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We study the dissociative associated production of a J=ψ meson and a dimuon via double parton
scattering (DPS) in nucleus-proton ultraperipheral collisions. This new channel, characterized by a rapidity
gap, is sensitive to the photon and gluon distributions of the proton. We derive a DPS pocket formula for
this process, together with a corresponding expression for the effective cross section. Furthermore, we
demonstrate the kinematic dependence of the effective cross section and present predictions for the
differential DPS cross section at LHC and FCC energies.
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I. INTRODUCTION

In high-energy hadron collisions, the hadron structure
manifests itself through the interaction of the constituent
partons. Multiple parton interactions (MPI) are known to be
very common, leading to the production of complex final
states and influencing the distribution of secondary par-
ticles [1–4]. A particular example of MPI is the double
parton scattering (DPS), which occurs between two partons
(typically quarks or gluons) of a projectile hadron and two
partons of the target hadron. The subject has been exten-
sively measured and explored in the literature, for instance
in Refs. [5–11].
The DPS is sensitive to correlations between pairs of

partons, especially in the impact parameter distribution.
Within the naive factorized model, in which the DPS cross
section is the product of two single parton scattering (SPS)
cross sections, an effective cross section appears in the
denominator, encapsulating any residual correlations. This
parameter has been mostly measured in pp collisions. The
case of pA collisions is also drawing attention [12–14],
with some effective cross section measurements [15,16].
Double parton interactions initiated by photons in γp and
γA collisions have also been investigated [17,18], and the
respective effective cross sections have been calculated.

Our interest here is to advance the study of DPS in Ap
ultraperipheral collisions (UPCs). This kind of collision is
different from the standard ppDPS and features the photon
distribution of hadrons. This was first explored in Ref. [19],
with the calculation of the effective cross section involving
two real photons from the nucleus interacting with two
gluons from the proton to produce cc̄bb̄ in Ap UPCs,
without projectile nucleus breakup. The calculation was
later extended to the case of AA UPCs in Ref. [20]. In a
third work [21], we investigated the associated production
of cc̄ and lþl− in AA UPCs, taking a gluon and a photon
from the target nucleus. In these three cases, the effective
cross section is not a constant but depends on the
longitudinal momenta of the photons. Recently, there has
been an interesting measurement of coincident dimuon and
ρ0 photon-initiated production in AA coherent UPCs [22].
Continuing our work, in this paper we study a proton

dissociative process, characterized by a rapidity gap, with
the nucleus acting as a source of photons in an ultra-
peripheral collision. We introduce here the idea of the
associated production of a J=ψ meson and a dimuon. Both
exclusive dimuon and dissociative J=ψ production were
recently measured by ALICE [23]. We therefore wonder if
both can be measured together in a DPS event. In this case,
the parton initial state is composed of γγγg, as shown in
Fig. 1. This coincident production is rarer, and its meas-
urement may only be feasible with the increased statistics
available in Run 3 or, ultimately, at the HL-LHC.
Since we have an ultraperipheral collision, the photon

flux from the nucleus—our projectile that remains intact
after the collision—is obtained through the equivalent
photon approximation (EPA). For the dissociative J=ψ
production, which involves a gluon from the target proton,
we employ the color evaporation model (CEM) and fit it to
H1, ZEUS, and ALICE data. We also need an elastic
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photon from the target for the dimuon production, consid-
ering the contribution of photons inside the proton as well;
i.e., we require the impact-parameter-dependent photon
distribution.
With the above ingredients, we derive an analog of the

standard DPS pocket formula for the observable considered
in this paper. We calculate the corresponding effective cross
section, which strongly depends on the energy fraction of
each photon in the initial state, unlike in central collision
scenarios. We then evaluate the DPS differential cross
section as a function of J=ψ and dimuon rapidity. By
comparing the rapidity dependence of the SPS and DPS
differential cross sections, we observe that the DPS result
differs from the SPS one; i.e., the DPS case is not merely
the SPS result times a constant factor. This is a consequence
of the nonconstant effective cross section and will help to
identify DPS production in future measurements.
This article is organized as follows. In Sec. II, we discuss

