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Introduction: vector mesons in UPCs, A+ A→ J/ψ + A+ A

D. Grund, UPC2023

Two-fold ambiguity:

xA =
MV√
s
e±y

σ ∼ nγ(+y)σ(+y)+nγ(−y)σ(−y)

Coherent J/y and y 0 photoproduction at midrapidity ALICE Collaboration
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Figure 6: Measured differential cross section of the coherent J/y (left) and y 0 (right) photoproduction in Pb–Pb
UPC events. The error bars (boxes) show the statistical (systematic) uncertainties. The theoretical calculations are
also shown. The green band represents the uncertainties of the EPS09 LO calculation.

from HERA [9]. Both the LTA model and the EPS09 curve, corresponding to the EPS09 LO central set
(uncertainties of the EPS09 calculation are represented by the green band), are found to be in a good
agreement with the J/y and y 0 cross sections measured at midrapidity. However, these models are in
tension with the J/y data at semi-forward rapidity in the range 2.5 < |y| < 3.5, indicating that the nu-
clear shadowing might have a smaller effect at Bjorken x ⇠ 10�2 or x ⇠ 5⇥10�5 corresponding to this
rapidity range. It is worth noting that the GKZ predictions are based on gluon shadowing effects at a
scale Q2 = 3GeV2 in contrast to the default value of 2.4GeV2 which is used in other models and also in
LTA predictions at lower energies [47]. The modified Q2 value was found to provide better description
of the coherent J/y production cross section in Pb–Pb UPC measured by ALICE in Run 1 as well as
exclusive J/y photoproduction off protons [48].

Calculations by Cepila, Contreras, Krelina and Tapia Takaki (CCK) are based on the colour dipole model
with the structure of the nucleon in the transverse plane described by the so-called hot spots, regions
of high gluonic density, whose number increases with the increasing energy [14, 49]. Nuclear effects
are implemented along the ideas proposed in the energy-dependent hot-spot model with the standard
Glauber-Gribov formalism (GG-HS) for the extension to the nuclear case. The GG-HS model agrees
with the J/y measurements at midrapidity and at most forward rapidities but underpredicts them at
semi-forward rapidities. The y 0 measurement at midrapidity is overpredicted by this model.

Calculations by Bendova, Cepila, Contreras, Matas (BCCM) are based on the color dipole approach
coupled to the solutions of the impact-parameter dependent Balitsky-Kovchegov equation with initial
conditions based on the Woods-Saxon shape of the Pb nucleus [10]. The model is in a reasonable
agreement with the J/y and y 0 data at midrapidity.

Several theory groups provided predictions for J/y within the color dipole approach coupled to the
Color Glass Condensate (CGC) formalism with different assumptions on the dipole-proton scattering
amplitude. Predictions by Gonçalves, Machado et al. (GM) [11, 50] based on the IIM and b-CGC
models for the scattering amplitude agree with the J/y data rather well at midrapidity but strongly
underpredict the data at forward rapidities. Predictions by Lappi and Mäntysaari (LM) based on the
IPsat model [12, 51] overpredict the ALICE measurements at midrapidity, but match them at forward
rapidities. Recent predictions by Łuszczak and Schäfer (LS BGK-I) within the color-dipole formulation
of the Glauber-Gribov theory [13] are in agreement with the J/y data at semi-forward rapidities, 2.5 <
|y| < 3, slightly underpredict the data at more forward rapidities 3 < |y| < 4 and overpredict the data at
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In principle UPCs provide access to very small-x nuclear
structure, but high-xA component dominates at large |y|

ALICE, 2101.04577
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Recent development: extract individual γ + A contributions

dσ
{b1}
AA

dy
= nγ(y, {b}1)σγA(y)

+ nγ(−y, {b}1)σγA(−y)

dσ
{b2}
AA

dy
= nγ(y, {b}2)σγA(y)

+ nγ(−y, {b}2)σγA(−y)

