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Abstract Using the framework that interpolates between
the leading power limit of the color glass condensate and
the high energy (or kT ) factorization we calculate the direct
component of the forward dijet production in ultra-peripheral
Pb–Pb collisions at CM energy 5.1 TeV per nucleon pair. The
formalism is applicable when the average transverse momen-
tum of the dijet system PT is much bigger than the saturation
scale Qs , PT � Qs , while the imbalance of the dijet sys-
tem can be arbitrary. The cross section is uniquely sensitive to
the Weizsäcker–Williams (WW) unintegrated gluon distribu-
tion, which is far less known from experimental data than the
most common dipole gluon distribution appearing in inclu-
sive small-x processes. We have calculated cross sections
and nuclear modification ratios using WW gluon distribu-
tion obtained from the dipole gluon density through the Gaus-
sian approximation. The dipole gluon distribution used to get
WW was fitted to the inclusive HERA data with the nonlin-
ear extension of unified BFKL + DGLAP evolution equation.
The saturation effects are visible but rather weak for realistic
pT cut on the dijet system, reaching about 20% with the cut
as low as 6 GeV. We find that the LO collinear factorization
with nuclear leading-twist shadowing predicts quite similar
effects.
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1 Introduction

High energy collisions of heavy ions provide a unique oppor-
tunity to investigate the quark–gluon plasma regime of QCD.
In addition, they also offer a more direct insight into dense
initial nucleus states. Relativistic nuclei are in fact very strong
sources of electromagnetic fields, thus when they collide
at large impact parameters it is possible to study photon–
nucleus interactions. Such ultra-peripheral heavy ion colli-
sions (UPC) can be investigated using the current LHC setup,
and there are plenty of unique possibilities to explore various
aspects of nuclear physics [1] and the small-x regime [2]. In
particular, photon–nucleus interactions can shed some light
on certain aspects of the small-x physics, principally the sat-
uration phenomenon [3].

In the present work we will be focused on the dijet pro-
duction in UPC in the kinematic configuration which probes
relatively small values of x . The purpose of this analysis is
twofold. First, we give predictions within a framework which
incorporates a nonlinear gluon saturation phenomenon. For
certain differential cross sections we will also give predic-
tions using the collinear factorization with the leading-twist
nuclear shadowing [4,5]. Second, the dijet configurations in
γ A collisions are sensitive to subtle QCD effects related to
gluon distributions appearing in saturation formalism; we
describe this situation in some more details later below. Thus,
the second goal is to check if UPC can shed some light on that
subject. A previous study in a similar context for the Elec-
tron Ion Collider was done in [6] using a slightly different
formulation.

One of the aspects of jet production in hadron–hadron
collisions (for recent review see [7]) is that factorization the-
orem does not work for observables sensitive to transverse
momenta of partons, like azimuthal correlations. More pre-
cisely, the transverse momentum dependent (TMD) parton
densities are not universal [8,9]. This shows up as a process
dependence of Wilson line structure in the operators enter-
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ing the definitions of leading-twist TMD parton distribution
functions. On the other hand, the non-operator approaches
like the DDT formula [10] provide a way to access such
observables in the leading logarithmic approximation. The
TMD factorizations are much stronger as they hold up to
leading power. In addition, the operator definitions of TMD
gluon distributions are valid also for small values of x and in
general the non-universality still holds. This is in particular
true in the saturation regime. In the color glass condensate
(CGC) effective theory [11], which models the saturation
phenomenon, the non-universality appears as a proliferation
of color averages of many Wilson line operators. These cor-
relators in principle parametrize non-perturbative physics,
playing a similar role to parton distributions. In fact, there is
a connection to the TMD factorization: for dijet production
it has been shown that the leading power limit of the CGC
formulas corresponds to the TMD expressions, provided that
the CGC color averages are replaced by the hadronic matrix
elements [12]. Moreover, it appears that there are two funda-
mental objects describing the hadronic target. On the TMD
factorization side, there are two TMD gluon distributions,
having the most elementary Wilson line structure (see also
[13]). The first one is

xG1 (x, kT ) = 2
∫

dξ−d2ξT

(2π)3P+ eix P
+ξ−−ikT ·ξT

× 〈P| Tr
{
F+i (ξ−, ξT

)
U [+]†F+i (0)U [+]

}
|P〉 ,

(1)

where Fμν (x) are gluon strength tensors in fundamental rep-
resentation andU [+] is the Wilson line joining the space-time
points ξ and 0 through the +∞. The trace is over the fun-
damental color space. The second TMD gluon distribution
is

xG2 (x, kT ) = 2
∫

dξ−d2ξT

(2π)3P+ eix P
+ξ−−ikT ·ξT

×〈P| Tr
{
F+i (ξ−, ξT

)
U [−]†F+i (0)U [+]

}
|P〉 ,

(2)

where U [−] is the Wilson line that goes from ξ to 0 via −∞.
The appearance of the form of the gauge linksU [±] is related
to the kind of collinear gluons that are resummed: U [+] rep-
resents the final state interactions, whileU [−] the initial state
interactions. In the case of xG1 one can get rid of the Wilson
lines by a suitable choice of gauge (and boundary condi-
tion at +∞ for transverse gauge field components) giving
a gluon number density interpretation to that distribution.
On the CGC side, those two gluon distributions appear in
two different contexts. The xG1 appears in the McLerran–
Venugopalan (MV) model [14] as the gluon number density
calculated in the semi-classical approximation, thus it is often
named the Weizsäcker–Williams (WW) gluon distribution.

