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In this paper, we estimate the double parton scattering (DPS) contribution for the
heavy quark production in pA collisions at the LHC. The cross-sections for the charm
and bottom production are estimated using the dipole approach, taking into account
the saturation effects, which are important for high energies and for the scattering with
a large nucleus. We compare the DPS contribution with the single parton scattering
one and demonstrate that in the case of charm production, both are similar in the
kinematical range probed by the LHC. Predictions for the rapidity range analyzed by
the LHCb Collaboration are also presented. Our results indicate that the study of the
DPS contribution for the heavy quark production in pPb collisions at the LHC is feasible
and can be useful to probe the main assumptions of the approach.
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1. Introduction

In hadronic collisions at high energies, the occurrence of multi-parton interactions
(MPI) is a consequence of the high density of partons in the hadron wave functions.
In this kinematic regime, the huge number of gluons increases the probability that
two or more hard gluon—gluon fusions in a single hadron-hadron collision take
place. The single gluon—gluon fusion in this kind of process is usually called Single
Parton Scattering (SPS) and its contribution is in general the dominant process in
perturbative QCD (pQCD) calculations. Recently, several theoretical and experi-
mental studies have shown that Double Parton Scattering (DPS) processes cannot
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be neglected at LHC energies (for recent reviews, see e.g. Ref. 1). In particular, the
experimental results from the LHCb Collaboration on four D meson production in
pp collisions? indicate that the DPS contribution is non-negligible in the kinemati-
cal range considered. Besides accounting for a significant part of the cross-section,
the study of DPS processes is also important for other reasons. It can, for example,
help us understand the spatial structure of hadrons, the multi-parton correlations
in the hadronic wave function®® and is expected to help in the search for new
physics (see, e.g. Ref. 9).

One of the promising processes to probe the DPS mechanism is heavy quark
production. At high energies, this process probes the hadron wave function at very
small values of the Bjorken-x and its cross-section can be calculated perturbatively.
This process is dominated by gluon—gluon scatterings and a large cross-section
is predicted at the LHC by the single scattering mechanism. As a consequence
of the large luminosity of small-z gluons in the initial state, we expect a signif-
icant contribution of the DPS mechanism to heavy quark production. This ex-
pectation has been confirmed by the analysis performed in Refs. 10-12 (see also
Refs. 7 and 13). In particular, in Ref. 12 we have investigated the impact of
saturation effects in DPS production of heavy quarks. The results from Refs. 10 and
12 demonstrated that for charm production in pp collisions at LHC energies, the
double parton scattering contribution becomes comparable with the single parton
scattering one. Moreover, in Ref. 12 we also demonstrated that the production of
ccbb contributes significantly to bottom production.

Another possibility to probe the DPS mechanism is the analysis of different final
states in nuclear collisions. The studies performed in Refs. 5, 14-17 have shown that
the DPS mechanism is strongly enhanced in pA and AA collisions. These studies
encourage us to extend our previous analysis to pA collisions and investigate the
DPS contribution to heavy quark production. In particular, we will estimate the
magnitude of the DPS cross-section for pPb collisions at /syn = 5.02 TeV, which
can be measured at the LHC. As at small-z and a large nucleus, we expect a large
contribution of saturation effects to heavy quark production,'® we also include these
effects in our calculations.

This paper is organized as follows. In Sec. 2, we present the basic assumptions
and formulas derived in Refs. 14 and 15, which we use to calculate the DPS cross-
sections for the heavy quark production in pA collisions. In Sec. 3, we estimate the
total cross-section for the cécé, bbbb and cébb production for different nuclei and
analyze its energy dependence. The DPS and SPS contributions are compared and
the magnitude of the DPS contribution for pPb collisions at /s = 5.02 TeV is
presented. Predictions for the kinematical range probed by the LHCb experiment
also are shown. Finally, in Sec. 4, we summarize our main conclusions.