Forward neutron classes ⇒ impact parmeter
range {bi} ⇒ different flux nγ
⇒ solve for σγA Method: Guzey et al, 1312.6486

See talk by Contreras (Tue) for details

Energy dependence of coherent photonuclear production of J/ψ mesons ALICE Collaboration

Table 5: Photonuclear cross sections extracted from the UPC measurements using the procedure described in
the text. The quoted uncertainties are uncorrelated (unc.), correlated (corr.), caused by migrations across neutron
classes (mig.) and by variations of the flux fractions in the different classes (flux frac.). The lines separate the
different ranges in |y|. Note that two photonuclear cross sections in each rapidity interval are anti-correlated.

y Wγ Pb,n (GeV) σγ Pb (µb) unc. (µb) corr. (µb) mig. (µb) flux frac. (µb)
3.5 < y < 4 19.12 8.84 0.30 0.68 0.02 0.04

−4 < y < −3.5 813.05 57.32 20.77 7.57 6.41 6.56
3 < y < 3.5 24.55 13.89 0.23 1.08 0.05 0.08

−3.5 < y < −3 633.21 46.58 6.61 5.73 3.77 3.63
2.5 < y < 3 31.53 16.89 0.59 1.32 0.11 0.18

−3 < y < −2.5 493.14 44.68 6.38 5.15 2.73 2.97
0.2 < y < 0.8 97.11 21.73 5.12 3.12 4.32 2.73

−0.8 < y < −0.2 160.10 25.00 7.33 4.88 5.43 3.91
−0.2 < y < 0.2 124.69 24.15 0.69 1.37 0.50 0.06
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Figure 4: Photonuclear cross section for the γ + Pb → J/ψ + Pb process as a function of Wγ Pb,n (lower axis) or
Bjorken-x (upper axis). The solid markers represent the measured cross section. The vertical line across a marker
is the uncorrelated uncertainty. The height of an empty box is the sum in quadrature of the correlated systematic
uncertainties and the effect of migrations across neutron classes. The gray box represents the theoretical uncertainty
coming from the computation of the photon flux. The lines depict the prediction of the different models discussed
in Sec. 2. The open triangular and square markers show the cross sections extracted in Refs. [17, 18] using ALICE
Run 1 data.

fits—including the statistical, correlated and uncorrelated systematic uncertainties—are performed using
the modified fluxes. The largest difference, divided by

√
2, between these fits and the fit with the default

photon-flux values from nO
On is taken as the uncertainty originating from the photon flux. If the fluxes

of STARlight were used, instead of those from nO
On, then the results would vary by less than one per-
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Access VM production at very small x
Confront CGC calculations with this data!
ALICE, 2305.19060
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Coherent and incoherent vector meson production
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Figure 1: The coherent (left) and incoherent (right) exclusive vector meson production in eA collisions.

called coherent production, and the associated cross section measures the average spatial distribution of gluons in
the target. On the other hand, if the nucleus scatters inelastically, i.e., breaks up due to the pT kick given to the
nucleus, the process is denoted incoherent production. In this case, one sums over all final states of the target nucleus,
except those that contain particle production. The associated cross section probes the fluctuations and correlations
in the gluon density. In both cases, the final state is characterized by a rapidity gap. It is expected that the coherent
production dominates at small squared transverse momentum transfer t (|t| · R2

A/3 ⌧ 1, where RA is the nuclear
radius), with its signature being a sharp forward diffraction peak. On the other hand, incoherent production should
dominate at large t (|t| · R2

A/3 � 1), with the associated t-dependence being to a good accuracy the same as in the
production off free nucleons. As the momentum transfer is Fourier conjugate to the impact parameter, the coherent
and incoherent exclusive vector meson production are sensitive to different aspects of the geometric structure of the
target, which at high energies can be identified with the spatial gluon distribution of the target. In the coherent case,
the averaged density profile of the gluon density is probed. In contrast, the incoherent cross sections constrain the
event - by - event fluctuations of the gluonic fields in the target.

