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The exclusive photoproduction of the heavy vector mesons ψ and Y is investigated in peripheral Pb-Pb
collisions for the energies available at the LHC,

ffiffiffi
s

p ¼ 2.76 TeV and
ffiffiffi
s

p ¼ 5.02 TeV. To evaluate the
robustness of the light-cone color dipole formalism, previously tested in the ultraperipheral regime, the
rapidity distribution and the nuclear modification factor (RAA) are calculated for the three centrality classes:
30%–50%, 50%–70%, and 70%–90%. The ultraperipheral to peripheral regime transition was carried
out by sophisticating the photon flux description and the photonuclear cross section, taking into account
the effective interaction area. In our calculations, three scenarios were considered: (scenario 1) the direct
application of the usual photon flux and of the photonuclear cross sectionwith no relevant change in relation to
the ultraperipheral collision (UPCs), (scenario 2) the application of an effective photon flux keeping the
photonuclear cross section unchanged, and (scenario 3) also considering an effective photonuclear cross
section. The results obtainedwith the three different scenarioswere comparedwith theALICEmeasurements,
showing a better agreement with the data (only J=ψ at the moment) in the more complete approach (scenario
3), mainly in the more central regions (30%–50% and 50%–70%) where the uncertainty is smaller.

DOI: 10.1103/PhysRevD.97.116013

I. INTRODUCTION

One of the main contributions of HERAwas the discovery
of diffractive events, characterized by large rapidity gaps
(η≳ 4) with absence of hadronic activity, where one or both
hadrons emerge intact in the final state, representing a
relevant fraction of deep inelastic scattering [1]. Soft dif-
fraction events contribute with (∼20%) of the total inelastic
proton-proton cross section and therefore must be taken into
account in order to keep the background ofmany processes in
the LHC [2,3] under control. The hard diffractive processes,
responsible for the production of the states with highmass, or
high pT (for example,QQ̄, jets, W, and Z), can be calculated
from perturbative QCD. The presence of a hard scale allows
us to obtain more information about the diffractive (or
generalized) particle distribution functions, which describe
not only the particle density but also the correlation between
them [4]. In addition, the perturbative treatment also opens a
way to test new ideas on themechanismof exchange of twoor
more gluons in a singlet color state, usually treated as
Pomeron [5].
An interesting type of diffractive process is the exclusive

photoproduction of the vector mesons, in which the

collision of two hadrons produces a vector meson, keeping
intact the initial hadrons. This mechanism is dominant in
the ultraperipheral regime, and the cross section is factor-
ized in two terms: a quasireal photon flux, created from
one of the incoming hadrons, and the photoproduction
cross section, which characterizes the interaction of the
photons with the target hadron. The exclusive photopro-
duction has been investigated in several works [6–12]. In
one of our last contributions to the subject [6], we
calculated the rapidity distribution for the production of
Y states in Pb-Pb collisions at energies

ffiffiffi
s

p ¼ 2.76 TeV andffiffiffi
s

p ¼ 5.02 TeV. In that case, the light-cone color dipole
formalism was used [13], including the partonic saturation
and the nuclear shadowing effects [14–17]. This time, we
are interested in testing the robustness of the dipole color
formalism in the peripheral regime. In this region, the
ALICE and STAR Collaborations measured an excess in
the J=ψ production in small pT [18,19], which could be the
product of exclusive photoproduction. There are very few
studies dealing with this production mechanism in the
peripheral collisions regime [20–23]. In Ref. [21], which
also motivates the present study, this issue is treated by
modifying one of the components of the cross section, the
photon flux. However, no change is made in the photo-
production cross section in relation to the ultraperipheral
case. In our first paper related to the subject [20], we
calculated the rapidity distribution of the J=ψ with an
effective photon flux constructed in terms of the usual
photon flux. An effective b-dependent interaction area was
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considered instead of a constant value πR2
A adopted in

Ref. [21]. Here, these previous calculations are refined by
applying a relevant modification also in the photoproduc-
tion cross section, following the geometrical formalism
adopted in the construction of the effective photon flux.
In relation to the last work, we include a new centrality
class (30%–50%) as well as another dipole model, the
model proposed by Iancu, Itakura and Munier (IIM model)
[24]. We also enlarge the number of states under analysis,
calculating the rapidity distribution for the mesons ψð2SÞ
and Yð1S; 2S; 3SÞ to produce a more comprehensive
analysis. The main goal of this work is to evaluate the
behavior of the nuclear modification factor in three differ-
ent approaches: (scenario 1) direct application of the usual
photon flux and of the photonuclear cross section without
any modification in relation to UPCs, (scenario 2) altering
only in the photon flux, and (scenario 3) modifying the
photon flux and in the photonuclear cross section.