the parton distributions, i.e., the elastic photon and the
dissociative gluon distributions of the target proton, as well
as the elastic photon flux of the projectile nucleus. In
Sec. III, we review exclusive dimuon production in Ap
UPCs. In Sec. IV, we provide an overview of J=ψ
production in γp collisions and present a CEM fit for
the dissociative case. In Sec. V, we develop the main
formula for the dissociative associated J=ψ and μ−μþ
production in Ap UPCs; i.e., after the collision, there
is a rapidity gap, the projectile nucleus survives intact,
and the target proton dissociates. We also numerically
calculate the effective cross section and present predictions
for this associated production at

ffiffiffi
s

p ¼ 8.16 TeV and atffiffiffi
s

p ¼ 62.8 TeV. We present our conclusions in Sec. VI.

II. PHOTON FLUX AND PARTON
DISTRIBUTION FUNCTION

In ultraperipheral collisions (UPCs), hadrons interact
electromagnetically, since photons are partons that can be
found farther away from the hadron than gluons and
quarks. It is customary to establish that the collision impact

parameter b must exceed the sum of the radii of the
colliding hadrons; in the Ap case, b > RA þ Rp. Our
interest is DPS; therefore, the nucleus, having a larger
electric charge, contributes with two elastic photons, as this
process is enhanced by the fourth power of the atomic
number, Z4. On the proton side, one photon and one gluon
are considered, leading to proton dissociation. In the
following subsections, we detail the parton distributions
(or photon fluxes) employed in our calculations.

A. Proton photon flux

The photon flux is described using the equivalent photon
approximation (EPA), also known as the Weizsäcker-
Williams method [24–28], developed in detail in Ref. [29]
and summarized, for instance, in Ref. [30]. The flux
generated by the proton is expressed as a function of the
photon longitudinal momentum fraction ξ

N̄pðξÞ ¼ dNp

dξ
¼ α

π2ξ

Z
d2qt

q2t þ ξ2m2
p

×

�
q2t ð1 − ξÞ
q2t þ ξ2m2

p
FEðQ2Þ þ ξ2

2
FMðQ2Þ

�
: ð2:1Þ

Here,α is the fine-structure constant,mp ¼ 0.938 GeV is the
proton mass, qt denotes the photon transverse momentum,
and the photon virtuality is given by

Q2 ¼ q2t þ ξ2m2
p

1 − ξ
: ð2:2Þ

The functions FE and FM are the elastic form factors
denoted as DðQ2Þ and CðQ2Þ, respectively, in Table 8 of
Ref. [29]. They can be written in terms of the Sachs form
factors GEðQ2Þ and GMðQ2Þ [31–33]

FEðQ2Þ ¼ 4m2
pG2

EðQ2Þ þQ2μ2pG2
MðQ2Þ

4m2
p þQ2

;

FMðQ2Þ ¼ μ2pG2
MðQ2Þ; ð2:3Þ

where μ2p ¼ 7.78 is the square of the proton magnetic
moment. For the Sachs factors, we employ the standard
dipole parametrization

GEðQ2Þ ¼ GMðQ2Þ≡ 1

ð1þQ2=ð0.71 GeV2ÞÞ2 : ð2:4Þ

The integration over all qt in Eq. (2.1) is strongly sup-
pressed at large qt (or large Q2) by the form factors.
We require the photon distribution in all regions,

including photons near the proton boundary or even inside
the proton. To achieve this, it is necessary to determine the
photon flux as a function of the transverse distance from the
hadron center, b⃗γ. The equivalent photon approximation

FIG. 1. Illustration of the proposed process: DPS in Ap UPC
with proton dissociation. The initial state consists of three
photons and one gluon, producing a μ−μþ pair and a charm
quark pair cc̄ that subsequently hadronizes into a J=ψ meson.
The projectile nucleus A remains intact after the collision.
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was extended to this case in Ref. [34] for nuclei and more
recently studied for the proton in Ref. [35].
Following Ref. [30], we neglect the FMðQ2Þ contribu-

tion, as it is multiplied by ξ2 and is therefore very small, a
fact we explicitly tested in our observables. With our
notation and virtuality definition, the ξ- and b⃗γ-dependent
photon flux is given by

