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1. Factorization for forward dijet production

High energy collisions of protons and heavy nuclei at the Large Hadron Collider (LHC) pro-
vide a unique tool to probe dense systems of quarks and gluons. Furthermore recently approved
Electron Ion Collider [3] will allow for precision tomographic study of structure of hadrons ranging
from proton to lead. In particular interesting are processes where jets or particles are produced in
the forward direction with respect to the probe which can be proton or electron. Kinematically,
such final states have large rapidities and therefore they trigger events in which the partons from
the nucleus carry rather small longitudinal momentum fraction x. This kinematic setup is perfectly
suited to investigate the phenomenon of gluon saturation, which is expected to occur at some value
of x to prevent violation of the unitarity bound (for a review of this subject see Ref. [4]). The behav-
ior of dense systems of partons when x becomes small is predicted by Quantum Chromodynamics
(QCD) and leads to non-linear evolution equations known as B-JIMWLK [5, 7] equations (for re-
view see [8, 9]), which can be derived within the Color Glass Condensate (CGC) theory. In CGC,
the calculation of forward jet production relies on factorization, where the dense target according
to theoretical results is described with nonlinear BK-JIMWLK equations.

The description of multi-jet production is rather complicated [10]. A novel approach to such
processes was initiated in Ref. [1]. The framework is known as the small-x Improved Transverse
Momentum Dependent (ITMD) factorization. The ITMD formula accounts for:

• complete kinematics of the scattering process with off-shell gluons,

• gauge invariant definitions of the TMD gluon densities,

• gauge invariant expressions for the off-shell hard matrix elements,

• it also recovers the high energy factorization (aka kT -factorization) [11, 12] in the limit of
large off-shellness of the initial-state gluon from the nucleus and small-x TMD factorization
[13] in correlation limit i.e. when momenta of jets are much larger that momentum of off-
shell gluon.

Recently, the ITMD factorization has been proved [14]. Steps in further extension of the formalism
to three and more jets were undertaken in Ref. [16, 17]. While in the paper [18] the ITMD was
generalized to account for masses of produced hadrons as well as longitudinally polarized gluons
(see also [19] for discussion of the role of transverse gauge links). Furthermore in the papers
[20, 21] the ITMD was shown to agree very well with full CGS results (accounting on top of
kinematical twist for genuine twist effects) in the region dominated by hard jets i.e. kT , pT > Qs

While the original ITMD formula, as well as the works studying the jet correlation limit within
CGC, include gluon saturation effects, they do not account for all contributions proportional to
logarithms of the hard scale set by the large transverse momenta of jets – the so-called Sudakov
logarithms. It has been shown in Refs. [22, 23] that inclusion of Sudakov logarithms is necessary
in order to describe the LHC jet data at small x but yet before the saturation regime. In the low x
domain, the resummation leading to the Sudakov logarithms has been developed in [24,25] see also
[26]. In the paper [28], it has been shown for the first time, that the interplay of saturation effects
and the resummation of the Sudakov logarithms is essential to describe the small-x forward-forward
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Figure 1: Broadening of azimuthal decorrelations in p-Pb collisions vs p-p collisions for different sets of
cuts imposed on the jets’ transverse momenta. The plots show normalized cross sections as functions of the
azimuthal distance between the two leading jets, ∆φ . The points show the experimental data [29] for p-p
and p-Pb, where the p-Pb data were shifted by a pedestal, so that the values in the bin ∆φ ∼ π are the same.
Theoretical calculations are represented by the histograms with uncertainty bands coming from varying the
scale by factors 1/2 and 2.

dijet data. In this contribution we present two results that demonstrate relevance and importance of
both effects i.e. nonlinearity accounting for saturation and Sudakov effects accounting for emission
of soft gluons.