Our goal in this paper is to present a detailed investigation of the coherent and incoherent exclusive vector meson
electroproduction in eA collisions considering the energy-dependent hot – spot model proposed in Ref. [21] for a
proton target and extended for the nuclear case in Refs. [22, 23] (For similar approaches see, e.g. Refs. [24, 25, 26]).
In this model, the hadronic structure is described in terms of subnucleonic degrees of freedom representing regions of
high gluon density, denoted hot – spots, which increase in number with the decreasing of the Bjorken - x variable.
Such energy dependence is motivated by the fact that the non - linear QCD dynamics predicts that the transverse
density profile of the target change with the energy. As demonstrated in Refs. [22, 23, 27], such model is able to
describe the current data for the exclusive and dissociative production of vector mesons in ep collisions, as well find a
satisfactory agreement with the data for the exclusive J/ photoproduction in ultraperipheral heavy ion collisions. In
this paper we will estimate the coherent and incoherent cross sections for the production of light (⇢ and �) and heavy
(J/ and ⌥) vector mesons considering different nuclear targets (A = Au, Xe and Ca) and assuming two distinct
models for the nuclear profile. We will present predictions for the dependencies of the cross sections on the energy,
atomic number, photon virtuality and squared momentum transfer. Our results demonstrate that the ratio between
the incoherent and coherent cross sections is strongly sensitive to the presence of subnucleonic degrees of freedom in
the form of hot spots.

This paper is organized as follows. In the next Section, we present a brief review of the formalism and discuss the
two models for the nuclear profile used in our calculations. In Section 3 we present our results for the coherent and
incoherent cross sections, considering the kinematical range that will be probed by the electron – ion facilities that
are under design: the EIC in the USA and the LHeC project at CERN. Finally, in Section 4 we summarize our main
conclusions.

2 Review of the formalism
The coherent and incoherent exclusive vector meson electroproduction in eA collisions are represented in the left and
right panels of the Fig. 1, respectively. The reaction is given by e(l)+A(P ) ! e(l0)+Y (P 0)+V (PV ), where Y = A in
the coherent case and Y = A⇤ for incoherent interactions. Moreover, l and l0 are the electron momenta in the initial

2

Coherent Incoherent

Figure: 2007.13625

Coherent: target remains intact, initial state |i⟩ = final state |f⟩.
Good, Walker, Phys. Rev. 1960:

dσcoherent

dt
∼ |⟨A⟩Ω|2

⇒ Probe average interaction ⇒ average geometry

Incoherent: |i⟩ ≠ |f⟩: target breaks up:
dσincoh

dt
=

dσtotal diff

dt
− dσcoherent

dt
∼

〈
|A|2

〉
Ω
−

∣∣∣〈A〉
Ω

∣∣∣2
Variance ⇒ access to event-by-event fluctuations in the target structure

Heikki Mäntysaari (JYU) Exclusive VM production at small-x April 10, 2024 4 / 14



Coherent and incoherent vector meson production

A

�⇤(Q2)

e

e

A

⇢, �, J/ , ⌥

t

W 2

A⇤

�⇤(Q2)

e

e

A

⇢, �, J/ , ⌥

t

W 2

Figure 1: The coherent (left) and incoherent (right) exclusive vector meson production in eA collisions.

called coherent production, and the associated cross section measures the average spatial distribution of gluons in
the target. On the other hand, if the nucleus scatters inelastically, i.e., breaks up due to the pT kick given to the
nucleus, the process is denoted incoherent production. In this case, one sums over all final states of the target nucleus,
except those that contain particle production. The associated cross section probes the fluctuations and correlations
in the gluon density. In both cases, the final state is characterized by a rapidity gap. It is expected that the coherent
production dominates at small squared transverse momentum transfer t (|t| · R2