2. The Formalism

Initially, let us present a brief review of the formalism used to treat single and dou-
ble parton scattering in a generic hadron—hadron collision. In the case of an SPS
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process, we assume that only one hard interaction occurs per collision. The basic
idea, which justifies this approach, is that the probability of a hard interaction in
a collision is very small, which makes the probability of having two or more hard
interactions in a collision highly suppressed with respect to the single interaction
probability. As discussed in Refs. 10-12, such assumption is reasonable in the kine-
matical regime in which the flux of incoming partons is not very high. However,
at LHC energies, there is a high probability of scattering of more than one pair of
partons in the same hadron—hadron collision. Consequently, it is important to take
into account the contribution of the DPS processes. Following the same factoriza-
tion approximation assumed for processes with a single hard scattering, it is possible
to derive the DPS contribution for the heavy quark cross-section considering two
independent hard parton sub-processes. It is given by (see, e.g. Ref. 3)

DPS (2 99 . L2 2
Thihy—Q1Q1Q2Q2 — <E) /Fhl($17x2,b1,b27ul7u2)
N 9 A 5
XO"?Q‘QIQI (xl’x/l’Ml)ag)ngz(x27x/27M2)
x Fig(x/l,xé; b1 — b, by — b; i, p3)

x dxy dao dr’y dah d*by d?by d°b, (1)

where we assume that the quark-induced sub-processes can be disregarded at high
energies, Fff (w1, 2; b1, bo; 3, u3) are the two-gluon parton distribution functions
which depeﬁd on the longitudinal momentum fractions x; and z2, and on the
transverse positions by and by of the two gluons undergoing hard processes at the
scales p? and p3. The functions & are the parton level sub-processes cross-sections
and b is the impact parameter vector connecting the centers of the colliding hadrons
in the transverse plane. Moreover, m/2 is a combinatorial factor which accounts
for indistinguishable and distinguishable final states. For Q1 = Q2 one has m =1,
while m = 2 for Q1 # Q2. It is common in the literature to assume that the
longitudinal and transverse components of the double parton distributions can be
decomposed and that the longitudinal components can be expressed in terms of the
product of two independent single parton distributions. As in Ref. 12 we will also
assume the validity of these assumptions and consider that the DPS contribution
to the heavy quark cross-section can be expressed in a simple generic form given by

2
where o is a normalization cross-section representing the effective transverse over-
lap of partonic interactions that produce the DPS process. Disregarding possible
correlations between the properties of two partons inside a hadron, e.g. spins, col-

5SPS _ ,SPS )
oPPS _ (M) T Rihe—Q1Q1 Ri1ha—Q2Q: (2)
h1ho—Q1Q1Q2Q2 — Coff ’

ors, flavors, transverse and longitudinal momenta, it is possible to relate o.g with
the impact parameter integral of the overlap function t(b): oo = [[ d?bt*(b)] 7!,
where t(b) = [ f(b1)f(b1 — b)d?b; and f(b) describes the transverse parton den-
sity in a given hadron. In general, it has been considered as a free parameter to
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Fig. 1. Heavy quark production through DPS in pA collisions. Left: Two gluons coming from
the proton projectile scatter with two gluons coming from the same nucleon in the target nucleus;
Right: Two gluons coming from the proton projectile scatter with two gluons coming from different
nucleons in the target nucleus.

be determined through fits to experimental pp/pp data. Recent results for multiple
DPS measurements at Tevatron and LHC indicate that in order to reproduce the
data we should have e pp ~ 15 £ 5 mb.} Equation (2), usually called “pocket
formula”, expresses the DPS cross-section as the product of two individual SPS
cross-sections assuming that the two SPS sub-processes are uncorrelated and do
not interfere. The validity of these strong assumptions at LHC and higher ener-
gies is still an open question, which has motivated several theoretical studies (see,
e.g. Refs. 3 and 7). However, the phenomenological analysis of different processes
indicates that Eq. (2) can be considered a reasonable first approximation for the
treatment of DPS processes.

In order to extend the treatment of DPS processes to proton—nucleus collisions
we need to take into account that the parton flux associated to the nucleus is
enhanced by a factor o« A and that in the interaction the two gluons associated
to the proton can interact with two gluons coming from the same nucleon of the
nucleus or with two gluons coming from different nucleons of the nucleus. Both
possibilities are represented in the left and right panels of Fig. 1. Hereafter, we

will denote the cross-sections associated to these two contributions by 0113 1}; 51 and

