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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. In particularly interesting are
processes where jets or particles are produced in the forward direction with respect to the incom-
ing proton. 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. [1]). The behaviour of dense systems of partons when x becomes small is pre-
dicted by Quantum Chromodynamics (QCD) and leads to non-linear evolution equations known as
B-JIMWLK equations (for review see [2, 3]), which can be derived within the Color Glass Con-
densate (CGC) theory. In CGC, the calculation of forward jet production in dense-dilute collisions
relies on the hybrid factorization [4], where the large-x projectile is described by the collinear PDFs,
while the dense target according to theoretical results is described with nonlinear equations. The
description of multi-jet production is rather complicated even in this simplified framework [5]. A
novel approach to such processes was initiated in Ref. [6] for dijets in the back-to-back correlation
regime and in Ref. [7] for a more general kinematical configuration. The latter is known as the
small-x Improved Transverse Momentum Dependent (ITMD) factorization. The ITMD formula
accounts for:

e complete kinematics of the scattering process with off-shell gluons,
e gauge invariant definitions of the TMD gluon densities,
e gauge invariant expressions for the off-shell hard matrix elements,

e it also recovers the high energy factorization (aka kr-factorization) [8—10] in the limit of
large off-shellness of the initial-state gluon from the nucleus.

Recently, the ITMD factorization has been proved [12]. Steps in further extension of the formalism
to three and more jets were undertaken in Ref. [13] and in [14] in the correlation limit. For some
of phenomenological application of the formalizm see [15-17]. 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. [18,19]
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 [20-26] see also [27]. 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 dijet data. The process under consideration is the
inclusive dijet production

p(Py) +A(PA) = ji(p1) + ja(p2) +X (1.1)

where A can be either the lead nucleus, as in p-Pb scattering, or a proton, as in p-p scattering. To
describe the above process, the hybrid approach has been used where one assumes that the proton
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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, A¢. The points show the experimental data [11] for p-p
and p-Pb, where the p-Pb data were shifted by a pedestal, so that the values in the bin A¢ ~ 7 are the same.
Theoretical calculations are represented by the histograms with uncertainty bands coming from varying the
scale by factors 1/2 and 2. The blue solid and blue dotted lines corresponds to the choices of d=0.5 and
d=0.75, respectively.

p is a dilute projectile, whose partons are collinear to the beam and carry momenta p = x,P,. The
nucleus A is probed at a dense state. The jets j; and j, originate from hard partons produced in
a collision of the collinear parton a with a gluon belonging to the dense system A. This gluon is
off-shell, with momentum k = xs Py + k7 and k2 = —|%T|2. The ITMD factorization formula for
the production of two jets with momenta p; and p,, and rapidities y; and y», reads

doPA—ia+X
d’qrd?krdydy

2 . .
= Z xpfa/p (xpnu) g%g*)ﬁcd (qukT;.u)q)((zlg)ﬁcd (ananu) ) (1-2)

a,c,d

The distributions f,/, are the collinear PDFs corresponding to the large-x gluons and quarks in the
projectile. The functions f%/a;"ﬁwd are the hard matrix elements constructed from gauge-invariant
oft-shell amplitudes [29-32]. The quantities CIDEQ_}C[, are the TMD gluon distributions introduced in
Ref. [7] and parametrize a dense state of the nucleus or the proton in terms of small-x gluons, see
Ref. [33] for an overview. The phase space is parametrized in terms of the final state rapidities
of jets y1,y, as well as the momenta 75T = pir + Por.The azimuthal angle between the final state
partons is A¢. The collinear PDFs, hard matrix elements, and the TMD gluon distributions all
depend on the factorization/renormalization scale (. At leading order, the matrix elements depend
on U only through the strong coupling constant. The collinear PDFs obey the DGLAP evolution
when the scale pt changes. The evolution of the TMD gluon distributions is more involved. Typ-
ically, in saturation physics, one keeps t fixed at some scale of the order of the saturation scale
Qs, and performs the evolution in x using the B-JIMWLK [34-37] equation or its mean field ap-
proximation — the BK equation [38]. To apply the ITMD formula one needs to construct the ITMD
densities. The Transversal Moentum Dependent gluon densities entering the formula (1.2) for lead
and for the proton are constructed from distributions given by the KS gluon density [39] and ob-
tained in [15]. The comparison of the obtained cross section to data was possible since the ATLAS
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collaboration studied azimuthal correlations of dijets in proton-lead (p-Pb) and proton-proton (p-
p) collisions at the center-of-mass energy /syy = 5.02TeV covering the forward rapidity region
between 2.7 — 4.0 units [11]. The measurement indicates sizable nuclear effects at small values
of x. Fig. 1 shows normalized cross sections as functions of A¢ 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. [11]. The main results for p-Pb
collisions are represented by blue solid lines in Fig. 1. In our framework, the broadening comes
from the interplay of the non-linear evolution of the initial state and the Sudakov resummation.
One should emphasize that this is a highly non-trivial consequence of the two components present
in our theoretical framework: gluon saturation at low x and Sudakov resummation.