The xG2 appears as a Fourier transform of the forward dipole
amplitude on the nucleus, thus it is named the ‘dipole’ gluon
distribution. In general, these are two independent quanti-
ties, but they can be related in a certain approximation; see
Eq. (11). It is interesting that most ‘simple’ QCD processes
like inclusive DIS, semi-inclusive DIS or Drell–Yan all probe
the dipole gluon distribution. Thus, this gluon distribution is
quite well constrained from the data. It is not the case for the
WW gluon distribution which has been only calculated from
models. However, it has been shown in [12] that the WW
gluon distribution can be probed when more complicated
final states are considered, in particular dijets in γ A and pA
collisions. The dihadron correlations in pA collisions were
used to test these unintegrated gluon distributions within the
saturation framework [15,16]. The advantage of γ A colli-
sions is that in the close to back-to-back dijet configuration
the WW gluon is probed directly. Note that the A-dependent
Sudakov broadening of imbalance is present in the DGLAP
formalism; see [17] for the study of this effect in the massive
neutral gauge boson production. The study of this effect for
dijet production is beyond the scope of this paper.

Although in the present work we focus mainly on the
nonlinear saturation phenomena, the nuclear effects are not
restricted to saturation alone. In fact, before the onset of
saturation the nuclear shadowing may be significant. It is
a leading-twist effect since the suppression of gluons is
encoded in the collinear PDFs within the collinear factor-
ization approach [5]. Large gluon shadowing consistent with
prediction of [5] was reported in the coherent J/� photo-
production of Pb. For example the shadowing for x = 10−3,
Q2 ∼ 3 GeV2 was found to be ≈ 0.6, for the recent dis-
cussion and extensive list of references see [18] (for J/�

production in CGC see [19–21]). In the present work we
estimate both effects, the leading-twist nuclear shadowing
and the saturation, for selected jet observables. The question
whether and how these should be combined remains open
and is beyond the scope of this paper.

We are considering the limit when typical transverse
momenta are much larger than Qs . In the limit kt � Qs

production of leading particles/jets may be suppressed very
strongly. This effect may be responsible for the large sup-
pression of the forward pion production in d − Au collisions
at BNL, for the summary and references see chapter 8 of
Ref. [5]. How fast these effects die out at kt > Qs still has
to be investigated.

In the small-x literature the gluon distributions with trans-
verse momentum dependence are typically called uninte-
grated gluon distributions (UGDs). We shall follow this stan-
dard terminology, keeping in mind the following issues. First,
the name UGD would suggest that integrating it over kT
one gets a collinear gluon PDF. There is no proof of that
statement within QCD. There are theoretical difficulties with
such a relation, connected to the proper formulation of factor-
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ization in the case with transverse momentum dependence;
see for example [22]. Second, the collinear parton densi-
ties are obtained from the DGLAP equations (up to NNLO
order) whereas the unintegrated gluon distributions are usu-
ally obtained from the evolution which includes resummation
of large logarithms ln 1/x . Thus the two types of distribu-
tions are typically obtained in the different regimes. In the
nucleus case for instance, at present no UGD exists which
could lead to the gluon distribution incorporating the leading-
twist shadowing. This, however, does not mean that the latter
is inherently incompatible with all approaches using UGDs.
In principle, one could construct a framework in which the
leading-twist shadowing gluon distribution could be obtained
from the UGDs provided they account for diffractive states
and the appropriate resummation of collinear and small x
logarithms would be performed in both cases.

From the above review it is clear that the study of dijets in
UPC collision is of great importance for better understanding
of the WW gluon distribution in the small x regime. One of
the goals of this work is to investigate whether the present
LHC kinematics can give a restriction of that distribution.
This is done, by a direct calculation of the cross sections and
nuclear modification factors for various observables taking
into account existing information on WW gluon distribution.

The work is organized as follows. In Sect. 2 we describe
the framework and ingredients necessary to compute the pro-
cess of interest within the saturation regime. Next, in Sect. 3
we give detailed description of the unintegrated gluon distri-
bution functions, kinematic cuts and actual implementation
of the formalism. The results of numerical simulations are
given in Sect. 4. Finally, we give a brief summary in Sect. 5.

