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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 (models)

H.M, Salazar, Schenke, 2207.03712

No net color charge transfer (“diffractive”), Ω=target configuration
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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
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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
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Figure 1: The coherent (left) and incoherent (right) exclusive vector meson production in eA collisions.
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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.
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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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Dipole-target scattering in CGC: NΩ(x⊥,y⊥) = 1− 1
Nc

Tr
{
V †(x⊥)V (y⊥)

}
Same d.o.f. as in the IP-Glasma heavy ion initial state

Color charge distribution at x = 0.01

Event-by-event random color charge distribution ρa

MV model: g2⟨ρa(x⊥, x−)ρb(y⊥, y−)⟩ ∼ δabδ(x⊥ − y⊥)δ(x− − y−)g4µ2

+ an IR regulator m̃

g2µ ∼ cQs(b⊥) with Q2
s ∼ Tp(b⊥) from IPsat fit to HERA σr data

V (x⊥) = P exp
(
−ig

∫
dx− ρ(x⊥)

∇2−m̃2

)
Small-x evolution

Perturbative JIMWLK evolution (event-by-event), gluon emission kernel regulated in IR:

Kx⊥ = xi

x⊥2 → mJIMWLK|x⊥|K1(mJIMWLK|x⊥|) xi

x⊥2

Nucleus: sample nucleon positions from e.g. Woods-Saxon, sum Ti(b⊥) – no free parameters
Heikki Mäntysaari (JYU) VMs at the EIC Sept 18, 2025 4 / 19



Initial condition + perturbative evolution

Dipole: MV model + JIMWLK evolution
constrained by γ + p→ J/ψ + p data
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FIG. 14: An example evolution of the fluctuating proton
shape over 5.3 units of rapidity with no ultraviolet damping
in the initial condition.
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FIG. 15: An example evolution of the fluctuating proton
shape over 5.3 units of rapidity with ultraviolet damping
v = 0.3 GeV�1 in the initial condition.

ent cross section, on the other hand, can not receive any
contribution in this region, and becomes only sensitive to
the edge of the proton.

This behavior is most clearly visible in the ratio of
the incoherent to the coherent di↵ractive cross sections,
shown in Fig. 16 and compared with the H1 data [93]. We
present results for the choice of parameters that produce
a good fit to the H1 spectra at W = 75 GeV and compare
to the parameter set where g4µ2 is adjusted to fit the
charm reduced cross section. The ratio is shifted slightly
when changing the parameters, but the W dependence,
which is a prediction based on JIMWLK evolution, is
una↵ected.

For comparison, we will show results obtained us-
ing an IPsat model with fluctuating hot spot structure
parametrized in Ref. [16]. The proton structure pa-
rameters in that case are Bqc = 3.3 GeV�2, Bq =

0.7 GeV�2 and � = 0.5. The resulting cross section ra-
tio is much flatter as a function of W , because it lacks
important physics, including the proton growth and evo-
lution of the fluctuating sub-structure, and only the over-
all saturation scale depends on energy. Additionally, we
note that the cross section ratio is slightly above the data
also at W = 75 GeV where the parameters are con-
strained in Ref. [16]. This is due to the steeper slope
of the experimental coherent t spectra than what can
be reproduced by a proton with root mean square size
Bq +Bqc = 4 GeV�2 as used in Ref. [16], which describes
data for W = 90GeV well.

In Fig. 17, we compare to the case with UV damping
in the initial state. Unsurprisingly, because the UV filter
removes some fluctuations while keeping the overall size
the same, the ratio of incoherent to coherent cross section

is reduced. The evolution of the ratio with energy is sim-
ilar, possibly slightly slower when UV damping is used.
This makes the results with and without UV damping
become more similar with evolution (this can also be ob-
served in Figs. 5 and 6), which can be understood by the
structure becoming dominated by JIMWLK e↵ects and
losing memory of the initial state.