2. Transverse Momentum Dependent splitting functions

In this section I am going to review an ef-
fort to generalize the Balitsky-Fadin-Kuraev-Lipatov
(BFKL) [40-43] evolution equation to larger values
of x. Its formulation is based on the so called k7 (or
high-energy) factorization [8] which is strictly speak-
ing valid in the high energy limit, s > Q? where Q°
is a hard momentum scale e.g virtuality of photon. If
one naively extrapolates the formalism to intermediate

or large x, the framework is naturally confronted with
a series of problems and short-comings, e.g. contribu- Figure 2: Diagram contributing to the real
tions of quarks to the evolution arise as a pure next- B, splitting function at leading order.
to-leading order (NLO) effect and elementary vertices

violate energy conservation i.e. conservation of the longitudinal momentum fraction. One can
account for such effects by including a resummation of terms which restore subleading, but numer-
ically relevant, pieces of the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) [44-46] split-
ting functions [47], [48], [49]. Even though these resummations have been successful in stabilizing
low x evolution into the region of intermediate x ~ 1072, extrapolations to larger values of x are
still prohibited. To arrive at a framework which avoids the need to account for kinematic effects
through the calculation of higher order corrections, it is therefore necessary to devise a scheme
which accounts for both DGLAP (conservation of longitudinal momentum) and BFKL (conserva-
tion of transverse momentum) kinematics. There, the low x resummed DGLAP splitting functions
have been constructed following the definition of DGLAP splittings by Curci-Furmanski-Petronzio
(CFP) [50]. The authors of [51] were able to define a TMD gluon-to-quark splitting function Fy,,
both exact in transverse momentum and longitudinal momentum fraction. Following observation
of [52] and derivation of Py, (z, ¢, p;) which made the splitting function transversal momentum de-
pendent the generalization of this scheme to other transition kernels involving quarks Py, and P,
have been achieved [53]. The computation of the gluon-to-gluon splitting P,, required a further
modification of the formalism used in [51, 53] which was recently achieved in [54]. In order to
calculate P, splitting the formalism of [51,53] had to be extended the gluon case by generalizing
definition of projector operators and defining appropriate generalized 3-gluon vertex that is gauge
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invariant in the presence of the off-shell momentum k. More details on the exact procedure can
be found in [54]. The splitting functions reduce both to the conventional gluon-to-gluon DGLAP
splitting in the collinear limit as well as to the LO BFKL kernel in the low x/high energy limit;
moreover the CCFM gluon-to-gluon splitting function is re-obtained in the limit where the trans-
verse momentum of the emitted gluon vanishes, i.e. if the emitted gluon is soft. The derivation
of this result is based on the Curci-Furmanski-Petronzio formalism for the calculation of DGLAP
splitting functions in axial gauges. The next step in completing the calculation of TMD splitting
functions is the determination of the still missing virtual corrections. With the complete set of
splitting functions at hand, it will be finally possible to formulate an evolution equation for the
unintegrated (TMD) parton distribution functions including both gluons and quarks.