2 Factorization formula for the dijet cross section in
UPC

In the standard approach to ultra-peripheral collisions one
factorizes the cross section into the quasi-real photon flux
dNγ /dxγ and the photon–nucleus cross section dσγ A→2 jet+X

[1]

dσUPC
AA→2 jet+X =

∫
dxγ

dNγ

dxγ

dσγ A→2 jet+X , (3)

where xγ is the fraction of the heavy ion longitudinal momen-
tum carried by the photon. The photon flux is given by the
Weizsäcker–Williams approximation,

dNγ

dxγ

= 2Z2α

πxγ

[
ζK0 (ζ ) K1 (ζ ) − ζ 2

2

(
K 2

1 (ζ ) − K 2
0 (ζ )

)]
,

(4)

with Z being the charge of the ion, α = 1/137 is the elec-
tromagnetic coupling constant and K0, K1 are the modified
Bessel functions. Their argument is ζ = xγ RA

√
S/γ , where

S is the CM energy squared, γ is the Lorentz factor and RA

is the nucleus radius.
We are interested in the γ A → 2 jet + X process under

the following assumptions: (i) The nucleus is probed at suffi-
ciently small longitudinal momentum fraction xA so that the
saturation formalism applies. In reality, as we show later, xA
can reach values of order ∼ 10−3 (this would require pT of
the jet down to 10 GeV) so that we probably venture outside
the applicability domain of the saturation formalism. (ii) We
focus on the kinematic region where xA < xγ , which implies
that we look for a forward dijet configuration along the pho-
ton direction. A comment is in order here. Unlike for the
pA collisions within the hybrid approach [23] this restric-
tion is not absolutely necessary for γ A collisions. The only
restriction is that xA has to be small enough. Allowing for the
full rapidity coverage will, however, unnecessarily make the
xA spectrum broader towards the larger values (see Fig. 3).
Moreover, restricting to forward jets may allow in the future
to combine the present results with the resolved component
of the cross section. (iii) The average transverse momentum
of the dijet system PT = (pT 1 + pT 2) /2 is much bigger
than the saturation scale Qs , PT � Qs , and sets the hard
scale of the process: μ ∼ PT . iv) The transverse imbalance
of the dijets kT = |pT 1 + pT 2| can be anything allowed by
the kinematics – this implies that the non-leading power cor-
rections have to be taken into account.

Let us now describe the approach satisfying the above
requirements (the justification will be given later in this sec-
tion). It is a straightforward analog (in fact much simpler) of
the formalism of [24] for dijets in pA collisions. The follow-
ing factorization formula for the γ A → 2 jet + X process
will be used:

dσγ A→2 jet+X =
∑
{q,q}

∫
dxA
xA

∫
d2kT

× xAG1 (xA, kT ) dσγ g∗→qq (xA, kT ) , (5)

where xG1 is the Weizsäcker–Williams UGD function. The
partonic cross section dσγ g∗→qq is calculated using the LO
amplitude for the process γ g∗ → qq , where g∗ denotes
the off-shell gluon. In the high energy approximation the
momentum of the gluon has only one longitudinal com-
ponent, parallel to the parent hadron. That is, taking the
momentum of the nucleus to be pA, the momentum of g∗
is kμ

A = xA p
μ
A + kμ

T , where pμ
A = (1, 0, 0,−1)

√
S/2 and

kμ
T = (

0, k1
T , k2

T , 0
)
. The gluon spinor index is projected on

the vector pA. It can be shown that such amplitude is gauge
invariant [25]. In practical calculations we used the helicity
amplitudes calculated from the program described in [26]
extended to quarks. The two-particle phase space is included
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in dσγ g∗→qq and is constructed with the exact momentum
conservation and taking into account the transverse momen-
tum kT of the gluon. Let us note that in Eq. (5) there is no hard
scale dependence in xG1. In fact, in the saturation formalism
the evolution with the hard scale is not typically present. This
is primarily because the formalism is normally used for small
hard scales, of the order of the saturation scale. In our case,
however, the hard scale is set by the jet transverse momenta
and may be large. Thus, it is important to include the resum-
mation of the Sudakov logarithms in the calculation. Our
method is described at the end of this section.

Let us now justify the present approach. We shall show
that Eq. (5) coincides with known results in two regimes: in
the linear regime with large dijet imbalance kT ∼ PT � Qs

and in the saturation regime with small imbalance PT �
kT ∼ Qs .

Let us start with the first regime. The formula (5) is super-
ficially identical to the high energy factorization (HEF) for-
malism [25,27–33] for heavy quark pair production in inclu-
sive DIS. Namely, in the latter the same phase space and
off-shell matrix element is used. Consider now the limit
kT ∼ PT � Qs adequate to the HEF regime of applica-
bility. It can be shown that, for large kT , both xG1 and xG2

have the same asymptotics [13] (this is in fact true for many
other TMD gluon distributions one can define at small x ; see
[34]). Therefore, in the linear HEF regime there is just one
universal UGD (as long as there is no hard scale dependence).
This justifies Eq. (5) in the regime kT ∼ PT � Qs .