II. EXPERIMENTAL APPROACH

The ALICE and STAR Collaborations measured the
peripheral hadroproduction of the J=ψ in AA collisions,
revealing an excess in the production of this meson in the
small transverse momentum (pT < 0.3 GeV=c) at forward
(2.5 < y < 4.0) and midrapidity (jyj < 1), respectively. In
the ALICE paper [18], the average rapidity distribution and
the nuclear modification factor RAA for Pb-Pb collisions
were explored in the 30%–50%, 50%–70%, and 70%–90%
centrality classes at

ffiffiffi
s

p ¼ 2.76 TeV, Fig. 1. In addition, in
the STAR paper [19], the J=ψ invariant yield and J=ψRAA
were measured as a function of pT for 20%–40%, 40%–
60%. and 60%–80% centrality classes at

ffiffiffi
s

p ¼ 200 GeV

(Au-Au) and
ffiffiffi
s

p ¼ 1.93 GeV (U-U). In this work, the main
goal is to test the robustness of the color dipole formalism
in the same energy limit used in our previous works
(

ffiffiffi
s

p ¼ 2.76 TeV and
ffiffiffi
s

p ¼ 5.02 TeV) to describe the
rapidity distribution and RAA. Thus, the results produced
in this work will be compared with ALICE data. In a further
study focused on pT dependence, data from both experi-
ments should be considered.
To estimate the RAA values, we adopt the expression

developed in Ref. [25],

RhJ=ψ
AA ¼ NJ=ψ

AA

BRJ=ψ→lþl− · Nevents · ðA × εÞJ=ψAA · hTAAi · σhJ=ψpp

;

ð1Þ

where NJ=ψ
AA represents the measured number of the J=ψ

(NJ=ψ
AA ). This number was then corrected for the acceptance

times efficiency ðA × εÞJ=ψAA ∼ 11.31%, taking into account
that photoproduced J=ψ are expected to be transversally
polarized, for the branching ratio BRJ=ψ→μþμ− ¼ 5.96%,
normalized to the number of equivalent Minimum Bias
events Nevents ≃ 10.6 × 107 (calculated from Ref. [25]), for
the average nuclear overlap function ðhTAAiÞ, the values of
which depend on the centrality class and can be calculated
from the Table I of Ref. [26]. In the case of the classes
(30%–50%, 50%–70%, and 70%–90%), we obtained the
values 3.84, 0.954, and 0.17 mb−1, respectively. At last, the
result is normalized by the proton-proton inclusive J=ψ
production cross section (σhJ=ψpp ), which is calculated using
the parametrization suggested in Ref. [18], in which

d2σhJ=ψpp

dpTdy
¼ c · σJ=ψ · pT

1.5 · hpTi2
�
1þ a2

�
pT

hpTi
�

2
�

−n
ð2Þ

with

a ¼ Γð3=2ÞΓðn − 3=2Þ
Γðn − 1Þ c ¼ 2a2ðn − 1Þ:

The values of the free parameters σJ=ψ , hpTi, and n are
obtained from the fit of Eq. (2) with the ALICE data at
large pT [27]. This procedure results in σJ=ψ ¼ 3.31,
hpTi ¼ 2.369, and n ¼ 4.76. Applying these values in
(2) and taking the integral in the kinematical regions of
interest, pT < 0.3 GeV and 2.0 < y < 4.5, we obtain
σhJ=ψpp ¼ 0.0514 μb.
In the ALICE measurement, both production mecha-

nisms (hadro and photo) are considered, with no separation
of each contribution by the detector. Theoretically, the
number of the J=ψ events should be separated in two terms:

FIG. 1. RAA for J=ψ production as a function of the average
number of participating nucleons hNparti. Figure extracted
from Ref. [18].
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NJ=ψ
AA ¼ NhJ=ψ

AA|fflffl{zfflffl}
hadro

þ NγJ=ψ
AA|fflffl{zfflffl}

photo

: ð3Þ

For the hadro component, the J=ψ hadroproduction was
not directly calculated but estimated from an analyses
performed on the ALICE data, as shown in Fig. 1. Taking
the centrality 70%–90%, for example, the RAA measured
value in the region pT < 0.3 GeV is 7, while in the
range 1.0 < pT < 8.0, it is approximately 0.8. The RAA
for pT > 1 GeV gives a good approximation for the
hadronic production of the J=ψ , and assuming that this
contribution stays the same in the pT < 0.3 region,
it is possible to calculate the proportion between the
hadro and photo contributions. Although the RhJ=ψ

AA data
were obtained from a parametrization like Woods-Saxon,
with pT dependence [18], the rough parametrizations
RhJ=ψ
AA ðpT <0.3GeV=cÞ¼RhJ=ψ

AA ð1<pT <8GeV=cÞ and

RhJ=ψ
AA ðpT < 0.3 GeV=cÞ ¼ 1, as discussed in Ref. [18],

reaffirm the presence of the excess of J=ψ compatible
with the results reported in the experimental paper. Thus,
the hypothesis considered here produces 0.8=7 ∼ 0.11
for the 70%–90% centrality class. Repeating the same
procedure for the other centrality classes, 30%–50% and
50%–70%, it gives

ðRhJ=ψ
AA Þ30–50 ∼ 0.56ðRγJ=ψ

AA Þ30–50

ðRhJ=ψ
AA Þ50–70 ∼ 0.36ðRγJ=ψ

AA Þ50–70

ðRhJ=ψ
AA Þ70–90 ∼ 0.11ðRγJ=ψ

AA Þ70–90

such that

NJ=ψ
AA ¼

8>><
>>:

2.27NγJ=ψ
AA for 30%–50%

1.56NγJ=ψ
AA for 50%–70%

1.12NγJ=ψ
AA for 70%–90%:

Comparing the central values of the excess of J=ψ
with the average rapidity distribution, both shown in
Table I of Ref. [18], we can infer the approximate relation

NγJ=ψ
AA ∼ 0.86 × 106

dσγJ=ψ
dy , which is valid for the three

centrality classes of interest. Then, the estimation of the
NJ=ψ

AA consists in the calculation of the average rapidity
distribution, which is estimated from the integration in the
range 2.5 < y < 4.0, as

dσγJ=ψ
dy

����
2.5<y<4.0

¼
R dσγJ=ψ

dy dy

Δy
: ð4Þ

The rapidity distribution is calculated in this work by
employing the photon flux and the color dipole formalism,
which are detailed in the next section.

III. THEORETICAL FRAMEWORK

In the ultrarelativistic limit, the exclusive nuclear photo-
production cross section of the vector meson V can be
written as the product of a quasireal photon flux, which is
produced from one of the nuclei, and the photonuclear
cross section that corresponds to the photon-nuclei inter-
action γA → V þ A [28]. Considering that the photon flux
carries the dependence with the impact parameter of the
collision b, the differential cross section in the rapidity y
and in the impact parameter b can be defined by [21]

d3σAA→AAV

d2bdy
¼ ωNðω; bÞσγA→VA þ ðy → −yÞ; ð5Þ

where ω ¼ 1
2
MV expðyÞ is the photon energy andMV is the

meson mass.
The photon espectra, Nðω; bÞ, are directly connected

with the electromagnetic distribution of the emitting
nucleus and are described by the nuclear form factor
Fðk2Þ, which is the Fourier transform of the nuclear density
profile. To ensure the dependence of the photon flux on the
form factor, the generic formula presented in Ref. [29]
is used,