Npðξ; b⃗γÞ ¼
dNp

dξd2b⃗γ
¼ α

π2ξ

����
Z

∞

0

dqt
q2t

q2t þ ξ2m2
p

× ½ð1 − ξÞFEðQ2Þ�1=2J1ðbγqtÞ
����2: ð2:5Þ

It can be verified that integrating Eq. (2.5) over b⃗γ
reproduces Eq. (2.1), apart from the neglected FMðQ2Þ
contribution.
Figure 2 shows how photons are distributed both inside

and outside the proton, given by the single dipole para-
metrization. The distribution exhibits a peak around bγ ≈
0.5 fm which, compared to the proton radius (0.84 fm),
indicates that most photons are located inside the proton. It
also illustrates the dependence on the photon momentum
fraction: for ξ ¼ 0.1 (left), photons are more concentrated,
whereas for ξ ¼ 0.001 (right), they are more spread out.
We also test a double dipole parametrization

GE;MðQ2Þ ¼ aE;M0

ð1þQ2=aE;M1 Þ2 þ
1 − aE;M0

ð1þQ2=aE;M2 Þ2 ; ð2:6Þ

which was fitted to experimental data by the A1
Collaboration [36] and describes them surprisingly well.
The parameters are listed in Table I and in Ref. [37]. The
results in Fig. 2 and subsequent figures change very little
when replacing the single dipole by the double dipole

parametrization. Therefore, although we repeated all cal-
culations with the double dipole parametrization, we do not
show them in this paper.

B. Gluon distribution function of the proton

In a simple approach, the impact-parameter-dependent
gluon distribution Ggðx; b⃗gÞ is factorized as

Ggðx; b⃗gÞ ¼ gðxÞfgðb⃗gÞ: ð2:7Þ
We use a collinear parton distribution function (PDF) gðxÞ
for the gluons, namely the CT18LO set [38]. There is an
implicit dependence on factorization scale in this function,
that will be discussed in the next section.
For the transverse profile fgðb⃗gÞ, we employ the follow-

ing function (Ref. [39], e.g.,):

fgðb⃗gÞ ¼
Λ2

2π

Λbg
2

K1ðΛbgÞ; ð2:8Þ

which is normalized such that
R
d2b⃗gfgðb⃗gÞ ¼ 1,

with Λ ¼ 1.5 GeV.

C. Nuclear photon flux

For the projectile nucleus, we adopt the approximation of
a photon flux from a pointlike charge, since the interactions
occur outside the nucleus. The nucleus remains intact, and
therefore these are elastic photons. The distribution in
momentum fraction ξ and transverse distance from the
nucleus center bγ, valid for photons outside the nucleus
(bγ > RA), is given by

NAðξ; b⃗γÞ ¼
dNA

dξd2b⃗γ
¼ Z2αk2

π2ξb2γ

�
K2

1ðkÞ þ
1

γ2
K2

0ðkÞ
�
; ð2:9Þ

FIG. 2. Photon distributions of the proton on the impact-parameter bγ plane for two values of the momentum fraction ξ. On the left, the
distribution for ξ ¼ 0.1 is more concentrated, while on the right, for ξ ¼ 0.001, it is more spread out. In both cases, the distributions peak
at bγ ∼ 0.5 fm, showing that the dominant photon contribution originates inside the proton.
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where k ¼ ξbγmp. This expression is reviewed in Ref. [40].
The longitudinal momentum fraction is

ξ ¼ 2ωffiffiffi
s

p ¼ ω

γmp
; ð2:10Þ

where ω is the photon energy, γ the Lorentz factor, and
ffiffiffi
s

p
the center-of-mass energy per nucleon.