3. Monte Carlo with Transverse Momentum Dependent shower

Here I am going to review results obtained in [55]. While calculations in fixed order perturba-
tion theory in Quantum Chromodynamics (QCD) even at next-to-leading (or even next-to-next-to-
leading) order expansion in the strong coupling ¢ are often not sufficient, the predictions can be
improved when parton showers are included to simulate even higher order corrections, as done for
example with the POWHEG [56,57] or MC@NLO [58] methods. However, when supplementing
a calculation of collinear initial partons with parton showers, the kinematics of the hard process
are changed due to the transverse momentum generated in the initial state shower. This effect
can be significant even at large transverse momenta, as has been discussed and shown explicitly
in [59]. With the development of transverse momentum dependent (TMD) parton distributions, this
problem can be overcome, since the transverse momentum of the initial partons can be obtained
from the TMD parton distributions. The great advantage of using TMD parton densities is that
a parton shower will not change the kinematics of the matrix element process, in contrast to the
conventional approach of collinear hard process calculations supplemented with parton showers,
and that the main parameters of the TMD parton shower are fixed with the determination of the
TMD. Already some time ago a TMD parton shower has been developed for the case of initial
state gluons within the frame of the CCFM evolution equation [60, 61] and implemented in the
CASCADE package [62—-64]. However, TMD parton densities defined over a large range in x, k7
and scale u for all different flavors including quarks and gluons were not available until recently.
In [65,66] a new method for determination of TMD parton densities is described, another method
to obtain TMD parton densities from collinear parton densities has been proposed in [67], which
was applied in [55]. In order to fully account for the potential of a TMD parton shower, the ini-
tial state kinematics for the hard process calculation should include the transverse momenta. With
the development of an automated calculation of multi-leg matrix elements with off-shell initial
states [68] the full potential of TMD parton densities and parton showers can be explored. Here I
will describe application of TMD parton densities, TMD parton showers [67] ! and off-shell ma-
trix elements obtained from KATIE [68] to dijets calculations. The advantage of the approach is
that the kinematics of matrix elements is not affected. We illustrate the advantage of using TMD
densities with off-shell matrix element calculations in an application to azimuthal de-correlations

Very recently new very successful approach to obtain TMD pdfs called Parton Branching method has been devel-
oped [69].



ocDh Krzysztof Kutak

Di-jet azimuthal decorrelation, 110 < plf“di"g < 140 GeV Di-jet azimuthal decorrelation, 140 < plﬁading < 200 GeV
1 107

10

—e— Data
—— TMDPS 32 = Q? +3
——— TMD PS 2 = p?

—e— Data
—— TMDPS pi2 = Q7 +3

f;q) [rad 1]
[;{AU{P [rad~1]
"

1
v
1
T

r
7\ Il ‘ L1l L1l L1l ‘ L1l ‘ L1l ‘ L1l ‘ Il | = ‘ L1l L1l L1l ‘ L1l ‘ L1l ‘ L1l ‘ Il
1.8 2 2.2 2.4 2.6 2.8 2.2 2.4 2.6 2.8

s
=N

n

=N

I

®

N

3 3
A¢ [rad] A¢ [rad]

Figure 3: A¢ distribution as measured by [71] for different regions of p/**". The data are compared with
predictions using off-shell 2 — 2 matrix elements with TMD parton densities, an initial state TMD parton
shower, conventional final state parton shower and hadronization. Shown are predictions for two different
choices of the factorization scale, as discussed in the text.

of high p; dijet measurements at the LHC. The hard matrix elements are calculated as the summed
squares of helicity amplitudes, defined following the approach of [30,70] which guarantees gauge
invariance. The parton shower, which is described here, follows consistently the parton evolution
of the TMDs. By this it is meant that the splitting functions P,;, the order in ¢, the scale in
the calculation of o as well as the kinematic restrictions applied are identical in both the parton
shower and the evolution of the parton densities. A backward evolution method, as now common
in Monte Carlo event generators, is applied for the initial state parton shower, evolving from the
large scale of the matrix-element process backwards down to the scale of the incoming hadron.
However, in contrast to the conventional parton shower, which generates a transverse momentum
of the initial state partons during the backward evolution, the transverse momentum of the initial
partons of the hard scattering process is fixed by the TMD and the parton shower does not change
the kinematics. The transverse momenta during the cascade follow the behavior of the TMD. The
hard scattering process is obtained directly using off-shell matrix element calculations as described
in section. The partonic configuration is stored in the form of an LHE (Les Houches Event) text
file, but now including the transverse momenta of the incoming partons. This LHE files are input
to the shower and hadronization interface of CASCADE(new version 2 . 4 . X) for the TMD shower
where events in HEPMC format are produced. In fig. 3 we show predictions for the azimuthal
de-correlation A¢ for high p, dijets for different regions of p““/™ using TMD parton densities
with off-shell matrix elements, parton shower and hadronization in comparison with measurements
at /s =7 TeV in pp collisions at the LHC [71]. We show predictions for two different factorization
scales: ,u2 = Q,2 +§, where Q, is the vectorial sum of the initial state transverse momenta and v/$
is the invariant mass of the partonic subsystem and u? = j5,2. The first scale choice is motivated by
angular ordering (see Ref. [72]), the second one is the conventional scale choice. The scale choice
motivated from angular ordering describes the measurements significantly better than the conven-
tional one. It is important to note, that there are no free parameters left: once the TMD parton
density is determined, the initial state parton shower follows exactly the TMD parton distribution.
The TMD parton distribution is the essential ingredient in the present calculation, and a precise
determination of the TMD parton distribution over a wide range in x, k; and scale U is an important
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topic [65, 66].