Nðω; bÞ ¼ Z2αQED
π2ω

����
Z

∞

0

dk⊥k2⊥
Fðk2Þ
k2

J1ðbk⊥Þ
����2; ð6Þ

where Z is the nuclear charge, γ ¼ ffiffiffiffiffiffiffiffi
sNN

p
=ð2mprotonÞ is the

Lorentz factor, k⊥ is the transverse momentum of the
photon, and k2 ¼ ðω=γÞ2 þ k2⊥. For a heavy nucleus such
as Au or Pb, the Fermi distribution with two parameters
(sometimes called Woods-Saxon) is more suitable.
However, to obtain the analytic result of the form factor
from this distribution is unlikely, requiring the adoption of
the approximation shown in Refs. [30,31], in which the
Woods-Saxon distribution is rewritten as a hard sphere,
with radius RA, convoluted with a Yukawa potential with
range a ¼ 7 fm. The Fourier transform of this convolution
is the product of the individual transformation as

FðkÞ ¼ 4πρ0
Ak3

½sin ðkRAÞ − kRA cos ðkRAÞ�
�

1

1þ a2k2

�
; ð7Þ

where A is the mass number of the nuclei and ρ0 ¼
0.1385 fm−3 for Pb.
In Eq. (5), the σγA→VA is the coherent photonuclear

cross section, which characterizes the photon nuclei. In
accordance with Ref. [32], the cross section for the
photoproduction of a vector meson V on H (H≡ p, A)
can be factorized in two components: the forward scattering
amplitude (dσ=dtjt¼0), which carries the dynamical infor-
mation of the process, and the form factor, FðtÞ, which is,
in general, dependent on the spatial characteristics of the
target. This factorization has been commonly used in the
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literature as can be seen in Refs. [21,32,33], in which the
forward scattering amplitude was characterized, respec-
tively, by the vector meson dominance, perturbative QCD,
and color dipole formalisms. Thus, the coherent photo-
nuclear cross section is defined as

σðγA→VAÞ ¼
jImAðx;t¼0Þj2

16π
ð1þβ2ÞR2

g

Z
∞

tmin

jFðtÞj2dt: ð8Þ

The parameter β ¼ ReA=ImA restores the real contribution
of the scattering amplitude and is usually defined as [34]

β ¼ tan

�
πλeff
2

�
; where λeff ¼

∂ ln ½ImAðx; t ¼ 0Þ�
∂ ln s :

Another important parameter, R2
gðλeffÞ, is necessary for

heavy mesons as J=ψ and corresponds to the ratio of off-
forward to forward gluon distribution (skewedness effect),
being defined by [35]

R2
gðλeffÞ ¼

22λeffþ3ffiffiffi
π

p Γðλeff þ 5
2
Þ

Γðλeff þ 4Þ

The function FðtÞ is the same nuclear form factor shown
in (7), which is integrated from tmin ¼ ðM2

V=2ωγÞ2.
At last, the amplitude jImAðx; t ¼ 0Þj represents the

imaginary part of the interaction amplitude for the γA →
V þ A process. Based on the good results obtained in the
last works [6–8], we describe the amplitude ImAðx; t ¼ 0Þ
in the color dipole formalism, in which the photon-nuclei
scattering can be seen as a sequence of the following
subprocesses: (i) the photon fluctuating into a quark-
antiquark pair (the dipole), (ii) the dipole-target interaction,
and (iii) the recombination of the qq̄ into a vector meson.
In the quantum mechanical picture of diffraction developed
by Good and Walker [36], the amplitude of this sequence
of steps is written in the dipole formalism as

ImAðx; t ¼ 0Þ ¼
Z

d2r
Z

dz
4π

ðψ�
VψγÞTσnucleusdip ðx; rÞ; ð9Þ

where the variables z and r are the longitudinal momentum
fraction carried by the quark and the transverse color dipole
size, respectively. Equation (9) is safely applicable in the
low-x limit, in which the transverse size of the pair qq̄ is
frozen during the interaction with the target, ensuring the
applicability of the dipole formalism. It is not formally
defined where the low-x limit starts, and in this work, we
extend the formalism up to y ¼ 4 (x ∼ 0.06 for J=ψ), which
is a limit value commonly used in the UPC regime. The
saturation model is more suitable in the region below
x ¼ 0.01, and for the large-x limit, there is still a need for a
complete analytical treatment. However, the photon flux at
y ¼ 4 corresponds to photons with energy ∼84 GeV (for
J=ψ ), which are strongly suppressed in relation to photons

with energy ≲0.2 GeV, meaning that possible corrections
to the dipole formalism for higher values of x would be
suppressed by the photon flux.
The transverse overlap of the photon-meson wave

function, which is dominant in relation to the longitudinal
component in Q ∼ 0, can be written as [34]