Let us now consider another region of interest, i.e. PT �
kT ∼ Qs . In that region the saturation effects cannot be
neglected, but the power corrections O (kT /PT ) can. There-
fore, as proposed in [12] let us first consider the CGC regime,
kT ∼ PT ∼ Qs , and take the leading power limit of the
corresponding formulas. In CGC picture the situation for
two-particle production gets more complicated comparing
to inclusive production due to a more complicated color flow
in the dense nuclear matter. The relevant formula reads [12]

dσγ A→2 jets

d3 p1d3 p2
=

∑
{q,q}

Nc α e2
q δ

(
xB p

−
B − p−

1 − p−
2

)

∫
d2x1T

(2π)2

d2x ′
1T

(2π)2

d2x2T

(2π)2

d2x ′
2T

(2π)2 e−ip1T ·(x1T −x′
1T )e−ip2T ·(x2T −x′

2T )

×ψλ
αβ (x1T − x2T ) ψ

αβ∗
λ

(
x′

1T − x′
2T

) {
1 − S(2)

xg (x1T , x2T )

−S(2)
xg

(
x′

2T , x′
1T

) + S(4)
xg

(
x1T , x2T ; x′

2T , x′
1T

) }
, (6)

where ψλ
αβ is the wave function of theqq dipole originating in

photon with transverse polarization λ = 1, 2 (see e.g. [12] for
the precise form) and the S(i) terms describe the interaction
of the dipole with the color nucleus field. They are given by
the correlators of Wilson lines

U (xT ) = P exp

{
ig

∫ +∞

−∞
dx−A+

a

(
x−, xT

)
ta

}
(7)

with ta being the color generator in the fundamental repre-
sentation:

S(2)
xg (x1T , x2T ) = 1

Nc

〈
TrU (x1T )U † (x2T )

〉
xg

, (8)

S(4)
xg

(
x1T , x2T ; x′

2T , x′
1T

)

= 1

Nc

〈
TrU (x1T )U † (

x′
1T

)
U

(
x′

2T

)
U † (x2T )

〉
xg

. (9)

The operation 〈.〉xg represents the averaging over the distri-
butions of color sources with xg being the smallest x probed;
see e.g. [11] for details. Taking the leading power limit one
gets [12]

dσγ A→2 jets

d2kT
=

∑
{q,q}

∫
dxA
xA

xAG1 (xA, kT ) dσγ g→qq (xA) ,

(10)

where the fraction xg was identified with xA and the CGC
average of the appearing bilocal operator

F+i (ξ−
1 , ξ1T

)
U [+]†F+i (ξ−

2 , ξ2T
)
U [+]

was identified with the hadronic matrix element 〈.〉xg ←→
〈P |.| P〉 / 〈P|P〉 so that there appears the exact definition of
the Weizsäcker–Williams UGD xG1 as given in Eq. (1). Let
us note that the hard cross section in Eq. (10) is calculated
on-shell in accordance with the leading-twist limit. Compar-
ing Eqs. (5) and (10), we see that the latter is recovered by
neglecting the power corrections in dσγ g∗→qq in Eq. (5), thus
in the regime PT � kT ∼ Qs they coincide.

To summarize, the factorization formula (5) for the PT �
Qs regime coincides with HEF when kT ∼ PT and with the
leading power limit of CGC when kT ∼ Qs . For kT between
those limiting values it provides a smooth interpolation given
by the off-shell matrix element and exact kinematics.

Let us note that, if the process under consideration were
inclusive single jet production, Eq. (5) would change. In that
case, the dipole gluon distribution xG2 would appear instead
of xG1 [35–38].

As already mentioned, there is an issue related to Eqs.
(5) or (10). Namely for PT � kT the hard scale evolution is
important and there should be some sort of the Sudakov form
factor resumming large logarithms of the form log (kT /PT ).
In the correlation regime of Eq. (10), it is rather simple – the
Sudakov form factor multiplies the r.h.s. This was applied in
[6] in the context of dihadron correlations at EIC. On more
general ground, in the saturation formalism a comprehensive
study was done in [39]. In our study, which, as discussed, goes
beyond the leading power, we shall follow a different path.
As we describe in the next section, the formalism of Eq. (5) is
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particularly convenient to implement in a simple Monte Carlo
program which is capable of generating complete kinemat-
ics, with full final state four momenta, and with unit weight
when necessary. Knowing the weights of particular events in
a sample one can estimate the Sudakov effect by a suitable
modification of the weights applying the Sudakov probabil-
ity. From that point of view it is independent of the saturation
and can be applied for any sample of events. In what follows
we shall refer to this approach as the Sudakov resummation
model. In short, the model takes a weight wi (kT , PT ) for an
event i (we suppress other weight variables for brevity) and
modifies it by a surviving probabilityP (kT , PT ) of the gluon
with transverse momentum kT which initiated the event. This
probability is related to the Sudakov form factor. It is assumed
that the gluons that do not survive at the scale kT appear at
the scale PT , so that the model does not change the total cross
section. See [40] for details.