• The first process under consideration is the inclusive dijet production

p
(
Pp
)
+A(PA)→ j1(p1)+ j2(p2)+X , (1.1)

• The second one is the dijet production in Deep Inelastic Scattering

e
(
Pp
)
+A(PA)→ j1(p1)+ j2(p2)+X , (1.2)

where A can be either the lead nucleus, or a proton. To describe the former of above processes, the
hybrid approach has been used where one assumes that the proton p is a dilute projectile, whose
partons are collinear to the beam and carry momenta p = xpPp. The hadron A is probed at a dense
state. The jets j1 and j2 originate from hard partons produced in a collision of the probe a with a
gluon belonging to the dense system A. This gluon is off-shell, with momentum k = xAPA+kT and
k2 =−|⃗kT |2. The ITMD factorization formula (schematically) reads

dσ
pA→ j1 j2+X = ∑

a,c,d
xp fa/p

(
xp,µ

)
⊗

2

∑
i=1

K
(i)

ag∗→cd (qT ,kT ; µ)⊗Φ
(i)
ag→cd (xA,kT ,µ) , (1.3)

The distributions fa/p are the collinear PDFs corresponding to the large-x gluons and quarks in the
projectile. The functions K (i)

ag∗→cd are the hard matrix elements constructed from gauge-invariant
off-shell amplitudes [27]. The quantities Φ

(i)
ag→cd are the TMD gluon distributions introduced in

Ref. [1] and parametrise a dense state of the nucleus or the proton in terms of small-x gluons.
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Figure 2: Azimuthal correlations between the total transverse momentum of the dijet system and the trans-
verse momentum of the scattered electron at EIC in two frames: the LAB frame (left), the Breit frame
(right). The calculation has been done within the ITMD framework using KATIE Monte Carlo [31] with the
Weizsäcker-Williams gluon distribution obtained from the KS fit to HERA data.

Similarly the ITMD formula for e+A collision reads (once the contribution from longitudinally
polarized gluons is neglected)

dσeh→e′+2 j+X =
1

4xPe·Ph
F

(3)
gg (x,kT ,µ) ⊗|Meg∗→e′+2 j|2, (1.4)

where F
(3)
gg (x,kT ,µ) is so called WW gluon density which has the interpretation of gluon number

density. To apply the ITMD formula one needs to construct the ITMD densities. One can use
their operator definition and calculate their x,kT dependence using B-JIMWLK or using mean
field approximation and express the ITMD distributions in terms of convolutions of dipole gluon
density which is a solution of BK equation. We followed the second option and constructed the
ITMD distributions from distributions given by the KS gluon density [2,30]. As it has been argued
above the necessary additional element in order to provide realistic cross section is the Sudakov
form factor. For the dijet production at the LHC we used DGLAP based Sudakov form factor [28].
On fig. 1 we show normalized cross sections as functions of ∆φ in p-p and p-Pb collisions. The
three panels correspond to three different cuts on the transverse momenta of the two leading jets.
The points with error bars represent experimental data from Ref. [29]. The main results for p-Pb
collisions are represented by blue solid lines in Fig. 1. The visible broadening comes from the
interplay of the non-linear evolution of the initial state and the Sudakov resummation. Similarly
in the fig. 2 shows result for predictions for di-jet production at EIC obtained in [32] for the cross
section as a function of the angle between electron and dijet system. In this case we used Sudakov
obtained in [24]. A control result based on a calculation that neglects the Sudakov form factor
is presented there as well. The comparison of the two results clearly shows that while saturation
effects are mild, the Sudakov effects are fairly large. This feature is clearly visible in both the LAB
and the Breit frame.
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2. Conclusions

In this contribution the ITMD factorization framework was presented. In particular I discussed
its phenomenological applications to LHC and EIC physics. Furthermore it is clear that one needs
to account for additional contributions coming from soft gluons and leading to Sudakov form factor.
The combined contribution allows to describe shape of the LHC forward-forward dijet spectra.
Using this knowledge we provide predictions for the EIC dijet crosssection.
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