011))158727 respectively. A way to treat these contributions was proposed in Ref. 14

and applied in Ref. 15 to the production of same-sign WW in pA collisions, which
was suggested to be a signal for DPS. In what follows we extend the frame-
work presented in Refs. 14 and 15 to the calculation of heavy quark produc-
tion. Following Refs. 14 and 15 we will assume that 0_11))15871 can be estimated
scaling the proton-—nucleon pN cross-section by the number A of nucleons in-
side the nucleus, i.e. o), > = A oDFS. Moreover, we will consider that oy >
can be estimated in terms of the DPS proton—nucleon cross-section as follows:
ooy > = oDFS - ety - Fpa. The quantity F,a can be expressed in terms of the

nuclear thickness function T4 as follows: Fpa = [(A —1)/A] [ T7Z,(r)d*r, where r
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is the impact parameter between the colliding proton and nucleus. As discussed in
Ref. 15, the factor (A — 1)/A was introduced to take into account the difference
between the number of nucleon pairs and the number of different nucleon pairs.
Consequently, the final formula for the DPS pA cross-section is given by!®:

DPS __ DPS,1 DPS,2 DPS

1
OpAsab = Opa T 0pa "~ = AopNZap [1 + ZUeH,pprA] (3)

which implies

oSPS | ,SPS
pps _ (M pN—a " “pN—b (4)
UpA—)ab - 2
Oeff,pA
with the normalization effective cross-section given by
Oeff,pp
OeffpA = 7 - (5)
A+ O'eff,pprA

In the simplest approximation that the nucleus has a spherical form (with uniform
nucleon density) of radius Ry = rgA'/3, and 7o = 1.25 fm, the integral of the
nuclear thickness factor becomes:

9A(A-1)

F =
P TR RY,

(6)
In the above equations one finds that oes pp/0eipa ~ 3A instead of the simple
scale factor A that one would naively expect. Moreover, this also implies that the
pPb DPS cross-section is enhanced by a factor 3A (= 600) in comparison to the
DPS contribution in pp processes.

The main input in the calculation of the DPS pA cross-section, Eq. (4), is the
pN cross-section associated to the SPS process. As in our previous study,*? we will
estimate this quantity using the dipole approach, which allows to easily include
saturation effects, which are expected to contribute significantly at the small values
of = probed in heavy quark production at the LHC. This approach is expected to
take into account of leading o In(1/z) corrections as well of QCD factorization
breaking effects predicted to be present at large partonic densities.*® 2L Moreover,
the results presented in Ref. 22 demonstrate the equivalence between the color
dipole approach and the collinear one at low partonic densities, with the dipole
predictions being similar to those obtained at next-to-leading order in the collinear
formalism. Finally, as demonstrated in Ref. 12 (see also Ref. 23 for a recent analysis),
this approach is able to describe the RHIC and LHC data. In the dipole approach
the total cross-section for the process pN — QQX is given by2425:

) —In(2mq /+/5) )
(PN = {QQ}X) =2 / dy 21p(x1, pr)o(gN — {QQYX), (7)

where z1gp(x1, pr) is the projectile gluon distribution, the cross-section o(gN —
{QQ}X) describes heavy quark production in a gluon—nucleon interaction, y is
the rapidity of the pair and pp is the factorization scale. The basic idea of this
approach is that before interacting with the nucleon target N a gluon is emitted
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by the projectile p, which fluctuates into a color octet pair QQ. As in the low-z
regime the time of fluctuation is much larger than the time of interaction, and color
dipoles with a defined transverse separation p are eigenstates of the interaction.
The cross-section for the process g + N — QQX is given by

o(gN — {QQ}X) = / do / Pol¥,,00(0 p) oy (@ p) (8)

where W _, 5 is the light-cone (LC) wave function of the transition g — QQ and
ag Og is the scattering cross-section of a color neutral quark—antiquark—gluon system
on the hadron target N.19:22:24.25 Ag discussed in Refs. 12 and 18, this cross-section
can be expressed in terms of the dipole—proton cross-section which is determined by
the QCD dynamics at high energies and is probed in the deep inelastic scattering
ep processes studied at HERA. Equation (7) can be directly generalized to describe
the total cross-section of heavy quark production in pA collisions'® considering
the fact that color dipoles are eigenstates of the interaction. Therefore, the QQg-
nucleus interaction can be expressed in terms of the cross-section on a nucleon
target using the Glauber—Gribov formalism:

oho, (. p) = 2/d2b{1 ~ exp {—%UgQg(x,pQ)TA(b)] } )