III. EXCLUSIVE DIMUON PRODUCTION IN UPCS

The SPS differential cross section for exclusive dimuon
production in Ap UPCs is given by

d2σAp→Apμμ

dYμμdM2
μμ

¼
Z

d2b⃗Θðb − RA − RpÞ
Z

d2b⃗γ1

×
ξ1ξ2
M2

μμ
Θðbγ1 − RAÞNAðξ1; b⃗γ1Þ

× Npðξ2; b⃗γ1 − b⃗Þσ̂γγ→μμ: ð3:1Þ

Here, Yμμ andMμμ denote the dimuon rapidity and invariant
mass, respectively, in the nucleon-proton center-of-mass
frame. The momentum fractions are given by

ξ1;2 ¼
Mμμffiffiffi

s
p e�Yμμ : ð3:2Þ

The Heaviside function Θðb − RA − RpÞ ensures ultraper-
ipheral collisions. The partonic γγ → μ−μþ Breit-Wheeler
cross section [41,42] reads

σ̂γγ→μμ ¼
4πα2

M2
μμ

8<
:½2þ 2β − β2� ln

0
@1

β
þ

ffiffiffiffiffiffiffiffiffiffiffi
1

β
− 1

s 1
A

−
ffiffiffiffiffiffiffiffiffiffiffi
1 − β

p
ð1þ βÞ

9=
;; ð3:3Þ

with β ¼ 4m2
μ=M2

μμ and mμ the muon mass.
In Fig. 3, we present the ALICE measurement of

exclusive dimuon photoproduction in ultraperipheral Ap
collisions at

ffiffiffi
s

p ¼ 8.16 TeV, within the rapidity range
−3.54 < Yμμ < −2.04. We work in the nucleon-proton
center-of-mass frame and adopt the convention in which

the nucleus moves from left to right and the proton from
right to left. In contrast, ALICE reports data in the
laboratory frame with the opposite convention. We have
performed the necessary adjustments to their data for
comparison in Fig. 3.
Our theoretical result using photons from Eq. (2.1) with

the single-dipole parametrization is shown as the “EPA”
black solid curve in Fig. 3, exhibiting good agreement with
the data. We also show the “CT18qed_elastic” result (blue
dashed curve), obtained using photons from the CT18qed
PDFs [43], which confirms that there is no significant
discrepancy between the two calculations.

IV. DISSOCIATIVE J=ψ PRODUCTION IN UPCS

To evaluate the dissociative SPS J=ψ production, we use
the color evaporation model (CEM) [44,45], which pro-
vides a framework for obtaining J=ψ hadronization from
charm-anticharm pair production. The cc̄ cross section in
γp collisions is integrated over the cc̄ energy range from
the J=ψ mass, mJ=ψ ¼ 3.10 GeV, up to twice the D-meson
mass, 2mD ¼ 3.728 GeV, and multiplied by the hadroni-
zation factor Fψ

σγp→J=ψþX ¼ Fψ

Z
4m2

D

m2
J=ψ

dM2
cc̄

M2
cc̄

xgðx; μFÞσ̂γg→cc̄: ð4:1Þ

Here, Mcc̄ is the invariant mass of the cc̄ system, μF the
factorization scale, and x ¼ M2=W2

γp the gluon momentum
fraction of the proton, with Wγp being the center-of-mass
energy of the γp interaction.

TABLE I. Parameters of the Sachs form factors, both electric
and magnetic, using the double dipole parametrization fitted to
data [36].

a0 a1 a2

GEðQ2Þ 0.98462 0.68414 0.01933
GMðQ2Þ 0.28231 1.34919 0.55473

FIG. 3. Differential cross section for dimuon (μ−μþ) production
in Pbp UPCs at the LHC energy of

ffiffiffi
s

p ¼ 8.16 TeV as a function
of the invariant mass, with the dimuon rapidity Yμμ integrated over.
Our theoretical calculations, labeled as “EPA,” are compared with
experimental data from the ALICE Collaboration [23], showing
good agreement. We also include a comparison with results
obtained using the “CT18qed_elastic” parton distribution function.
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The partonic cross section for cc̄ production is

