jets for p-p and p-Pb collisions. We observe
that the photon spectrum is softer than jet spectrum. One
should however remember that transverse momentum spec-
tra are in general more affected by final state showers and
hadronization effects, which are not included in the present
computation.

In Fig. 4 we show the differential cross sections in xA and
xB for the moderate pT cut 10 GeV. We clearly see that we
do fulfill the asymmetry requirement xA � xB enabling us
to use the hybrid kT factorization. Moreover, the xA which
is probed is typically smaller then 10−4, which further justi-

fies usage of the small x formalism. The collinear partons are
typically probed at quite large xB ∼ 0.2. The present compu-
tation could therefore in principle be improved by including
the threshold resummation. However, the present range of xB
is still reasonable to treat with the pure collinear framework.

Now we turn to discussion of the dependence of the p-p
→ γ +jet cross section on the energy. Indeed, during FoCal
operation it is planned to collect data at different energies,
including. at least, 8.8 and 14.0 TeV. Since in the saturation
formalism both nuclei and protons have to be treated within
the non-linear evolution, one can ask what is the pattern of the
p-p cross section alone when the energy (and thus x) changes.
In Fig. 5 we show ratios of normalized cross sections for
14 TeV and 8.8 TeV or 5 TeV.

We observe an interesting pattern. For moderate pT cuts
we observe a growing suppression in the large �ϕ region and
enhancement for smaller �ϕ. Small transverse momentum
cuts signal only slight suppression for �ϕ ∼ 2.3. In order to
understand this better we first redo the calculations with KS
TMD gluon distribution, but no hard scale evolution due to
the Sudakov form factor (second row of Fig. 5). We see that
now the trend is similar for all pT cuts, thus we conclude
that the Sudakov resummation gives a nontrivial interplay
between the shape of the distribution and the cutoff. Going
further, we study the same observable using the linear version
of the KS TMD gluon distribution (third row of Fig. 5). This
was obtained in [62]. We observe very similar shape of the
curves, except they cross the unity at different points for
different energy. This in turn reflects the behavior of the cross
section with the energy (see Fig. 6 discussed below). Finally,
we study the running coupling BK equation (rcBK) [63,64]
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Fig. 5 First row: ratio of
azimuthal angle distributions for
γ +jet production in p-p
collisions using ITMD+Sudakov
for different energies and
transverse momentum cuts. The
left plot shows ratio of 14 TeV
cross section to 8.8 TeV cross
section, both independently
normalized to the total cross
section. The right plot shows
similar ratio for 14 TeV cross
section and 5 TeV. Second row:
same as first row, but the
calculations are done with TMD
gluon distribution where the
Sudakov resummation is not
present. Third row: the same as
the second row, but the
nonlinear term is turned off (and
the resulting linear equation was
fitted to HERA data). Fourth
row: computation with the rcBK
[Reference] dipole gluon
distribution

(fourth row of Fig. 5). Here we see very different shape of
the large pT curve, which is not actually very surprising, as
it is known that the raw rcBK equation is valid at rather small
pT values due to missing higher order corrections.

Since there are subtle energy-dependent features in the
ratio plots, we can try to visualise them by looking at a more
inclusive quantity. In Fig. 6 we show cross sections integrated
over pT from the threshold of 5 GeV using two evolution
scenarios: the primary KS nonlinear evolution with Sudakov
and linear evolution with Sudakov. We clearly see that the
non-linear eqution gives slower growth of the cross section
with energy.

The above observables are excellent probes of the compli-
cated dynamics of the TMD PDFs, using only proton-proton
cross sections at measurable energies. Indeed, since the cross
sections used to produce the ratios are always normalized, the
plots at different energy ratios are subtly affected by the inter-
play of the saturation scale (which is a function of x) and the
Sudakov hard scale evolution.

Finally, let us discuss the rapidity distributions. We start
with the p-p collisions at different energies and different pT
cuts (Fig. 7). In the left plot we show differential cross sec-
tions as a function of jet rapidity. In the right plot we compare
the shapes of the rapidity distributions (normalized plots) for
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Fig. 6 Energy dependence of pT -integrated cross section in pp for
ITMD + Sudakov and linear gluon distribution + Sudakov

jet and photon at fixed pT cut of 10 GeV. Next, we study
dependence of the distributions on the target (Fig. 8). We
observe expected suppression due to the saturation mecha-
nism, as well as a slight modification the shape in case of
the normalized distributions. Finally, in Fig. 9 we compare
normalized rapidity distributions at fixed energy 8.8 TeV and
fixed pT cut of 10 GeV for nonlinear and linear distributions.
We observe a slight flattening tendency for the linear gluon
distribution, due to the lack of saturation.

3 Summary

The present work was devoted to a detailed study of the for-
ward prompt photon and jet production process at the LHC
in the FoCal kinematics. We have used the small-x Improved

Fig. 7 Left: rapidity distributions for different energies and pT thresholds for jet. Right: normalized differential cross section for both jet and γ at
different energies with a fixed pT threshold of 10 GeV

Fig. 8 Rapidity distributions at
√
s = 8.8 TeV for jet (on the left) and for jet and γ both at

√
s = 8.8 TeV (on the right) in pp and pPb with

different pT thresholds
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Fig. 9 Rapidity distributions at
√
s = 8.8 TeV and a pT threshold of

10 GeV for jet and photons in pp with ITMD + Sudakov (bold) and
linear gluon distribution + Sudakov (dashed)

TMD factorization framework, which is the leading genuine
twist approximation to the Color Glass Condensate approach
for two particle production processes, within the hybrid
(dilute-dense) factorization. An important property of the
factorization formula is that it invoves only one TMD gluon
distribution – the dipole TMD gluon distribution, unlike the
dijet production in hadron-hadron scattering which inloves
five independent distributions at large Nc, or dijet production
in DIS, which involves the Weizsacker-Williams gluon dis-
tribution. The necessary hard scale dependent dipole TMD
gluon distribution for proton and lead were obtained in the
previous work [58]. Usage of the KaTie Monte Carlo imple-
menting the framework allowed to study various observables:
azimuthal correlations, transverse momentum spectra, distri-
butions of the probed longitudinal fractions x and the rapidity
distributions. All distributions were computed for proton-
proton and proton-lead collisions. We also studied the ratios
of azimuthal correlations just for proton-proton but for dif-
ferent experimentally available energies.

We observe, that the nuclear modification ratios show
strong to moderate suppression, depending on the trans-
verse momentum cutoff; for pT > 5 GeV we have around
40% suppression at the back-to-back peak, while for pT >

20 GeV we get the suppression of about 20%.
We also studied evolution of γ +jet cross section in proton-

proton collisions at three available energies: 5.0 TeV, 8.8 TeV
and 14 TeV. The convenient way of doing that is to com-
pare shapes of ratios of distributions at different energies.
We observe subtle, but very interesting effects within this
energy range, that could help to discriminate different high
energy evolution scenarios. In similar goal in mind, we stud-
ied rapidity distributions.
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