where T4 (b) is the nuclear profile function, which is obtained from a 3-parameter
Fermi distribution for the nuclear density normalized to A. As in our previous
studies,'?18 we will assume that the dipole-nucleon cross-section can be described
by the phenomenological saturation model proposed by Golec-Biernat and Wusthoff
(GBW) in Ref. 26. As demonstrated in Refs. 12 and 18, the predictions for heavy
quark production using this simplified model are very similar to those obtained
using as input the solution of the running coupling Balitsky—Kovchegov equation,”
which is the current state of the art of the treatment of the nonlinear and quantum
effects in the hadron wave function. Moreover, following Ref. 12 we will assume
that m. = 1.5 GeV, mp = 4.5 GeV, ur = 2mg and that xg is given in terms of
the leading-order CTEQ10 parametrization,?® which allows to describe the RHIC
and LHC data for the total cross-sections. As verified in Refs. 18 and 23, the
predictions for the heavy quark production at LHC energies are strongly sensitive
to these choices. In particular, for the charm production at \/syn = 13 TeV, the
upper and lower bound predictions for the total cross-section can be different by
~ 50% of the central one. Such large uncertainty is similar to that present in the
NLO collinear predictions (see Table 2 in Ref. 23). In Sec. 3, we will discuss the
implications of this uncertainty on our predictions for the DPS cross-sections.

3. Results and Discussion

In what follows we will present our predictions for the integrated DPS pA cross-

. _ = 7171 17 . . . DPS
section of céce, bbbb and ccbb production. We will estimate 0 A Q101Q20s

ing the full rapidity range covered by the LHC as well as the rapidity range probed

consider-
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Fig. 2. Central predictions for the energy dependence of the SPS and DPS cross-sections for
charm (left panel) and bottom (right panel) production in pp, pCa and pPb collisions. The SPS
(DPS) predictions are represented by solid (dashed) lines. The current uncertainty in the predic-
tions at high energies, associated to changes in the factorization and renormalization scales and
heavy quark mass, is & 40 (90)% in the SPS (DPS) case.

by the LHCDb experiment (2.0 < y < 4.5). The single parton scattering cross-section
associated to the process pN — QQX will be calculated using Eq. (7). For the case
of a nuclear target, we will use Eq. (9) as input in our calculations. Moreover, we will
assume that e ,p = 15 mb. Using Eq. (6) we obtain that Fj,4 = 3.0 (28.1) mb ™"
for A = 40(208), which implies that oes pca = 170 pb and e pry = 23.8 pb.
Finally, in our analysis the contribution of the single parton scattering processes
associated to the gg — Q1Q1Q2Q2 diagram will not be included, since the results
presented in Ref. 29 indicate that its magnitude is &~ 2 orders of magnitude smaller
than the DPS contribution in the kinematical range considered.

Initially let us analyze the nuclear dependence of SPS and DPS cross-sections.
As emphasized in Sec. 2, the DPS contribution in nuclear collisions is enhanced in
comparison to pp collisions. This can be observed in the results presented in Fig. 2,
where we show our predictions for charm (left panel) and bottom (right panel)
production. In the case of charm production we can see that the energy where the
SPS and DPS contributions becomes identical (indicated by a small circle in the
figure) decreases at larger values of A. We can see that for A = 1 the equality takes

place above the considered energy range, whereas oP%S = ¢oFS

pA—céce — TpA—cz OCCULS at

V8NN =~ 19.6 and 10.4 TeV for A = 40 and 208, respectively. In the case of bottom
production, the SPS and DPS contributions are identical only for energies beyond
the range considered in the figure.

In Table 1 we present our predictions for the SPS and DPS cross-sections for
pPDb collisions at different center-of-mass energies. We present only the results asso-
ciated to the central predictions, obtained with the set of parameters, gluon PDF
and dipole model, that allow us to describe the RHIC and LHC data for the SPS
cross-section in pp collisions. Initially, let us discuss the SPS predictions for the
charm and bottom production in pPb collisions. We have verified that if the factor-
ization and renormalization scales are modified within a factor of two and heavy
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Table 1. Central predictions for the SPS and DPS contributions for charm and bottom pro-
duction in pPb collisions at different center-of-mass energies considering the full kinematical
range covered by the LHC. The current uncertainty in these predictions, associated to changes
in the factorization and renormalization scales and heavy quark mass, is & 40 (90)% in the SPS
(DPS) case.