ðψ�
VψγÞT ¼ êfe

Nc

πzð1 − zÞ fm
2
fK0ðϵrÞϕTðr; zÞ

− ½z2 þ ð1 − zÞ2�ϵK1ðϵrÞ∂rϕTðr; zÞg; ð10Þ

where êf ¼ 1=3 for J=ψ, e ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
4παem

p
, ϵ2 ¼ zð1 − zÞQ2þ

m2
f, and Nc ¼ 3. The phenomenological function ϕTðr; zÞ

represents the scalar part of the meson wave function, and,
here, we used the Boosted-Gaussian model [37], since it
can be applied in a systematic way for the excited states,
resulting in

ϕ1Sðr; zÞ ¼ G1Sðr; zÞ
ϕ2Sðr; zÞ ¼ G2Sðr; zÞ½1þ α2S;1g2Sðr; zÞ�

ϕ3Sðr; zÞ ¼ G3Sðr; zÞ
	
1þ α3S;1g3Sðr; zÞ þ α3S;2

×

�
g23Sðr; zÞ þ 4

�
1 −

4zð1 − zÞr2
R2
3S

��

;

where

GnSðr; zÞ ¼ N nSzð1 − zÞ exp

×

�
−
m2

c=bR
2
nS

8zð1 − zÞ −
2zð1 − zÞr2

R2
nS

þm2
c=bR

2
nS

2

�

and

gnSðr; zÞ ¼ 2 −m2
c=bR

2
nS þ

m2
c=bR

2
nS

4zð1 − zÞ −
4zð1 − zÞr2

R2
nS

:

The free parameters R2
nS, N nS, and αnS are determined

from normalization, the orthogonality conditions, and a
fit to the experimental leptonic decay width (more details
are found in Refs. [38,39], in which the parameters are
calculated).
The next term in Eq. (9) is the cross section σnucleusdip ðx; rÞ,

calculated via the Glauber model [40],

σnucleusdip ðx;rÞ ¼ 2

Z
d2b

	
1− exp

�
−
1

2
TAðbÞσprotondip ðx;rÞ

�

;

ð11Þ

where the nuclear profile function, TAðbÞ, is obtained
from a two-parameter Fermi distribution for the nuclear
density [41] and the dipole cross section, σprotondip ðx; rÞ, is
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modeled from the Golec-Biernat andWüsthoff (GBW) [42]
and IIM [25] models, since both models presented good
results in the ultraperipheral regime [6–8].
Considering the kinematical range 2.5 < y < 4.0 and

pT < 0.3 GeV, we combine the usual photon flux [Eq. (6)]
with the photoproduction cross section [Eq. (8)] to calcu-
late the average rapidity distribution as described in Sec. II.
To take into account the centrality range, the relation
c ¼ b2=4RA is used, where c corresponds to centrality.
Integrating in the impact parameter for the centrality classes
(30%–50%, 50%–70%, and 70%–90%), the results shown
in Table I, which also presents the ALICE data, are
obtained. We observe excellent agreement with the data
in the more peripheral region. In contrast, as going to more
central regions, our estimates overstimate the ALICE data,
and therefore some correction with b dependence is
required, as will be developed in the next section.