A/3 ⌧ 1, where RA is the nuclear
radius), with its signature being a sharp forward diffraction peak. On the other hand, incoherent production should
dominate at large t (|t| · R2

A/3 � 1), with the associated t-dependence being to a good accuracy the same as in the
production off free nucleons. As the momentum transfer is Fourier conjugate to the impact parameter, the coherent
and incoherent exclusive vector meson production are sensitive to different aspects of the geometric structure of the
target, which at high energies can be identified with the spatial gluon distribution of the target. In the coherent case,
the averaged density profile of the gluon density is probed. In contrast, the incoherent cross sections constrain the
event - by - event fluctuations of the gluonic fields in the target.

Our goal in this paper is to present a detailed investigation of the coherent and incoherent exclusive vector meson
electroproduction in eA collisions considering the energy-dependent hot – spot model proposed in Ref. [21] for a
proton target and extended for the nuclear case in Refs. [22, 23] (For similar approaches see, e.g. Refs. [24, 25, 26]).
In this model, the hadronic structure is described in terms of subnucleonic degrees of freedom representing regions of
high gluon density, denoted hot – spots, which increase in number with the decreasing of the Bjorken - x variable.
Such energy dependence is motivated by the fact that the non - linear QCD dynamics predicts that the transverse
density profile of the target change with the energy. As demonstrated in Refs. [22, 23, 27], such model is able to
describe the current data for the exclusive and dissociative production of vector mesons in ep collisions, as well find a
satisfactory agreement with the data for the exclusive J/ photoproduction in ultraperipheral heavy ion collisions. In
this paper we will estimate the coherent and incoherent cross sections for the production of light (⇢ and �) and heavy
(J/ and ⌥) vector mesons considering different nuclear targets (A = Au, Xe and Ca) and assuming two distinct
models for the nuclear profile. We will present predictions for the dependencies of the cross sections on the energy,
atomic number, photon virtuality and squared momentum transfer. Our results demonstrate that the ratio between
the incoherent and coherent cross sections is strongly sensitive to the presence of subnucleonic degrees of freedom in
the form of hot spots.

This paper is organized as follows. In the next Section, we present a brief review of the formalism and discuss the
two models for the nuclear profile used in our calculations. In Section 3 we present our results for the coherent and
incoherent cross sections, considering the kinematical range that will be probed by the electron – ion facilities that
are under design: the EIC in the USA and the LHeC project at CERN. Finally, in Section 4 we summarize our main
conclusions.

2 Review of the formalism
The coherent and incoherent exclusive vector meson electroproduction in eA collisions are represented in the left and
right panels of the Fig. 1, respectively. The reaction is given by e(l)+A(P ) ! e(l0)+Y (P 0)+V (PV ), where Y = A in
the coherent case and Y = A⇤ for incoherent interactions. Moreover, l and l0 are the electron momenta in the initial
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Vector meson production at high energy
γ +A→ (J/ψ, ρ, . . . ) +A

Lowest order in perturbation theory:
AΩ ∼ i

∫
d2b⊥ e

−ib⊥·∆Ψ∗ ⊗ΨJ/ψ ⊗NΩ

1 γ∗ → qq̄: photon wave function Ψ (QED)

2 qq̄-target interaction: dipole amplitude
NΩ

3 qq̄ → J/ψ: J/ψ wave function ΨJ/ψ

H.M, Salazar, Schenke, 2207.03712

Dipole: MV model + JIMWLK evolution
constrained by HERA data (backup)
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No net color charge transfer (“diffractive”), Ω=target configuration
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Initial condition

Dipole: MV model + JIMWLK evolution
constrained by HERA data
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x = 0.01 → JIMWLK

Large e-b-e fluctuations in proton geometry.
H.M, Schenke, 1603.04349 + subsequent papers
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Saturation in coherent production: γ + Pb → J/ψ + Pb
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Challenging to describe the W dependence of σγPb