Final state Mechanism VSNN = 2.76 TeV VSNN = 5.02 TeV VSNN = 8.8 TeV

cc SPS 664 mb 994 mb 1420 mb
ccce DPS 258 mb 602 mb 1280 mb
bb SPS 32 mb 55 mb 90 mb
bbbb DPS 0.5 mb 1.5 mb 3.9 mb

quark mass are modified by +20%, the resulting predictions differ of the central
values by a factor 1.4, which is similar to the uncertainty observed in the pp case.
Our predictions can be compared with those presented in Ref. 30, which have esti-
mated the cross-sections using the collinear formalism at next-to-next leading order
(NNLO) with the nuclear modifications of the parton distributions being described
by the EPS09-NLO parametrization.?! The results presented in Table 1 are simi-
lar to those presented in Ref. 30. In particular, our central predictions are slightly
larger than the central results presented in Ref. 30. Such difference is mainly as-
sociated to the fact that in our calculations we are assuming a smaller value for
the heavy quark mass. As demonstrated in Ref. 18, our predictions are sensitive to
the value of mq, with larger values reducing the magnitude of the cross-section. It
is important to emphasize that saturation effects were not taken into account in
Ref. 30. However, they consider the presence of shadowing effects at small-z, which
also implies a reduction in the magnitude of the cross-section. The origin of the
shadowing effects included in EPS09 parametrization is still an open question, with
the saturation physics being one of the possible alternatives (see e.g. Ref. 32).

Let us now discuss the DPS predictions presented in Table 1. As in SPS case, we
only present the central results. However, as these predictions were obtained using
the pocket formula, Eq. (4), we can estimate the uncertainty present in the results.
The results presented in Refs. 18 and 23 indicate that the current uncertainty
in the dipole predictions for the charm and bottom production in pp collisions is
a factor ~ 1.5. As a consequence, we can estimate that the uncertainty present
in the results shown in Table 1 is of a factor &~ 2. This factor can be larger by
approximately 20% due to current uncertainty in the value of oeg pp. Although the
normalization of the SPS and DPS cross-sections can be modified by the current
theoretical uncertainty, our results indicate that the DPS contribution for charm
production is non-negligible in the range of energies probed by the LHC in pPb
collisions, as it already was in pp collisions.'2 In the case of the bottom production,
our results indicate that U;?XibEbB < 0.05 x UEE\ibE at LHC energies.

Another possible final state that can be produced considering the DPS mecha-
nism is the bbcé system, which can be generated when one gluon-gluon interaction
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Fig. 3. Comparison between the SPS predictions for charm (solid line) and bottom (dashed line)
production and the DPS one for the production of the bbcc final state (dot-dashed line) in pPb
collisions. In the left panel we present our predictions obtained considering the full rapidity range
covered by the LHC, while in the right panel the cross-sections were integrated over the rapidity
range covered by the LHCb experiment (2 < y < 4.5). Only the central predictions are presented,
with the uncertainty in the results being similar to that indicated in the previous figures.

creates a bb and the other a c¢ pair. As demonstrated in Ref. 12, the DPS pro-
duction of bbcé can be responsible for approximately half of the total amount of
bottom quarks produced in pp collisions at the LHC. In what follows we will ana-
lyze how this conclusion is modified in pPb collisions. In Fig. 3 we compare the SPS
production cross-sections of ¢ and bb pairs, denoted, respectively, by “SPS ¢” and
“SPS b”, with the DPS production cross-section for the bbcé final state (denoted
“DPS bc” in the figure). In the left panel we present our predictions obtained con-
sidering the full rapidity range covered by the LHC, while in the right panel the
cross-sections were integrated over the rapidity range covered by the LHCb exper-
iment (2 < y < 4.5). The vertical dotted-lines indicates the center-of-mass energy
of 5.02 TeV. In the case that the cross-sections are integrated over the full rapidity
range, one has that the associated production of a bb with a c¢ becomes of the same
order of the SPS production of a bb in pPb collisions for energies of the order of
4 TeV, being dominant at larger energies. As expected, it occurs at smaller energies
than in pp collisions, where we have estimated that bbcé and bb cross-sections are
similar only at /syx =~ 10 TeV. On the other hand, if the LHCb rapidity range is
considered, the bbeé cross-section is a factor four smaller than the bb one.