σ̂γg→cc̄ ¼
2πααsðμRÞe2c

M2
cc̄

��
1þ β −

1

2
β2
�
log

�
1þ ν

1 − ν

�

− ð1þ βÞν
�
; ð4:2Þ

with ν ¼ ffiffiffiffiffiffiffiffiffiffiffi
1 − β

p
and β ¼ ð2mc=Mcc̄Þ2. We set the charm-

quark mass to mc ¼ 1.4 GeV and its charge to ec ¼ 2=3.
For the strong coupling constant αs, the renormalization
scale μR is taken equal to the factorization scale μF.
We test the model by fitting inelastic J=ψ production to

the most recent HERA data [46,47]. Using the Minuit
minimization algorithm within Root [48], we obtain Fψ ¼
0.044� 0.010 and μF ¼ 2.034� 0.459 GeV with the
CT18LO gluon distribution. Repeating the procedure with
the PDF4LHC21 [49] NNLO gluon distribution, we find
Fψ ¼ 0.058� 0.012 and μF ¼ 3.911� 1.478 GeV. The
resulting fits are shown in Fig. 4 and display good agree-
ment with the data.
Actually, we need the dissociative production. We follow

the same procedure, using experimental results from
ALICE [23] and H1 [50]. The parameters obtained are
Fψ ¼ 0.125� 0.017 and μF ¼ 1.910� 0.310 GeV with
the CT18LO gluon PDF, and Fψ ¼ 0.169� 0.021 and
μF ¼ 3.30� 0.874 GeV with the PDF4LHC21 NNLO
gluon PDF. These results, shown in Fig. 4, demonstrate
very good agreement between calculation and data.
The CEM assumes that one gluon from the proton

produces the vector meson, with the extra color “evapo-
rating.” This is a reasonable assumption for the inelastic
case. In the dissociative case, however, a rapidity gap
suggests that at least two gluons are exchanged with the
proton, forming a color-singlet channel (hard Pomeron).

The likely reason for the success of our description is that
the color-singlet channel is dominated by a single gluon
carrying most of the required momentum fraction, which
can be taken from the PDFs. The additional gluons
exchanged are essentially soft, contributing little momen-
tum fraction. Their role, beyond enabling the color-singlet
final state and the rapidity gap, is effectively absorbed into
the fit parameters Fψ and μF.
Finally, the differential cross section for dissociative SPS

J=ψ production in Ap UPCs is given by

dσAp→AXþcc̄

dYJ=ψ
¼

Z
d2b⃗Θðb − RA − RpÞ

Z
d2b⃗γ

× Fψ

Z
4m2

D

m2
J=ψ

dM2
cc̄

ξx
M2

cc̄
Θðbγ − RAÞ

× NAðξ; b⃗γÞGgðx; b⃗γ − b⃗Þσ̂γg→cc̄; ð4:3Þ

where Ycc̄ and Mcc̄ denote the rapidity and invariant mass
of the cc̄ pair, respectively. The momentum fractions are

ξ¼Mcc̄ffiffiffi
s

p eYcc̄ ; x¼Mcc̄ffiffiffi
s

p e−Ycc̄ : ð4:4Þ

In Fig. 5, we show this cross section at the LHC
(

ffiffiffi
s

p ¼ 8.16 TeV) as a function of vector meson rapidity
YJ=ψ . The comparison with ALICE data [23] shows good
agreement.

V. DPS CROSS SECTION RESULTS

We want to study the associated J=ψμ−μþ DPS pro-
duction in a process where the nucleus (projectile) emits
only photons and remains intact, while the proton (target)
dissociates after providing both a gluon and a photon. We
have described in the previous sections the elements that

FIG. 4. Dissociative and inelastic J=ψ production cross sec-
tions in γp collisions as a function of the γp c.m. energy W. The
results are obtained by fitting the CEM to data from ALICE [23],
ZEUS [46], and H1 [47,50]. The CT18LO [38] and NNLO
PDF4LHC21 [49] gluon PDFs were used.