3 The framework for the unintegrated gluon
distribution function

The complete direct components of the UPC cross sec-
tion (3) have been implemented in the LxJet Monte Carlo
program [41] based on foam algorithm [42]. It was previ-
ously used to calculate some jet observables within HEF
(and beyond) in pp and pA collisions, including forward-
central and forward–forward dijets [40,43], three-jet pro-
duction [44], Z0+jet production [45], UGD fits [46] and
recently forward–forward dijets [47] using the approach of
[24]. The Sudakov resummation model is an independent
plugin and is applied on the top of the generated and stored
events.

The crucial ingredient of Eq. (5) is the WW UGD. As dis-
cussed in the introduction, there are no existing experimental
constraints for this gluon. Thus, in the present work we shall
follow [47] and use the WW distribution obtained from the
dipole UGD using the Gaussian approximation

∇2
kT G1 (x, kT ) = 4π2

NcS⊥(x)

∫
d2qT
q2
T

αs(k2
T )

(kT − qT )2

xG2 (x, qT )G2 (x, |kT − qT |) , (11)

where S⊥(x) is the effective transverse area of the target.
The Balitsky–Kovchegov (BK) evolution equation [48,49] is
typically used to evaluate the dipole gluon distribution in the
presence of saturation. In order to include subleading effects
that may be important at non-asymptotic x we have used
a more involved Kwiecinski–Martin–Stasto equation [50]
with the nonlinear term [51] (below we set xG2 (x, kT ) ≡
F (

x, k2
T

)
for brevity):

F
(
x, k2

T

)

= F0

(
x, k2

T

)
+ αs(k2

T )Nc

π

∫ 1

x

dz

z

∫ ∞

k2
T 0

dq2
T

q2
T

×
{q2

TF
(
x
z , q

2
T

)
θ

(
k2
T
z − q2

T

)
− k2

TF
(
x
z , k

2
T

)
∣∣q2

T − k2
T

∣∣

+
k2
TF

(
x
z , k

2
T

)
√

4q4
T + k4

T

}
+ αs(k2

T )

2πk2
T

∫ 1

x
dz

{ (
Pgg (z) − 2Nc

z

)

×
∫ k2

T

k2
T 0

dq2
TF

(
x

z
, q2

T

)
+ zPgq (z) �

(
x

z
, k2

T

)}

− d
2α2

s (k
2
T )

R2

⎧⎨
⎩

[∫ ∞

k2
T

dq2
T

q2
T

F
(
x, q2

T

)]2

+F
(
x, k2

T

) ∫ ∞

k2
T

dq2
T

q2
T

ln

(
q2
T

k2
T

)
F

(
x, q2

T

)}
, (12)

where � (x, kT ) is the accompanying singlet sea quark dis-
tribution and R has the interpretation of the target radius
(more precisely, it appears from the integration of the impact
parameter dependent gluon distribution assuming the uni-
form distribution of gluons). The parameter d, 0 < d ≤ 1
is set to d = 1 for proton and can be varied for nucleus
to study theoretical uncertainty. This equation accounts for
DGLAP corrections, and a kinematic constraint along the
BFKL ladder and running strong coupling constant. Due to
all these (formally) subleading corrections this equation has
been proven to be useful in modeling more exclusive final
states. The actual initial condition F0 has been fitted to the
inclusive DIS HERA [52]. In what follows we shall name
this set of UGD KS (Kutak–Sapeta). Also, the parameter R
had to be fitted giving R ≈ 2.4 GeV−1. The set for a nucleus
(actually the UGD per nucleon) is obtained by changing the
proton R parameter according to the simple Woods–Saxon
prescription RA = A1/3R where A is the mass number. The
nonlinear term in (12) is enhanced then by d A1/3 resulting
in much stronger saturation effects than in the proton case
(for d = 1). In [47] except d = 1 for nucleus, also the val-
ues d = {0.5, 0.75} have been used to study the dependence
of the results on the strength of the nonlinear term. In the
present work, the set with d = 0.5, corresponding to weaker
saturation will be used. As evident from Eq. (12) the satu-
ration effects will become important whenever the nonlinear
term will be of the same order as the linear term. Thus one
can characterize the strength of the nonlinear effects by the
parameter defined as the ratio of these two terms, which is
proportional to the average gluon density per unit area, that
is, a saturation scale. We choose d = 0.5 to ensure that the
saturation scale in the case of scattering off Pb is about 3
times larger than in the case of scattering off the proton. This

123



353 Page 6 of 15 Eur. Phys. J. C (2017) 77 :353

Fig. 1 The Weizsacker–Williams (WW) unintegrated gluon distribu-
tions for proton and lead obtained from the KS dipole distributions [52].
The top row compares the WW distribution for lead with the dipole
distribution for two values of x . The middle row shows the WW dis-

tributions for proton and lead as a function of kT for two values of x .
Finally, the bottom row shows the WW distributions for proton and lead
as a function of x for two values of kT

choice is consistent with the ratio of average gluon density
in Pb and proton for x ∼ 10−3 ÷ 10−4 and with account of
the leading-twist nuclear shadowing, cf. Fig. 100, of [5]. The
saturation scale for Pb for this value of x is about Q2

sat ∼ 2÷
3 GeV2, to be compared with Q2

sat ≤ 1 GeV2 for the proton
case.