4. Non-Gaussian broadening in jet quenching

So far we discussed jets produced in the vacuum. However, jets are copiously produced in
heavy ion collisions. Due to their high energies, jets are mostly created in the initial stages of the
collisions and travel through a medium such as a Quark Gluon Plasma (QGP). In particular, quark
and gluon jets interact with the strongly interacting medium particles of a QGP. Thus, they serve
as interesting probes of this kind of medium. Experimentally, jets are studied via observables on
individual jets, such as the nuclear modification factor R44 of jets, as well as via observables on
jet pairs. These dijet observables also allow to study medium effects via the deviations from the
momentum balance in the hard collisions. Specifically, in [73] it has been proposed to combine
the k7 factorization with the formalism for jet quenching. This allowed for studies of the effects
of transverse momentum as generated in initial state on angular decorrelations. To be more precise
it is necessary to consider that also the partons inside the colliding nucleons have non-vanishing
momentum components transverse to the beam axis,

ki=xi1Pi+kir, ky=x2 P +kor . 4.1)

where k| and k, the momenta of the partons inside the colliding nucleons with momenta P, and P,
and k7 and kor are the transverse momenta in the laboratory frame and x; and x, the momentum
fractions. Thus, we use unintegrated parton densities rather than parton distribution functions in
order to describe the partons within the colliding nucleons this leads to generalization of the kp
factorization formula. The medium effect on individual jet particles can be described with a frag-
mentation function D(%,1,7). For the evolution of the fragmentation function in the medium, we
used an equation found by Blaizot, Dominguez, lancu, and Mehtar-Tani (BDIM)2 [79], which has
been solved in [80]

0o 1ot 1 /z i1 - z -
gD(X,l,t) —;/0 dZL%/(Z) |:Z2\/;D <Z,Z7t> G(Z—x)—ﬁD(x,l,t)

2
+ [ GaEC@DEI-an.

(4.2)

which contains both, a medium induced splitting kernel % and a scattering kernel C, which
describes the transverse momentum transfered by the medium. Where % (z) are splitting and col-
lision kernel C respectively and g is the quenching parameter of the medium, N, is the number of
colors and ¢ is the QCD coupling constant. With the above splitting kernel .#” and the stopping
time t*, Eq. (4.2) describes the medium induced radiations as coherent emissions that take into
account multiple scatterings with medium particles which may occur simultaneous to the emission,
and their resulting interference effects (cf. [81]). Thus, Eq. (4.2) shows the same kind of sup-
pression for the emission of highly energetic gluons due to interferences as the approach by Baier
Dokshitzer Mueller Peigné, Schiff, and Zakharov (BDMPS-Z) [82-84] . In [73], jet-evolution fol-
lowing Eq. (4.2) was implemented in the Monte-Carlo program MINCAS [80]. Jet cross section

2For recent developments accounting for shortcomings of the BDIM formalism we refer the reader to [74-78]
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Figure 4: Upper plot: Azimuthal angular decorrelations between two jets of forward and central rapidities
without medium modifications (dashed line), with Gaussian k7 broadening (dotted line) and Non-Gaussian
kr broadening (solid line). Lower plot: Same as the upper one, but normalized to the maximum of the
distribution

including evolution in medium has been calculated in combined in the medium following the above
equation can be also calculated numerically via MINCAS. So far, the BDIM equation, Eq. (4.2),
only exists for gluons, which is why only the production of pairs of gluon jets was addressed.
We simulated a medium by parametrizing temperature as a function of time. For simplicity the
temperature dependence that follows from the Bjorken model was used. Numerical results for az-
imuthal decorrelations of di-jets produced in nuclear collisions at /syy = 5.02 TeV with one jet
going into a forward and the other one in a central rapidity direction (2 <y < 3 with p; > 30 GeV
and —1 <y < 1 with p, > 100 GeV, respectively) are shown in the upper panel of Fig. 4. As it
can be seen the medium effects lead to a considerable suppression of the observed jet-pairs, by
at least a factor of 3 in the region 2.5 < A¢ < & for both results from both cases, Gaussian and
the non-Gausian kr broadening. Furthermore, the distribution for non-Gaussian k7 broadening ap-
pears to be slightly broader than the distribution for Gaussian k7 broadening. The different widths
of the distributions can be seen more easily, when the distributions are normalized to their respec-
tive maximum, as it is shown in the lower panel of Fig. 4. As it can be seen, the distributions for
Gaussian k7 broadening and the vacuum case show a very similar behavior, while the distribution
for the Non-Gaussian k7 broadening is considerably broader.
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