IX. LARGE DIPOLES

As shown in the previous sections, our results for in-
clusive structure functions and di↵ractive cross sections
underestimate the experimental data, unlike computa-
tions relying on the IPsat parametrization. On the other
hand, both approaches give a good description of the
charm structure function (but we also note that the IP-
sat model can not describe the observed proton growth in
1/x). This di↵erence was explained by noticing that the
behavior of the dipole amplitude for large (compared to
the size of the proton and to the inverse of the saturation
scale) dipoles is very di↵erent in the two frameworks.

As previously mentioned, in our model and at zero im-
pact parameter, the quarks do not probe the densest part
of the proton, but that at distances r/2 from the center.
This is in contrast to IPsat where the saturation scale is
probed at the impact parameter (the point between the
quark and anti-quark). This di↵erence becomes impor-
tant when the dipole size is of the order of the proton
size. In principle, this is the region where confinement
scale physics should dominate, but no such phenomena
are included in our model. In the IPsat model, large
enough dipoles scatter with probability one, which can

Large e-b-e fluctuations in proton geometry.
H.M, Schenke, 1806.06783, H.M, Salazar, Schenke, 2207.03712
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UPC data comparison: A+ A→ J/ψ + A+ A
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FIG. 14. Incoherent cross section divided by the coherent
cross section as a function of J/ rapidity at

p
s = 2760 GeV.

The ALICE data is calculated from cross sections reported in
Ref. [10] by assuming completely uncorrelated uncertainties.

FIG. 15. Predictions the ratio between the incoherent and
coherent cross sections as a function of J/ rapidity at

p
s =

5020 GeV.

herent cross section.
In order to study the role of nucleon substructure fluc-

tuations in the xP ⇠ 0.01 region we calculate incoherent
spectra with and without nucleon substructure fluctua-
tions. At p2

T . 0.3 GeV2 the STAR data is found to
clearly prefer the calculation with event-by-event fluctu-
ating nucleon spatial structure, as without substructure
the p2

T spectrum is too steep compared to the data. The

enhancement at p2
T h 0.2 GeV2 can not be reproduced

from our setup. We emphasize that the coherent cross
section contributes only very little in this kinematics.

V. CONCLUSIONS

We have shown that the exclusive J/ production
spectra at small squared meson transverse momentum
as measured by the ALICE Collaboration suggest that

non-linear saturation e↵ects change the transverse den-
sity profile of the nucleus at small x. In particular,
the ALICE J/ production data requires a steeper p2

T
slope than what is suggested by the nuclear form fac-
tor. When saturation e↵ects are included in the cal-
culation, an improved description of the experimentally
measured p2

T spectra is obtained because non-linear dy-
namics changes the nuclear density profile. However,
even with saturation e↵ects we do not obtain a steep
enough spectrum that would be compatible with the AL-
ICE Pb+Pb i J/ +Pb+Pb data. Additionally, we find
that the p2

T integrated J/ photoproduction data from
both RHIC and LHC seems to indicate a stronger nuclear
suppression than what is obtained from the applied CGC
setup.

In addition to saturation e↵ects, we quantify the role of
two commonly neglected contributions: the interference
e↵ect (both nuclei can act as photon emitters) and the
fact that the photons have non-zero transverse momenta
in ultra peripheral collisions. At the LHC we predict a
stronger suppression of the cross section at very small p2

T ,
caused by interference e↵ects, compared to what is visible
in the ALICE data. The photon transverse momentum,
on the other hand, is important around the di↵ractive
minima. Only when both of these e↵ects are included a
good description of the p2

T di↵erential cross section mea-
sured by the LHCb Collaboration is obtained. These
contributions on the other hand have only a few percent
e↵ect on the p2

T integrated cross sections at LHC ener-
gies.