In order to obtain a more precise estimate of the DPS contributions relative to
the SPS ones, in Fig. 4 we present the energy dependence of the ratio oP¥S /5FS for
different final states. We denote by “bc/b” the ratio between the DPS production of
bbce final state and the SPS production of bb pair, with analogous notation for the
other combinations. In the left panel we present the predictions for the full LHC
rapidity range, while in the right panel we integrated over the rapidity range covered
by the LHCb experiment. The vertical dashed line indicates \/syny = 5.02 TeV.
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Fig. 4. Energy dependence of the ratio between the DPS and SPS cross-sections for different
combinations of final states. Left panel: Cross-sections integrated over the full LHC rapidity range.
Right panel: The cross-sections are integrated over the rapidity range of the LHCb experiment
(2 <y <4.5).

Our results for the full rapidity range indicate that the ratios “be/b” and “ce/c”
are of order of unity in pPb collisions at \/syy = 5.02 TeV, while the ratios “bc/c”
and “bb/b” are smaller than 0.05. In contrast, all ratios are smaller than 0.3 in the
LHCb rapidity range. In Ref. 12 we estimated these same ratios for pp collisions.
Comparing the above results obtained for pPb collisions with those presented in
Fig. 4 of Ref. 12, we have that these are considerably greater. Therefore, even
at the rapidity range of the LHCb, heavy quark production in DPS processes is
more likely to be experimentally detected in pPb collisions than in pp collisions. As
pointed in Ref. 15, this can be useful to constrain the value of oef pp, since Fj,4 is
reasonably well determined from the nuclear geometry [see Eqs. (4) and (5)].

4. Conclusion

Recent experimental and theoretical studies of different final states that can be
produced in pp collisions at the LHC have demonstrated that the contribution of
double parton scattering processes can be non-negligible and should be taken into
account. Such contribution becomes large at high energies due to the large parton
luminosity in the initial state and is enhanced in nuclear collisions. In this paper,
we have extended our previous study of DPS production of heavy quarks in pp
collisions to pA collisions. We have used the dipole approach and we have taken
into account the saturation effects which are expected to be important for small x
and large nuclei. We estimated the A dependence of the SPS and DPS cross-sections
and demonstrated that the DPS contribution for charm production is similar to the
SPS one for pPb collisions at /syy = 5.02 TeV and dominates at larger energies.
Additionally, we have shown that the associated production of a bb with a c¢ has a
cross-section similar to the SPS cross-section for the production of a bb. Our results
indicate that the analysis of the cécéand bbcé final states in pPb collisions at the
LHC can be useful to constrain the double parton scattering mechanism.

1850141-10



Mod. Phys. Lett. A 2018.33. Downloaded from www.worldscientific.com

by UNIVERSIDADE DE SAO PAULO on 12/16/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

Heavy quark production in pA collisions

Acknowledgments

This work was partially financed by the Brazilian funding agencies FAPESP, CNPq,
CAPES, FAPERGS and INCT-FNA (Process No. 464898/2014-5).

References

1.

10.
11.

12.
13.

14.
15.
16.
17.
18.
19.
20.
21.

22.
23.

24.

25.

H. Jung, D. Treleani, M. Strikman and N. van Buuren, Proc. 7th Int. Workshop
on Multiple Partonic Interactions at the LHC (MPIQLHC 2015): Miramare, Trieste,
Italy, November 23-27, 2015, DESY-PROC-2016-01; F. Hautmann and H. Jung,
arXiv:1712.01726; B. Blok and M. Strikman, arXiv:1709.00334; D. d’Enterria and
A. Snigirev, arXiv:1708.07519; D. Treleani and G. Calucci, arXiv:1707.00271.

LHCb Collab. (R. Aaij et al.), JHEP 1206, 141 (2012) [Addendum-JHEP 1403, 108
(2014)].

M. Diehl and A. Schafer, Phys. Lett. B 698, 389 (2011); M. Diehl, D. Ostermeier and
A. Schafer, JHEP 1203 089 (2012).

G. Calucci and D. Treleani, Phys. Rev. D 83, 016012 (2011).

S. Salvini, D. Treleani and G. Calucci, Phys. Rev. D 89, 016020 (2014).

B. Blok, Y. Dokshitzer, L. Frankfurt and M. Strikman, Eur. Phys. J. C 74, Arti-
cle 2926 (2014).

M. G. Echevarria, T. Kasemets, P. J. Mulders and C. Pisano, JHEP 1504, 034 (2015).
S. Ostapchenko and M. Bleicher, Phys. Rev. D 93, 034015 (2016).