IV. EFFECTIVE PHOTON FLUX

To improve the calculations, the photon flux is modified
following a procedure similar to the one carried out in
Ref. [21], in which an effective photon flux was built as a
function of the usual photon flux with two restrictions:
(1) only photons that reach the geometrical region of the
nuclei-target are considered, and (2) the photons that reach
the overlap region are not considered. Consequently, the
vector b⃗1 that starts in the center of the flux emitter nuclei
maps only the allowed region of the target nuclei (shaded
region of the Fig. 2). In contrast with Ref. [21], we do not
divide by a fixed region πR2

A. Being interested in collisions
with centrality that extends from 30% to 90%, it is required

to divide by the mapped areas, AeffðbÞ, enforcing b
dependence, thus obtaining

Neffðω;bÞ¼ 1

AeffðbÞ
Z

d2b1Nðω;b1ÞθðRA−b2Þθðb1−RAÞ;

ð12Þ

where

AeffðbÞ ¼ R2
A

�
π − 2cos−1

�
b

2RA

��
þ b

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4R2

A − b2
q

:

The first condition to ensure that the effective photon
flux refers only to photons that reach the geometrical region
of the nuclei target is given by the function θðRA − b2Þ.
Equation (12) can be correspondingly rewritten as

Neffðω;bÞ¼ 1

AeffðbÞ
Z

b2db2dαNðω;b1Þθðb1−RAÞ: ð13Þ

Here, the flux is expressed in terms of the new variable
ðb2;αÞ related to b1 through the equation b21 ¼ b2 þ b22 þ
2bb2 cosðαÞ. The θðb1 − RAÞ function corresponds to the
second condition and therefore discards the contribution of
the photons that reach the overlap region where the nuclear
effects are present. With this last condition, Eq. (13) can be
separated in two components,

Neffðω; bÞ ¼ 1

AeffðbÞ
½Neff

fullðω; bÞ − Neff
overlapðω; bÞ�: ð14Þ

The first term, Neff
fullðω; bÞ, maps all the nuclear region,

including the overlap region,

Neff
fullðω; bÞ ¼

Z
b2db2dαNðω; b1Þ;

the second term, Neff
overlap, maps only the overlap region, and

its contribution is defined in the Cartesian coordinate
system by

Neff
overlapðω; bÞ ¼ 2

Z
bymax

0

dby

Z
bxmax

bxmin

dbxNðω; b1Þ; ð15Þ

where b21 ¼ b2x þ b2y and the integration limits are

bxmin ¼ −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
A − b2y

q
þ b, bymax ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
A − ðb

2
Þ2

q
, and

bxmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
A − b2y

q
. For purposes of numerical calculation,

it is more useful to disconnect the dependence of the bxmin
and bxmax with by. This is achieved with the change of
variables by ¼ g1ðbÞb0y and bx ¼ g2ðb; byÞb0x þ b=2, where
the Jacobian functions g1;2 are, respectively, given by

TABLE I. Comparison of results for the dσ=dy using GBWand
IIM models with the ALICE data for J=ψ [18].

dσ=dy [μb] 30%–50% 50%–70% 70%–90%
Average rapidity distribution—Scenario 1

GBW 200 100 60
IIM 170 84 51

ALICE data 73� 44þ26
−27 � 10 58� 16þ8

−10 � 8 59� 11þ7
−10 � 8

FIG. 2. Schematic drawing used in the construction of the
effective photon flux.
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g1ðbÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
A−ðb=2Þ2

p
and g2ðb;byÞ¼ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
A−b2y

q
−b=2Þ.

In terms of the new variables, Eq. (15) can be rewritten as

Neff
overlapðω; bÞ ¼ 2

Z
1

0

Z
1

−1
db0ydb0xg1ðbÞg2ðb; byÞNðω; b1Þ:

ð16Þ

Figure 3 presents the comparison of the usual photon
flux [Eq. (6)] with the effective photon flux [Eq. (14)] for
the energies ω ¼ 0.01 GeV and ω ¼ 1 GeV, since for the
centrality class 30%–90% the photon flux is formed mainly
for photons with energy ω < 200 MeV. For b≲ 4 fm
(centrality ≲8%), the usual photon flux considerably
diverges from the effective photon flux, tending to 0 as
b → 0. Otherwise, in the range 4 fm ≲ b≲ 11 fm
(8%≲ centrality≲ 60%), the usual photon flux is higher
than the effective photon flux, mainly in the limit
b ∼ RA ∼ 7 fm. At last, in the region b > 11 fm, the two
models become similar for the energy ω ¼ 0.01 GeV and
ω ¼ 1 GeV, approaching each other as we reach the
ultraperipheral regime (b > 2RA).
Using the effective photon flux [Eq. (14)], the rapidity