▶ LHC data well reproduced at moderate W ≲ 100 GeV
▶ Energy dependence well reproduced at higher W , but

overestimate overall cross section

Nuclear suppression factor

Scoh =

√
σγPb

σIA
, σIA =

dσγp

dt

∣∣∣∣
t=0

∫
dt |F (t)|2

▶ General trend captured. . .
▶ . . . but data would prefer a stronger W dependence

No free parameters when moving p→ A: genuine prediction
Ongoing work: include γ +Pb to fits determining JIMWLK IC

H.M, Salazar, Schenke, 2312.04194; H.M, Salazar, Schenke, Shen, Zhao, in progress
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Saturation in incoherent production: γ + Pb → J/ψ + Pb∗

101 102 103

W [GeV]

0.1

0.2

0.3

0.4

0.5

0.6

S
in

co
h

CGC + shape fluct (Pb)
CGC (Pb)
STAR (Au)

0.0 0.5 1.0 1.5 2.0
t [GeV2]

100

101

d
σ
/d
t
[µ

b
/
G

eV
2
]

CGC + shape fluct ×0.81

CGC ×0.81

ALICE

Proton e-b-e fluctuating geometry tuned to HERA data

Smoother proton at small-x ⇒ reduced fluctuations,
incoherent cross section suppressed

Lower-energy measurement from STAR for the
suppression factor

Sincoh =
σγ+Pb→J/ψ+Pb∗

A(σγ+p→J/ψ+p + σγ+p→J/ψ+p∗)

LHC data can probe xP dependent geometry fluctuations

ALICE t spectra: compatible with no modification to
nucleon substructure in nuclei at xP ∼ 10−3

H.M, Salazar, Schenke, 2312.04194
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Interference patterns (see previous talk for a proper introduction)
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π−

γ linearly polarized ↑↑ B⊥, polarization transferred to ρ

Effect on decay products, but not visible as B⊥ random

But two different amplitudes & interference:

Correlations in daughters ρ→ π+ + π− (or J/ψ → e+ + e−)

dσρ→π+π−

d2P⊥d2q⊥dy1dy2
= coherent+ incoherent =

1

2(2π)3
f2

(M2
ππ −M2

V )
2 +M2

V Γ
2

{〈∫
d2B⊥Mi(q⊥,B⊥)M†,j(q⊥,B⊥)P

i
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j
⊥Θ(|B⊥| − Bmin︸ ︷︷ ︸
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)

〉
Ω

}
.

Mi(y1, y2,q⊥,B⊥) =
∫

d2b⊥e
−iq⊥·b⊥

 Ã1(x1,b⊥)︸ ︷︷ ︸
γ+A1 scattering

F̃ i
2(x2,b⊥ −B⊥)︸ ︷︷ ︸

γ field of A2

+Ã2(x2,b⊥ −B⊥)F̃ i
1(x1,b⊥)


H.M, Salazar, Schenke, Shen, Zhao, 2310.15300
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Interference patterns: A+ A→ A(∗) + A(∗) + ρ
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Spectra well described including linearly polarized photons, interference and photon kT
Angular modulation sensitive to deformations

▶ Dominant reason: different Bmin distributions

Caveat: ρ mass not large enough to fully justify perturbative calculation,
but modulation insensitive to r ≳ 1 fm dipoles at |q⊥| < 0.1 GeV

H.M, Salazar, Schenke, Shen, Zhao, 2310.15300
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Interference in different neutron classes: Pb + Pb → Pb(∗) + Pb(∗) + ρ
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More neutrons emitted when impact parameter is smaller

Interference decreases with increasing impact parmeter

H.M, Salazar, Schenke, Shen, Zhao, 2310.15300
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Polarized deuteron
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Unique at the EIC: polarized beams
⇒ probe spatial distribution of small-x gluons in a polarized d