For the Pb nucleus the Woods–Saxon formula with the
correction resulting from the d parameter gives RPb ≈
20.1 GeV−1. Keep in mind, however, that this number is only
loosely related to the true nuclear radius (in the sense that it
is a radius within the interpretation of the model of Eq. (12)).

Finally, the xG1 distributions for proton and lead were
obtained from the KS gluon F through Eq. (11), using the

Table 1 The kinematic cuts used in the numerical calculations of the
dijet cross section in the ultra-peripheral Pb − Pb collisions

CM energy
√
S = 5.1 TeV

rapidity 0 < y1, y2 < 5

transverse momentum pT 1, pT 2 > pT 0, pT 0 = 25, 10, 6 GeV

method presented in detail in [47]. We note, in particular, that
in our procedure of calculating the WW KS distributions,
xG1, we used the running coupling and x-dependent trans-
verse target area. The x dependence of S(x) was adjusted to
ensure that the impact parameter dipole amplitude reaches
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unity as expected in the black disk limit. The resulting dis-
tributions are shown in Fig. 1. Let us note that even for
x ∼ 10−2 the nonlinear effects are still present in that model.
This is one of the differences with respect to the leading-
twist shadowing model and will be visible in the physical
observables.

The kinematic setup is chosen as follows. We set the CM
energy per nucleon to

√
S = 5.1 TeV and require two jets in

the rapidity window 0 < y1, y2 < 5 in the photon direction.
The two-jet requirement is ensured by the jet algorithm of the
anti-kt -type [53], which in the case of our two-particle final
state boils down to the condition

√
�φ2 + �y2 > r , where

we choose the jet radius r = 0.5. Note that, although it is a LO
calculation, the jet algorithm is necessary, because the final

states are in general not back-to-back, due to the transverse
momentum of the off-shell gluon. The minimal pT of the jets
is dictated by the longitudinal fractions x we want to probe.
Obviously, there is a competition between the experimen-
tally possible jet reconstruction and x small enough to see
any saturation effects. In the case of UPC, although the CM
energies of γ –A system are large, the photons cannot have
too large longitudinal momenta as above around x � 0.03
the flux becomes exponentially vanishing. This considerably
limits the x fractions on the nucleus side, unless one goes to
really small pT . In our study we have considered pT cuts of
25, 10, and 6 GeV. As discussed in the next section with this
setup one can probe x down to 10−3 at the current energy.
The setup is summarized in Table 1.

Fig. 2 The longitudinal fractions probed within the kinematic cuts for different pT cuts: top left pT 0 = 25 GeV, top right pT 0 = 10 GeV, bottom
left pT 0 = 6 GeV. In bottom right plot we show the distribution of collision energy of γ A system
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Fig. 3 The longitudinal fractions probed when the symmetric rapidity cuts −5.0 < y1, y2 < 5.0 are applied. The left plot is for the pT cut
pT 0 = 25 GeV, the right one for pT 0 = 6 GeV

4 Numerical results

We start by determining the longitudinal fractions x of the
photon and the gluon that can be effectively probed within
our cuts. In Fig. 2 we show differential cross sections in the
longitudinal fractions for various pT cuts. We see that for
pT 0 = 25 GeV the gluon longitudinal momentum fraction
xA is probed only slightly below 10−2, while for pT 0 =
10 GeV the process probes xA easily around 10−3. With the
smallest cut tested pT 0 = 6 GeV one can go below 10−3.
We also show the distribution of the γ A CM energy, which
reaches 1.2 TeV. If we did not restrict the calculation to the
forward jets, the xA fractions probed in the nucleus would
have much broader distribution entering the relatively large
x , which is an unwanted feature in the present approach.
This is illustrated in Fig. 3 for two different pT cuts. All the
distributions discussed above are shown without the Sudakov
effect, as its impact on these spectra is very weak.

In Fig. 4 we present the differential cross sections in the
jet pT . In the present formalism the jets in general do not
have equal pT thus we order them, pT 1 > pT 2 > pT 0,
and show separate plots for leading and subleading jet spec-
tra. For comparison we also calculate the same observable
from the LO collinear factorization with nuclear PDFs imple-
menting the leading-twist nuclear shadowing [4]. In the LO
collinear factorization both jets have equal pT . Interestingly
their spectra are very close to the subleading jet spectrum
of the present approach. The error bands are constructed by
varying the hard scale by the factor of two with respect to
the central value. The two bottom plots in Fig. 4 show the
effect of the Sudakov resummation model. It has a significant
effect on the subleading jet spectrum making its slope big-

ger. The error bands are bigger with resummation because
the appearing hard scale can be varied as well and the results
are sensitive to that scale.