The fact that the measured J/ spectra in UPCs is
more steeply falling than what is obtained from the ap-
plied CGC setup can be explained if the gluonic size of
the nucleus is larger than suggested by standard Woods-
Saxon model parametrizations. The nuclear size param-
eter in the Woods-Saxon model is determined from low-
energy electromagnetic interactions and can in principle
di↵er from the gluonic size. Similar conclusions have been
made based on exclusive �+�⇤ production at RHIC [93].
On the other hand, using the standard size of the Pb nu-
cleus the calculated p2

T spectra in ⇡ + Pb i J/ + Pb
is compatible with the ALICE data except in the low-
est |t| bin. This shows that the method used by the
ALICE Collaboration to remove the photon transverse
momentum contribution and the interference e↵ect from
the measured J/ production spectra in UPCs does not
exactly match with the approach taken in this work. In
particular, with a non-zero photon transverse momen-
tum in UPCs we obtain a less steeply falling spectrum
in Pb + Pb events compared to ⇡ + Pb, in contrast to
ALICE data.

We also studied the role of nucleon substructure fluc-
tuations in UPCs. Although the coherent cross section is
only sensitive to the average interaction, there is larger
nuclear suppression when substructure fluctuations are
included due to larger local density variations in nuclei,
and the non-linear nature of the e↵ect. With substruc-
ture, one can generate very dense regions (along with

Two setups

“CGC+shape fluct“: include nucleon substructure
▶ Slightly stronger suppresssion

“CGC”: spherical nucleons
▶ Much less fluctuations, smaller σincoherent

Lessons from UPC (before QM2025 – more soon)

Midrapidity LHC data (W ∼ 125GeV) overstimated
⇒ surprisingly strong suppression

Forward data (sensitive to low-W ) well described

Some model uncertainties (e.g. non-perturbative
meson wave function) partially cancel in ratios

H.M, F. Salazar, B. Schenke, 2207.03712

Heikki Mäntysaari (JYU) VMs at the EIC Sept 18, 2025 6 / 19



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

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

EIC wishlist

W -dependent cross section for differet A,Q2

No uncertainties from two-fold ambiquity

EIC: A and Q2 dynamics

H.M, Salazar, Schenke, 2312.04194
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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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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
⇒ modifies nuclear geometry

EIC wishlist

t spectra for different A,Q2, xP
▶ Preferably with good coh-incoh separation

Photon-kT under better control than in UPCs

H.M, Schenke, Salazar, PRD106 (2022), ALICE: PLB817 (2021)
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Saturation in incoherent production: γ + Pb → J/ψ + Pb∗
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Figure 1: The total differential incoherent J/ψ photoproduction cross section versus |y| (left)
and y (right). The right panel shows the results after disentangling the directional correlation
between the produced J/ψ and emitted forward neutrons. The small vertical bars and shaded
boxes represent the statistical and systematic uncertainties, respectively. The horizontal bars
show the bin widths. Theoretical predictions from the LTA [28, 29] are shown by curves.
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Figure 2: The incoherent J/ψ photoproduction cross section per γPb interaction as a function
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shown by the curves, where the shaded bands are the theoretical uncertainties.
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ALICE

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

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

Access xP dependent geometry fluctuations
(recall: t ∼ 1/ distance scale)

High-W incoherent cross section overestimated

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

EIC wishlist
▶ Coherent-incoherent separation & t-spectra

CMS, 2503.08903; H.M, Salazar, Schenke, 2312.04194
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Exclusivity is tricky – status after QM2025

• ATLAS 5.36 TeV data extrapolated to 5.02 TeV using STARlight 
• Simple rapidity-dependent ratio to correct each bin, about 5% for all bins


• Comparison with previous measurements 
• Reasonable agreement with CMS in the overlap region 1.5<|y|<2.5

• Slope continuous with the forward ALICE & LHCb data

• Substantial tension 30-40% with the ALICE data |y|<0.8

ATLAS results in context

14

??
https://arxiv.org/abs/2509.04135
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STARlight, 5.02 TeV
ALICE, 5.02 TeV
CMS, 5.02 TeV
LHCb, 5.02 TeV
This study, extrap. to 5.02 TeV

ATLAS ψUPC exclusive, coherent J/

ATLAS, 2509.04135

ATLAS also measured exclusive J/ψ around
y ∼ 0

Large tension between ATLAS and ALICE

P. Steinberg, IS2025:

EIC wishlist

Lessons to be learnt: ensure exclusivity?
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Simultaneous description of γ + p and γ + Pb?
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CGC + shape fluct
CGC
ALICE
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Global analysis