FIG. 5. SPS dissociative J=ψ production cross section in Pbp
UPCs at the LHC (

ffiffiffi
s

p ¼ 8.16 TeV) as a function of vector meson
rapidity YJ=ψ, compared with ALICE data [23].
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work reasonably well for SPS production. Therefore, we
can use them to pragmatically build the DPS cross section
in terms of the parton-level elementary cross sections as

dσDPSAp

dYμμdM2
μμdYJ=ψ

¼
Z

d2bΘðb−RA−RpÞ
Z

d2b⃗γ1

Z
d2b⃗γ3

×
ξ1ξ2
M2

μμ
Θðbγ1 −RAÞNAðξ1; b⃗γ1Þ

×Npðξ2; b⃗γ1 − b⃗Þσ̂μμγγ

×Fψ

Z
4m2

D

m2
J=ψ

dM2
cc̄
ξ3x
M2

cc̄
Θðbγ3 −RAÞ

×NAðξ3; b⃗γ3ÞgðxÞfgðb⃗γ3 − b⃗Þσ̂cc̄γg ; ð5:1Þ

where b⃗γ2 ¼ b⃗γ1 − b⃗ and b⃗g ¼ b⃗γ3 − b⃗. This expression
neglects correlations between the two projectile photons as
well as correlations between gluons and photons in the target.
To encapsulate the impact-parameter dependence, we

define the overlap functions Tγγðξ1; ξ2; bÞ and Tγgðξ; b⃗Þ

Tγγðξ1; ξ2; b⃗Þ ¼
1

N̄Aðξ1ÞN̄pðξ2Þ
Z

d2b⃗γ1Θðbγ1 − RAÞ

× NAðξ1; b⃗γ1ÞNpðξ2; b⃗γ1 − b⃗Þ ð5:2Þ
and

Tγgðξ3; b⃗Þ ¼
1

N̄Aðξ3Þ
Z

d2b⃗γ3Θðbγ3 − RAÞ

× NAðξ3; b⃗γ3Þfgðb⃗γ3 − b⃗Þ: ð5:3Þ

We also define the γγ → μ−μþ auxiliary subprocess cross
section

d2Σμμ
γγ ðξ1; ξ2Þ

dYμμdM2
μμ

¼ ξ1ξ2
M2

μμ
N̄Aðξ1ÞN̄pðξ2Þσ̂γγ→μμ; ð5:4Þ

and the γg → J=ψ auxiliary subprocess cross section

dΣJ=ψ
γg ðξ3; xÞ
dYJ=ψ

¼ Fψ

Z
4m2

D

m2
J=ψ

dM2
cc̄

ξ3x
M2

cc̄
N̄Aðξ3ÞgðxÞσ̂γg→cc̄:

ð5:5Þ

With these definitions, and in analogy with the standard
DPS pocket formula, the differential DPS cross section can
be expressed as the product of the auxiliary subprocess
cross sections

dσDPSAp

dYμμdM2
μμdYJ=ψdM2

cc̄
¼ 1

σeffðξ1; ξ2; ξ3Þ
dΣμμ

γγ ðξ1; ξ2Þ
dYμμdM2

μμ

×
dΣJ=ψ

γg ðξ3; xÞ
dYJ=ψdM2

cc̄
: ð5:6Þ

The new factor is the effective cross section

σ−1effðξ1; ξ2; ξ3Þ≡
Z

d2bΘðb − RA − RpÞ

× Tγγðξ1; ξ2; b⃗ÞTγgðξ3; b⃗Þ; ð5:7Þ

which is specific to Ap UPCs with proton dissociation and
to processes that involve two elastic photons from the
nucleus and both an elastic photon and a dissociative gluon
from the proton.
The effective cross section of Eq. (5.7) is one of the main