In Fig. 5 we gather the information on the pT spectra and
the probed longitudinal fractions in the nucleus xA in one 2D
plot (for leading and subleading jets) to summarize the phase
space coverage.

One of the most interesting observables in the context of
the small-x physics are azimuthal correlations, i.e. the dif-
ferential cross sections as a function of the azimuthal angle
between the two jets �φ. In Fig. 6 we calculate this observ-
able for various pT cuts. The small kinks for �φ about 0.5 are
due to the jet algorithm. Namely, when the incoming gluon
has non-zero kT there is an additional singularity, as the kT
acts like an additional parton. Here, this singularity is regu-
lated by the jet algorithm. The Sudakov resummation model
(right plot of Fig. 6) flushes the �φ ∼ π events towards the
smaller values of �φ, as expected.

Let us now switch to discussion of the nuclear effects. We
shall study the nuclear modification ratios defined as

Rγ A = dσU PC
AA

AdσU PC
Ap

, (13)

that is, the photon flux in both numerator and denominator
originates from a nucleus. Let us start with Rγ A as a func-
tion of the jet pT (Fig. 7) for the lowest pT cut studied. The
maximal suppression is about 20% and it slowly decreases
with increasing pT . The suppression of around 5–10% is
present through a wide range of pT , especially for the sub-
leading jet. We have compared the saturation model calcula-
tion to the leading-twist shadowing model and observe very

123



Eur. Phys. J. C (2017) 77 :353 Page 9 of 15 353

Fig. 4 Transverse momentum spectra for leading (left column) and
subleading (right column) jets. The bottom row shows the effect of the
Sudakov resummation model. For comparison we show the results from

the LO collinear factorization using nuclear PDFs with the leading-twist
shadowing (no additional effects are included in this LO calculation thus
the spectra for leading and subleading jet are identical)

similar suppression, which, however, vanishes much faster
with increasing pT . This is most pronounced for the sublead-
ing jet. Another difference is the slope of the pT spectrum
for the leading jet in the small pT region. The suppression
factor is also shown in the 2D plot on the pT 1–pT 2 plane
and as a function of the ratio pT 1/pT 2 (Fig. 8). When the
Sudakov resummation is applied the spectra change slightly.
The suppression of Rγ A becomes a little bit smaller. As a
result the nuclear ratio approaches the unity faster for the
leading jet spectrum. For the subleading jet the suppres-
sion also slightly decreases, but it seems to increase for
larger pT , although the calculation has large fluctuations
there (the calculation is done close to the edge of the UGD
grids here, so the real uncertainties are much bigger than

presented). We note that all Rγ A functions in pT , both for
leading and subleading jet should approach unity for large
pT (see also the discussion of x dependence at the end of
this section).

In Fig. 9 we present the Rγ A as a function of �φ for differ-
ent pT cuts. Again, the maximal suppression of around 20%
is clearly visible for 6 GeV pT cut. For the most realistic pT
cut of 25 GeV, which is not shown in the plot, the suppression
was around 10%, but the curve had a non-monotonic shape
which was due to the grid effects, as for that pT cut the xG1

UGD is probed at relatively large, close to the edge of the fit-
ted parameter space. The saturation effects are most visible
close to back-to-back region (i.e. the leading-twist region)
and quickly vanish with decrease of �φ. The spectra show
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Fig. 5 Phase space coverage in pT and the longitudinal fraction log x probed in the nucleus for leading (left) and subleading (right) jets

Fig. 6 Differential cross sections in the azimuthal angle between the jets with (right) and without (left) Sudakov resummation model

a few percent of enhancement below �φ ∼ 2.8, but this is
a numerical effect hidden in the UGD grids. The situation
slightly changes when the Sudakov resummation model is
used, as seen in the bottom row of Fig. 9. The suppression is
spread over a slightly larger region of �φ and the artificial
enhancement is gone.

Finally, for completeness, in Fig. 10 we show the sup-
pression as a function of rapidity (these spectra are the same
for leading and subleading jets). The curves slowly fall off
with increase of the jet rapidity, as one could expect. After
applying the Sudakov resummation, the spectra almost do
not change, but the error bands become significantly big-
ger. For the 25 GeV pT cut the spectrum rises, but, again,
this is the region that involves quite large x , for which the

UGD grids are not trustworthy. It is interesting to note that
close to central jet production, i.e. at rather large xA, there
is an initial suppression of around 10% (we note, how-
ever, that there is a finite bin width of 0.25 unit, so this
statement should be taken in the average sense). This is
also clearly visible when we plot the nuclear modification
ratio as a function of the longitudinal fraction xA probed in
the nucleus (Fig. 10 bottom). For definiteness, we plot the
result for the pT cut of 10 GeV. We compare the tendency
of the saturation formalism used in the present work with
the leading-twist shadowing. The calculation with saturation
gives a suppression about 10% over the wide range of x : from
10−3 up to 10−2. For larger x (not shown) there are large
fluctuations as we approach the edge of the phase space,
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Fig. 7 Nuclear modification ratio defined in Eq. (13) as a function of
the transverse momentum spectra for leading (left column) and sublead-
ing (right column) jets. The bottom row show the effect of the Sudakov

resummation model applied to the generated events. For comparison
we show the results from the LO collinear factorization using nuclear
PDFs with ‘leading-twist’ shadowing

but the ratio seems to be closer to unity. For the leading-
twist shadowing the ratio approaches the unity much faster
(around 10−2).