distribution is calculated for the nuclear photoproduction
of the J=ψ in Pb-Pb collisions at

ffiffiffi
s

p ¼ 2.76 TeV andffiffiffi
s

p ¼ 5.02 TeV. First, in Fig. 4, our estimates are given for
the centrality classes 30%–50%, 50%–70%, and 70%–90%
with

ffiffiffi
s

p ¼ 2.76 TeV, using the GBW and IIM dipole
models. Comparing both dipole models, there is some
difference in the jyj≳ 1.0 range, although the curves show
similar behavior. The comparison between the different
centrality classes can provide more interesting information
on how far the adopted formalism can be extrapolated.
Especially, we observed an increase of ∼12% from
70%–90% to 50%–70% and of ∼13.7% from 50%–70%
to 30%–50%, for both dipole models, at y ¼ 0. Similarly, atffiffiffi
s

p ¼ 5.02 TeV, we observed an increase of ∼12% from
70%–90% to 50%–70% and ∼13.3% from 50%–70% to
30%–50% at y ¼ 0, as shown in Fig. 5. Therefore, the

relative variation between the different centrality classes is
not sensitive to the increase of the energy.
The ratio dσ5.02

dy = dσ2.76
dy was also analyzed, obtaining an

increase of approximately 30% in the central rapidity
region jyj < 1.5 for the three investigated centrality classes.
This ratio is, approximately, 60% for the same rapidity
region in the UPC. It can indicate that this formalism for the
effective photon flux seems less sensitive with the variation
of the energy in comparison to the usual photon flux.
To compare with ALICE measurements, the average

rapidity distribution was recalculated in the 2.5 < y < 4.0
range, using the effective photon flux without changing the
photonuclear cross section (scenario 2), and the results are
presented in Table II. Better agreement with the data in the
central region is observed. Especially, the use of the IIM
model produces better results than those produced by the
GBW model.
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FIG. 3. Comparison between the usual photon flux (solid line)
and the effective photon flux (dashed line) for the photon energy
values ω ¼ 0.01 GeV and ω ¼ 1 GeV.
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V. EFFECTIVE PHOTONUCLEAR
CROSS SECTION

Until now, the transition from the ultraperipheral to
peripheral regime was performed by changing only the
photon flux. However, knowing that in the build of the
effective photon flux the nuclear overlap region was not
considered, for consistency, it is also necessary to discard
the photon-target interaction in the overlap region. With the
restriction Θðb1 − RAÞ in Eq. (11), only the interaction of
the photon with the nonoverlap region is considered.
Equation (11) can be written as

σnucleusdip ðx; rÞ ¼ 2

Z
dbdαbΘðb1 − RAÞ

×

	
1 − exp

�
−
1

2
TAðbÞσprotondip ðx; rÞ

�

;

where b21 ¼ B2 þ b2 þ 2Bb cosðαÞ, with B the impact
parameter of the nuclear collision. The combination of
the modifications in the photon flux and in the photonuclear
cross section constitutes scenario 3, which produces the
results for the rapidity distribution presented in Table III.
For completeness, in addition to the J=ψ state, the

average rapidity distributions were also estimated for
ψð2SÞ and for the three Y states: Yð1SÞ, Yð2SÞ, and
Yð3SÞwith ffiffiffi

s
p ¼ 5.02 TeV. All the results are summarized

in Table IV, where each pair of the values corresponds to the
GBW (left) and IIM (right) models. It can be observed that
the Yð2SÞ and Yð3SÞ are not good discriminators, since
they produce similar results for the dipole models consid-
ered in the three scenarios. It can be observed that the
relative variation between the scenarios is not dependent of
the dipole models [for example, ðS1=S2ÞGBW ∼ ðS1=S2ÞIIM]
for each centrality class.