results of this paper and is illustrated in Fig. 6. Its behavior
is dominated by the photon longitudinal momenta; of
particular importance is the likelihood that the projectile
photons γ1 and γ3 are found together inside or near the
target proton, where they can more often interact with the
photon γ2 and the gluon. In our UPC case, this must occur
outside the projectile nucleus.
On the left panel of Fig. 6, we show the effective cross

section with fixed values ξ1 ¼ ξ2 as a function of ξ3, i.e.,

FIG. 6. DPS effective cross section in Ap UPCs with proton dissociation considering interactions where two photons from the
projectile interact with one gluon and one photon from the target (γγγg). Left: dependence on the momentum fraction ξ3 of the photon
from the target proton, keeping ξ1 and ξ2 fixed. Right: dependence on Yμμ, fixing ξ3 and setting Mμμ ¼ 1.5 GeV.
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the momentum fraction of the photon that produces the
J=ψ . For small ξ3, the effective cross section is larger—and
consequently the DPS cross section is smaller—because
the γ3 photon is too spread out. As ξ3 increases, the
effective cross section decreases since it becomes more
likely that both γ3 and γ1 photons interact with the proton
partons. The minimum is reached around ξ3 ≈ 0.03, where
the γ3 photon approximately occupies a shell from r ¼ RA
to RA þ 2Rp. For large ξ3, this shell becomes too thin and
the effective cross section increases rapidly, as the photon
will often not be found inside the proton (the latter must
keep some distance from the nucleus in a UPC).
On the right panel of Fig. 6, we show the effective cross

section with fixed ξ3, fixedMμμ ¼ 1.5 GeV, as a function of
Yμμ. In this case, larger effective cross sections are found at
negative rapidities, whereas positive rapidities correspond to
smaller values. The behavior is dominated by the γ1 photon,
as the γ2 photon from the proton has a distribution that varies
less. Theminimum is reached atYμμ ≈ 5, which corresponds
to ξ1 ≈ 0.03, as in the previous case.
The presented results were obtained using the single-

dipole parametrization of the Sachs form factors. We have
tested the double-dipole parametrization as well, and the
effective cross section is almost the same. This can be
explained by the fact that the nucleus photons that interact
with the proton photon to produce dimuons are spread over
a large region in impact parameter and therefore are not
sensitive to small details of the target. We also verified that
both parametrizations, for small ξ, yield similar photon
distributions. One concludes that there is no significant
dependence on the shape of the form factors, which is an
advantage for studying gluon-photon correlations.

In Fig. 7, we present the dissociative Pbp DPS J=ψμμ
production cross section, differential in J=ψ rapidity, at
fixed dimuon rapidities Yμμ ¼ −3, 0, and 3 and at the LHC
energy

ffiffiffi
s

p ¼ 8.16 TeV. These results are a first prediction
for this (as yet unmeasured) observable. We find a weak
dependence on the dimuon rapidity, which is itself an
experimental advantage. We also observe a very different
behavior compared to the SPS case of Fig. 5: the DPS
production is dominated by forward YJ=ψ , in contrast to the
SPS case. In order to gauge the feasibility of a measure-
ment, we estimate fewer than one event for the ALICE
integrated luminosity of 7.9 nb−1 collected in 2016 and a
handful of events for the Run 3 target ALICE luminosity
of 0.25 pb−1.
The key difference between theDPS andSPS results is the

effective cross section, which depends on the J=ψ rapidity.
This is illustrated in Fig. 8, where the SPS and DPS cross
sections are plotted together with σ−1eff . By multiplying the
SPS contribution by the inverse of the effective cross section,
one can estimate the expected DPS contribution, up to a
constant factor related to dimuon production. The inverse
effective cross section is larger at forward rapidities, and this
is why the SPS peak at negative rapidities is shifted to
positive rapidities in the DPS production.