A. Del Fabbro and D. Treleani, Phys. Rev. D 61, 077502 (2000); M. Y. Hussein, Nucl.
Phys. Proc. Suppl. 174, 55 (2007); D. Bandurin, G. Golovanov and N. Skachkov,
JHEP 1104, 054 (2011); J. R. Gaunt, C.-H. Kom, A. Kulesza and W. J. Stirling,
Eur. Phys. J. C 69, 53 (2010); K. Doroba et al., Phys. Rev. D 86, 036011 (2012).
M. Luszczak, R. Maciula and A. Szczurek, Phys. Rev. D 85, 094034 (2012).

A. V. Berezhnoy, A. K. Likhoded, A. V. Luchinsky and A. A. Novoselov, Phys. Rev.
D 86, 034017 (2012).

E. R. Cazaroto, V. P. Gongalves and F. S. Navarra, Phys. Rev. D 88, 034005 (2013).
R. Maciula and A. Szczurek, Phys. Rev. D 87, 074039 (2013); A. van Hameren,
R. Maciula and A. Szczurek, ibid. 89, 094019 (2014); J. R. Gaunt, R. Maciula and
A. Szczurek, ibid. 90, 054017 (2014); A. van Hameren, R. Maciula and A. Szczurek,
Phys. Lett. B 748, 167 (2015); R. Maciula, V. A. Saleev, A. V. Shipilova and
A. Szczurek, ibid. 758, 458 (2016).

M. Strikman and D. Treleani, Phys. Rev. Lett. 88, 031801 (2002).

D. d’Enterria and A. M. Snigirev, Phys. Lett. B 718, 1395 (2013).

D. d’Enterria and A. M. Snigirev, Phys. Lett. B 727, 157 (2013).

B. Blok, M. Strikman and U. A. Wiedemann, Eur. Phys. J. C'73, Article 2433 (2013).
E. R. Cazaroto, V. P. Goncalves and F. S. Navarra, Nucl. Phys. A 872, 196 (2011).
B. Z. Kopeliovich and A. V. Tarasov, Nucl. Phys. A 710, 180 (2002).

F. Gelis and R. Venugopalan, Phys. Rev. D 69, 014019 (2004).

T. Altinoluk, N. Armesto, G. Beuf, A. Kovner and M. Lublinsky, Phys. Rev. D 93,
054049 (2016).

J. Raufeisen and J. C. Peng, Phys. Rev. D 67, 054008 (2003).

A. Bhattacharya, R. Enberg, Y. S. Jeong, C. S. Kim, M. H. Reno, I. Sarcevic and
A. Stasto, JHEP 1611, 167 (2016).

N. N. Nikolaev, G. Piller and B. G. Zakharov, J. Ezp. Theor. Phys. 81, 851 (1995)
[Zh. Eksp. Teor. Fiz. 108, 1554 (1995)].

N. N. Nikolaev, G. Piller and B. G. Zakharov, Z. Phys. A 354, 99 (1996).

1850141-11


https://arxiv.org/abs/1712.01726
https://arxiv.org/abs/1709.00334
https://arxiv.org/abs/1708.07519
https://arxiv.org/abs/1707.00271

Mod. Phys. Lett. A 2018.33. Downloaded from www.worldscientific.com

by UNIVERSIDADE DE SAO PAULO on 12/16/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

E. R. Cazaroto, V. P. Gongalves € F. S. Navarra

26. K. Golec-Biernat and M. Wusthoff, Phys. Rev. D 59, 014017 (1998); 60, 114023
(1999).

27. J. L. Albacete, N. Armesto, J. G. Milhano and C. A. Salgado, Phys. Rev. D 80,
034031 (2009).

28. H. L. Lai, M. Guzzi, J. Huston, Z. Li, P. M. Nadolsky, J. Pumplin and C.-P. Yuan,
Phys. Rev. D 82, 074024 (2010).

29. W. Schafer and A. Szczurek, Phys. Rev. D 85, 094029 (2012).

30. D. d’Enterria and A. M. Snigirev, Fur. Phys. J. C 78, Article 359 (2018).

31. K. J. Eskola, H. Paukkunen and C. A. Salgado, JHEP 0904, 065 (2009).

32. N. Armesto, J. Phys. G 32, R367 (2006).

1850141-12



	Introduction
	The Formalism
	Results and Discussion
	Conclusion


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 841.680]
>> setpagedevice