VI. RAA RESULTS

Using Eq. (1), the nuclear modification factor, RAA,
was calculated for the three centrality classes investigated,
considering the kinematic region pT < 0.3 GeV=c and
2.5 < y < 4.0. Using the IIM model, which gives better
results, the three scenarios developed in this paper were
compared with the ALICE data, as shown in Fig. 6. As can
be observed, scenario 1 fits with the data only in the more
peripheral region where the uncertainty is higher. However,
in this scenario, no relevant modification was performed in
relation to the ultraperipheral regime. For scenarios 2 and 3,
where a deeper dependence with b was applied, better
results were achieved for the more central classes in which
the uncertainty was small. It should be considered that the
ALICE measurements, which depended on the centrality
of the collision, were taken following the centrality
criteria developed in Ref. [26], in which the ultraperipheral
regime started in b ∼ 20 fm, instead of the standard
b ∼ 2RA. Consequently, the interval in b corresponding

TABLE II. Average rapidity distribution compared with ALICE
data [18].

dσ=dy [μb] 30%–50% 50%–70% 70%–90%
Average rapidity distribution—Scenario 2

GBW 128 98 80
IIM 107 80 67
ALICE data 73� 44þ26

−27 � 10 58� 16þ8
−10 � 8 59� 11þ7

−10 � 8

TABLE IV. Average rapidity distribution in the region 2.5 < y < 4.0 for the mesons ψð2SÞ and Yð1S; 2S; 3SÞ for
the scenarios 1, 2, and labeled by S1, S2, and S3, respectively, presented as GBW/IIM.

GBW/IIM 30%–50% 50%–70% 70%–90%
ψð2SÞ ðμbÞ S1∶ 102.42=81.53 S1∶ 53.92=43.20 S1∶ 34.50=27.79

S2∶ 65.51=52.31 S2∶ 51.32=41.05 S2∶ 42.45=34.02
S3∶ 37.54=30.04 S3∶ 41.24=33.08 S3∶ 39.89=32.02

ϒð1SÞ (nb) S1∶ 425.35=398.00 S1∶ 170.45=158.10 S1∶ 88.16=80.70
S2∶ 247.7=230.86 S2∶ 184.17=171.2 S2∶ 144.45=133.87
S3∶ 142.70=133.02 S3∶ 149.50=126.53 S3∶ 136.50=126.53

ϒð2SÞ (nb) S1∶ 69.01=68.83 S1∶ 26.85=26.43 S1∶ 13.55=13.08
S2∶ 39.88=39.55 S2∶ 29.51=29.17 S2∶ 23.03=22.67
S3∶ 23.07=22.83 S3∶ 24.08=23.75 S3∶ 21.85=21.46

ϒð3SÞ (nb) S1∶ 32.92=33.50 S1∶ 12.62=12.65 S1∶ 6.29=6.17
S2∶ 18.95=19.17 S2∶ 14.00=14.10 S2∶ 10.90=10.93
S3∶ 10.95=11.07 S3∶ 11.40=11.48 S3∶ 10.32=10.35

TABLE III. Comparison of the results in the scenario 3 with the
ALICE data [18].

dσ=dy [μb] 30%–50% 50%–70% 70%–90%
Average rapidity distribution—Scenario 3

GBW 73 78 75
IIM 61 66 63
ALICE data 73� 44þ26

−27 � 10 58� 16þ8
−10 � 8 59� 11þ7

−10 � 8
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to 70%–90%, for example, is not exactly the same as that
obtained from the relation c ¼ b2=4RA, employed in this
work and closest to the Glauber model. This correction is
required for a deeper comparison with the data, although
main conclusions should not be affected.

VII. SUMMARY

In this paper, we calculated the average rapidity dis-
tribution for the V ¼ ðJ=ψ ;ψð2SÞ; Yð1SÞ; Yð2SÞ; Yð3SÞÞ
mesons, and the nuclear modification factor for the J=Ψ
state in the centrality classes 30%–50%, 50%–70%
and 70%–90% was estimated. The ALICE data were
compared with our estimates, obtained from three different
approaches. In the simplest approach (scenario 1), we
obtained better agreement with the data only in the more
peripheral region, where there is considerable uncertainty.
For the more consistent approach (scenario 3), the result
agrees better with the data in the more central region where
the uncertainty is small. Although it is not yet possible to
confirm that the exclusive photoproduction is fully respon-
sible for the J=ψ excess observed in ALICE, there are
indications that it produces a considerable part of the effect.
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