VI. CONCLUSION

We have investigated double parton scattering in ultra-
peripheral Ap collisions with proton dissociation, simulta-
neously probing the photon and gluon content of the
proton. In this scenario, the nucleus contributes with two

FIG. 7. DPS cross section for J=ψμ−μþ production in dis-
sociative Pbp UPCs at the LHC (

ffiffiffi
s

p ¼ 8.16 TeV) and FCC
(

ffiffiffi
s

p ¼ 62.8 TeV) as a function of the J=ψ rapidity. The dimuon
rapidity Yμμ is fixed at 0, 3, and −3, with the invariant mass Mμμ

integrated over. The YJ=ψ dependence is clearly different from the
SPS case. The results indicate that the most significant contri-
bution arises for Yμμ ¼ 0.

FIG. 8. Comparison of DPS (J=ψμμ) and SPS single
J=ψ production cross sections, together with the inverse of
the effective cross section, in Pbp UPCs at the LHC
(

ffiffiffi
s

p ¼ 8.16 TeV), plotted as functions of J=ψ rapidity. Multi-
plying the SPS contribution by the inverse of the effective cross
section provides an estimate of the expected DPS contribution,
apart from a constant related to dimuon production. These results
illustrate how the rapidity dependence of the effective cross
section influences the behavior of the DPS cross section.
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elastic photons, and a particularly sensitive observable is
the dissociative production of a J=ψ meson in association
with a dimuon. This final state produces a rapidity gap in
the detector, providing a clear experimental signature.
For the SPS dissociative J=ψ production, we employed

the color evaporation model (CEM) to evaluate the cross
section, using the CT18LO collinear parton distribution.
The factorization scale and the hadronization factor were
fitted to H1 and ALICE data, yielding good agreement. For
exclusive dimuon SPS production, we used the equivalent
photon approximation with the dipole parametrization of
the proton form factor, also finding consistency with
ALICE data.
The associated DPS production of J=ψ and dimuons

offers a novel way to probe the photon density inside the
proton and its correlation with the gluon density. For
simplicity, we assumed no explicit photon-gluon correla-
tions, an approximation partly supported by the distinct
distributions expected from QED and QCD dynamics. We
derived an analog of the DPS pocket formula, computed for
the first time the corresponding effective cross section, and
studied its dependence on the longitudinal momentum
fractions of the photons.
We presented predictions for the differential cross

section as a function of J=ψ and dimuon rapidity. At the
LHC energy of

ffiffiffi
s

p ¼ 8.16 TeV, our results indicate a
sizable DPS contribution, potentially observable in forth-
coming measurements. We also provide predictions at
energy of

ffiffiffi
s

p ¼ 62.8 TeV. Importantly, the DPS cross
section is not simply the product of two SPS cross sections:
the momentum-fraction dependence of the effective cross
section modifies the rapidity dependence of the J=ψ and
dimuon distributions relative to the SPS case. Altogether,
our study motivates future experimental investigations of
J=ψμ−μþ final states in dissociative Ap UPCs.
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APPENDIX: DISSOCIATIVE DOUBLE J=ψ DPS
PRODUCTION IN UPC Pbp COLLISIONS

It is also of interest to calculate the dissociative double
J=ψ DPS production in UPC Pbp collisions. For this
purpose, we use the effective cross section previously
calculated for γγgg initial partons in Ref. [19].
Following the idea of the present analysis, we assume that
the transverse distributions of partons are the same in the
dissociative and in the inelastic cases. In Fig. 9, we present
the DPS cross section for J=ψJ=ψ production, differential
in the rapidity of one of the mesons (YJ=ψ1

), with the
rapidity of the second meson fixed at YJ=ψ2

¼ 0, 3, and −3.
We observe that the overall behavior is similar to that of the
mixed J=ψμ−μþ channel. However, in this case there is a
more pronounced dependence on YJ=ψ2

, in contrast to the
previous channel. The magnitude of the J=ψJ=ψ DPS cross
section is smaller than in the mixed J=ψμμ production,
suggesting that the latter provides a stronger DPS signal.

FIG. 9. DPS cross section for double J=ψ production in Pbp UPCs as a function of J=ψ rapidity. Left: LHC energy
ffiffiffi
s

p ¼ 8.16 TeV.
Right: FCC energy

ffiffiffi
s

p ¼ 62.8 TeV.
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