Φ: Angle between J/ψ momentum and d polarization

Effective deuteron size seen depends on the angle
H.M, Salazar, Schenke, Shen, Zhao, in preparation
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Conclusions

γ + Pb data from UPCs: probe saturation in the TeV range

Strong suppression from the LHC qualitatively understood, but challenging to get as large
suppression at high W

▶ Note: no free parameters when moving p→ Pb

Future measurements for incoherent γ + Pb → J/Ψ+ Pb∗ allow for probing nucleon
geometry fluctuations in nuclear environment

Azimuthal correlations in UPCs sensitive also to deformed structure of nuclei

EIC possibility: how are small-x gluons distributed in a polarized deuteron?
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The 2nd workshop on the physics of Ultra Peripheral Collisions

Ultra Peripheral location for UPC physics

Lapland, Finland, 9.-13.6.2025 (24h daylight!), TBC

https://indico.cern.ch/event/1378275/

Local organizing committee chairs

Ilkka Helenius and Heikki Mäntysaari

Travel

International flight to Helsinki + domestic connection
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Saturation effect on nuclear geometry: A+ A→ A+ A+ J/ψ
γ + Pb at the LHC: very high density, saturation can modify the nuclear geometry
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208Pb
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x = 10−2

x = 6 · 10−4

x = 4 · 10−5

UPC data from LHC: x = 6 · 10−4

Coherent γ + Pb → J/ψ + Pb

No saturation: geometry = Woods-Saxon
⇒ not compatible with ALICE data

Saturation: nucleus ≈ black disc at the center
⇒ modifieds nuclear geometry
⇒ J/ψ spectra compatible with ALICE measurements

H.M, Schenke, Salazar, PRD106 (2022), ALICE: PLB817 (2021)
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Example with protons: proton shape from γ + p→ J/Ψ+ p
Comparison to HERA data including color charge fluctuations (x ∼ 10−3)
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H.M, B. Schenke, PRL 117, 052301 (2016), PRD 94, 034042, H1: EPJC73, 2466

Round proton:
Fit proton size: (gluonic)
radius rp ∼ 0.6 fm
Note EM radius 0.88 fm

Average geometry
(coherent) !

Fluctuations (incoherent) %
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Constraining proton fluctuations: γ + p→ J/Ψ+ p
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Parametrize e-b-e fluctuating
geometry, fit data

Fluctuations Round

HERA data can be described with large event-by-event fluctuations in the proton geometry
H.M, B. Schenke, PRL 117, 052301 (2016), PRD 94, 034042, H1: EPJC73, 2466

18 / 14



Dipole amplitude from the CGC

Color charge distribution at x = 0.01

Event-by-event random color charge distribution ρa

McLerran-Venugopalan model g2⟨ρa(x⊥)ρ
b(y⊥)⟩ ∼ δabδ(x⊥ − y⊥)g

4µ2

g4µ2 ∼ Q2
s(b⊥) ∼ Tp(b⊥) from IPsat fit to HERA σr data

Small-x evolution

Perturbative JIMWLK evolution (event-by-event)

Infrared regulator to suppress gluon emission at long distance

Dipole-target amplitude

N(r⊥ = x⊥ − y⊥) = 1− 1
Nc

⟨V †(x⊥)V (y⊥)⟩

V (x⊥) = P exp
(
−ig

∫
dx− ρ(x⊥)

∇2−m2

)
19 / 14



STAR suppression factor data

H.M, Salazar, Schenke, 2312.04194:

Channel STAR CGC + shape fluct CGC

Scoh 0.846± 0.063 0.89 0.90

Sincoh 0.36+0.06
−0.07 0.58 0.32

Table: Nuclear modification factors for J/ψ photoproduction in γ +Au collisions. The CGC predictions
are calculated at xP = 0.01 and the STAR measurements are performed at xP = 0.015. The coherent
suppression factors Scoh obtained with and without nucleon substructure fluctuations are compatible
with each other within the numerical accuracy.
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