5 Summary

In this work we have investigated potential saturation effects
in dijet production in ultra-peripheral heavy ion collisions at
the LHC, for the 5.1 TeV CM energy per nucleon. The quasi-
real photons are unique probes of the nucleus, as within the
saturation formalism the Weizsäcker–Williams (WW) unin-
tegrated gluon distribution is directly involved in the dijet
production process. The WW distribution has an interpreta-

tion of the gluon number density, unlike other similar quan-
tities that appear at small x .

In our work we used the ITMD formalism similar to the
one used in [24,47] for pA scattering. For sufficiently large
jet pT it interpolates between the leading power limit of CGC
formulas and the high energy kT -factorization. The former
is the back-to-back region of dijet imbalance and dominates
the cross section. This is also the region where the satura-
tion effects are strong. The latter is the region of very large
imbalance, where the linear effects are dominant. There are
number of advantages to this formulation:

– The formalism has a form of kT -factorization which
involves a convolution of unintegrated gluon distribu-
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Fig. 8 Nuclear modification ratio defined in Eq. (13) in the pT 1 − pT 2 plane (left) and as a function of the pT 1/pT 2 ratio (right)

Fig. 9 Nuclear modification ratio defined in Eq. (13) as a function of the azimuthal angle between the jets with (right) and without (left) Sudakov
resummation model

tion and off-shell matrix element. On phenomenology
side, the usage of unintegrated gluon distributions is more
convenient than using correlators of Wilson lines. Gluon
distributions can be more easily supplemented with addi-
tional effects.

– It involves full momentum conservation for produced
final states, taking into account the transverse momentum
of the incoming gluons. This allows for a construction of
Monte Carlo generators based on the formalism.

– Formalism is simple compared to the full CGC calcula-
tion, yet catching its essential features. When using the

McLerran–Venugopalan model to obtain the WW gluon
distribution, the present formulation should give identi-
cal results to CGC for �φ ∼ 0 and �φ ∼ π for large pT
jets. They could differ in the intermediate region, but tak-
ing into account general properties of �φ distributions
they cannot differ too much. The pT spectra should also
be similar for large pT .

In numerical computations we have used the unin-
tegrated gluon distributions which evolve according to
the nonlinear equation with subleading BFKL effects like
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Fig. 10 Nuclear modification ratio defined in Eq. (13) as a function
of the rapidity of the jet without (left) and with (right) the Sudakov
resummation model. The bottom plot shows the nuclear modification

ratio as a function of the longitudinal fraction xA probed in the nucleus
for the pT cut 10 GeV

energy conservation, running αs and DGLAP correction.
They were fitted to the inclusive proton HERA data (for
nucleus the nonlinear term was scaled according to the
Woods–Saxon formula) [52]. By definition these are the
dipole unintegrated gluon distributions. The Weizsäcker–
Williams gluons were obtained using the Gaussian approx-
imation known in CGC following the procedure described
in [47].

The results can be summarized as follows. The suppres-
sion due to the saturation effects is around 20% at most, for
the smallest pT cutoff of the dijet transverse momenta. This

is because the probed longitudinal fractions x are not very
small. In addition, for the pT spectra, the saturation effects
and the leading-twist shadowing look qualitatively similar.
Thus, it would be rather difficult to distinguish between pre-
dictions of considered approaches. Nevertheless, it would be
promising to focus on two main differences. The first differ-
ence is the slope of the pT spectra for Rγ A in the small pT
region (Fig. 7). The pT spectrum for the leading jet is much
steeper for the saturation formalism. The second difference
is the slope of the x spectra for Rγ A, i.e. how fast the nuclear
effects vanish with increase of x (see Fig. 10 bottom). For the
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leading-twist nuclear shadowing this happens around 10−2,
while for the saturation formalism with the WW gluon dis-
tribution used here it is a bigger value, very close to the edge
of the phase space, so that we were unable to determine the
exact value.

The question whether one should combine both mecha-
nisms (and whether this is possible) remains open. In gen-
eral, the predicted nuclear effects – regardless of the source –
seem to be big enough to be seen in the data. Finally we note
that the effect discussed strongly depends on the centrality
of the γ A collisions. So the study of the imbalance of jets
as a function of centrality appears to be a promising strategy
for exploring the effects discussed in this paper.
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