This talk so far: fix parameters to γ + p, predict γ + Pb

Next: global Bayesian analysis including γ + p and γ +Pb data

Parameters: proton geometry at x = 0.01, coordinate space αs

scale, IR regulators

+ normalization factor (K), parametrize e.g. missing higher
order or VM wave function uncertainty

Data

W dependent γ + p→ J/ψ + p (HERA+LHC)

W dependent γ + Pb → J/ψ + Pb

dσ/dt(γ + p→ J/ψ + p, coh+incoh, W = 75GeV)
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Globan analysis result
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ALICE
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Fit γ + p and γ + Pb
Fit γ + p and γ + Pb w/ K
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CMS

With γ + Pb data: same conclusion,
γ + Pb prefers slower W -dependence

Fit with K a free parameter:
▶ K ∼ 0.3 preferred
▶ Large Q2

s ⇒ slower evolution with Pb
(large saturation effect)

Possible to describe world data,
theory developments needed

H.M, Roch, Salazar, Schenke, Shen, Zhao, 2507.14087
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Wave function uncertainty
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Nuclear suppression, W = 90 GeV

NRQCD expansion

Delta

Boosted gaussian

BLFQ

J/ψ wave function non-perturbative, need to be modelled

J/ψ photoproduction in γ + p: up to ∼ 50% uncertainty

Wave function uncertainty does not cancel in Pb/p ratio

Systematic approach based on NRQCD:
Lappi, H.M, Penttala, 2006.02830

EIC/theory wishlist

x,Q2, A, t dependence from EIC/HERA/LHC

Include wave function uncertainty in global analyses with
VM production and other observables
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What about NLO?
e+A→MX +A

γ∗ V

A

q

q̄

g
N

x0

x1

x2

3 NEXT-TO-LEADING ORDER CORRECTIONS AT THE NONRELATIVISTIC LIMIT
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Figure 2: Left: Diffractive cross section for longitudinal J/ production as a function
of the center-of-mass energy [14]. LO BK corresponds to a leading-order result with a
leading-order dipole amplitude fit. The other curves show the NLO results with different
NLO dipole amplitude fits. In the lower plot, the curves have been normalized by the
leading-order result.
Right: Nuclear suppression for longitudinal J/ production. We compare the LO and
NLO results at the nonrelativistic limit and with the relativistic corrections of order v2.

at large Q2. The relativistic corrections are also crucial for a good description of the HERA data
as the fully nonrelativistic wave function results in an overestimation of the total cross section at
small Q2.

3 Next-to-leading order corrections at the nonrelativistic limit

Of comparative importance are the next-to-leading order corrections to the vector meson produc-
tion. The significance of the relativistic and ↵s corrections can be estimated by NRQCD which tells
us that numerically v2 ⇠ ↵s in the case of J/ [7]. This means that we can do an expansion in
both the velocity and ↵s, which indicates that the first NLO correction should be calculated at the
nonrelativistic limit [12]. The calculation of the NLO corrections requires that we know the virtual
photon and meson wave functions at the corresponding accuracy. In recent years, there has been
major progress in calculating these: the NLO corrections to the vector meson wave function [12]
and to the longitudinal photon wave function with massive quarks [13] have recently become
available.

3

T. Lappi, H.M, Penttala, 2106.12825

NLO calculations exist

Heavy meson in non-relativistic limit

Light meson at high-Q2

H.M, Penttala, 2104.02349, 2204.14031, 2203.16911

First NLO calculations

Lappi, H.M, Penttala, 2106.12825:

Slightly less suppression at NLO

NLO corrections mostly cancel in A/p ratio

However, still large uncertainties (resummation scheme
in evolution, initial condition, here b-indep evolution)
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Other relevant probes: diffractive structure function
Potentially more powerful than vector meson production

k

k'

p'
p

q

gap

Mx

EIC WP

Why diffraction

No net color transfer ⇒ at least 2 gluons ⇒ sensitivity

IR-safe, no dependence on e.g. jet algorithm or
fragmentation function

Genuine saturation prediction:

σdiffractive
σtotal

→ 1

2

for large Q2
s, i.e. large A and/or small-x

A and x dependencies dynamical, i.e. computable from CGC

Same degrees of freedom as e.g. inclusive DIS
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CGC predictions for FD
2
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γ∗+ A→ X + gap + A, Pb−208

xIP = 0.005, β = 0.025
Glauber-MV
Glauber-MVe

Glauber-MVγ

Dung Le, H.M, Lappi, 2307.16486

∼ total diffractive cross section

Predicted nuclear modification factor ∼ 0.2

Impulse approximation FD2,IA:
▶ γ + p scaled to nuclei
▶ Use nuclear form factor
▶ Neglect saturation: FD

2 = FD
2,IA

EIC wishlist

Similar to VM production

Coherent-incoherent separation

Diffractive vs. non-diffractive

Systematics: A,Q2, xP, t

Heikki Mäntysaari (JYU) VMs at the EIC Sept 18, 2025 16 / 19

https://inspirehep.net/literature/2683683


Most promising(?) “smoking gun” for saturation effects: diffractive DIS
If I have to pick one, although there may not be any

EIC White Paper (2012)
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  J/ψ saturation (bSat)

Experimental Cuts:
|η(Vdecay products)| < 4
p(Vdecay products) > 1 GeV/c

Coherent events only

∫Ldt = 10 fb-1/A

x < 0.01

Q2(GeV2)

State-of-the-art LTS Guzey, Strikman, 2403.08342
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x = 10 3, Q2 = 4 GeV2, Pb-208
Coherent
Summed

Qualitative difference (suppression vs enhancement)
EIC: A, x,Q2,M2

X dependence

Note: Not a genuine DGLAP prediction, diffractive PDFs can fit data with enhancement!
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Baseline matters – look for deviations and tensions
Example: total DIS cross section, compare linear (DGLAP) and non-linear (BK) evolution
Tevio et al, 2203.05846: DGLAP and BK match at Q2 = 10Qs(x)

2 & quantify differences

10 4 10 3 10 2

x

101

102

Q
2  (
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V2 )
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0
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197Au
FL difference (%)

BK−DGLAP
DGLAP for F2,L ⇒ measurable differences especially for FL and heavy-A

Also Marquet et al, 1702.00839

EIC wishlist

Precision
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Conclusions and outlook

Vector meson data from UPCs: strong saturation signals
▶ Even stronger than predicted...

Experimental challenges
▶ What is an exlcusive event?
▶ Coherent-incoherent separation
▶ t from vector meson pT (coherent: t ≲ 1/R2

A)

My favourite EIC observables: vector meson production & diffractive structure functions

Need precision and A,Q2, xP, t systematics for various observables from the EIC
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Backups
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Recent development: extract individual γ + A→ J/ψ + 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 previous talk

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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x                                                                                              Bjorken-

 = 5.02 TeVNNsPb -PbALICE, 
 (PLB 726 (2013) 290-295)  = 2.76 TeVNNsPb -using ALICE PbGuzey et al., 

(PRC 96 (2017) 015203)  = 2.76 TeVNNsPb -using ALICE PbContreras, 
Impulse approximation
STARlight
EPS09 LO
LTA
GG-HS
b-BK-A

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-

18

Access VM production at very small x
Confront CGC calculations with this data!
ALICE, 2305.19060
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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
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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
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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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Structure function data
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Global fit to J/  data (statistical uncertainty)
Q2 = 32 GeV2

Q2 = 12 GeV2

Q2 = 2.5 GeV2

Parameters fit to J/ψ photoproduction data:
Charm production overestimated

Similar conclusion as H.M, Schenke, 1806.06783

IPsat-parmaterization based fits manage to describe all
data

▶ E.g. Rezaeian et al, 1212.2974
▶ But with ∼ 1.5× 1.1 skewedenss&real part corrections

for VM production not included here
▶ Would get smaller Qs, weaker suppression

Note: as we fit J/ψ data, the wave function
uncertainty affects these results strongly

H.M, Roch, Salazar, Schenke, Shen, Zhao, 2507.14087
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