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We extend a recent global Bayesian analysis of diffractive J/ψ production in γ + p and γ +
Pb collisions within the color glass condensate (CGC) framework to investigate potential
modifications of the nucleon structure inside nuclei. To this end, we perform fits that allow
the effective nucleon structure parameters in Pb nuclei to differ from those of free protons. This
approach directly addresses the question of whether the proton’s spatial gluon distribution at
intermediate to large x is modified in the nuclear environment. We compare results obtained
with shared and independent nucleon structure parameters and assess the impact on the
simultaneous description of γ+ p data from HERA and the LHC, as well as γ+ Pb data from
the LHC. Our findings show that there is no hint of difference in the nucleon structure beyond
those already present in the CGC when embedding nucleons inside a nuclear environment.
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1 Introduction

Towards small parton momentum fractions x, the gluon density inside hadrons and nuclei rises rapidly when
evolved with linear QCD dynamics. Eventually, non-linear recombination effects must slow this growth1,2, leading
to the high-occupancy Color Glass Condensate (CGC) regime 3,4,5,6,7. Identifying unambiguous signatures of this
non-linear QCD regime remains a central challenge in high-energy nuclear physics.

Diffractive vector meson production provides a clean probe of gluons at small x. Its cross-section scales with
the square of the gluon density at leading order 8, and the process is sensitive to the target’s spatial structure 9.
Comparing proton and nuclear targets allows one to study the suppression mechanisms of small-x gluons, which
may arise from nuclear shadowing 10,11,12,13 or from gluon saturation dynamics 14,15,16,17,18,19,20.

CGC-based models constrained by γ + p data from HERA successfully describe coherent and incoherent
diffractive J/ψ production 21, where the incoherent channel revealed the importance of a fluctuating proton
substructure 22,23. Extending this framework to ultra-peripheral heavy-ion collisions, one nucleus serves as a
source of quasi-real photons that probe the other nucleus. Recent measurements of coherent J/ψ production
in γ + Pb collisions at the LHC 24,25 show stronger nuclear suppression than predicted by CGC calculations
constrained solely by HERA data, which typically grow too rapidly with the photon–nucleus center-of-mass
energy W 14,19,20,26. This persistent tension has not yet been resolved (see also a recent UPC measurement from
ATLAS 27, which is not compatible with ALICE data), even after allowing for scale uncertainties or extensions of
the non-perturbative proton structure 28.

In our recent work29, we performed a global Bayesian analysis combining γ+p and γ+Pb diffractive J/ψ data,
introducing an overall K-factor to absorb model uncertainties from, e.g., the meson wave function and/or missing
higher-order effects. That study showed that a simultaneous description of both systems is highly constrained,
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highlighting the difficulty of reconciling the degree of nuclear suppression with parameters consistent with HERA
data alone.

In this proceedings contribution, we extend that analysis to directly test whether the effective nucleon struc-
ture is modified inside nuclei. To this end, we perform Bayesian fits in which the nucleon structure parameters
in Pb are allowed to differ from those of free protons. This strategy addresses whether the spatial gluon distri-
bution of the proton is altered more than what the CGC framework predicts for a nucleon placed in a nuclear
environment. We compare fits with shared versus independent nucleon parameters and study their impact on the
simultaneous description of γ + p and γ + Pb data from HERA and the LHC.

2 Model

We compute diffractive J/ψ production within the Color Glass Condensate (CGC) framework, following Refs.19,20,29.
The coherent cross section differential in Mandelstam t is given by

dσγ
∗+A→J/ψ+A

dt
=

K

16π

∣∣∣〈Aγ∗+A→J/ψ+A
〉
Ω

∣∣∣2 , (1)

where ⟨·⟩Ω denotes the average over fluctuating target configurations Ω, and A is the vector meson produc-
tion amplitude, obtained from the overlap of the photon and vector meson wave functions convoluted with the
dipole–target scattering amplitude 30,31. The incoherent cross section, which probes event-by-event fluctuations
of the target structure, is determined from the variance of the amplitude:

dσγ
∗+A→J/ψ+A∗

dt
=

K

16π

(〈∣∣∣Aγ∗+A→J/ψ+A∗
∣∣∣2〉

Ω

−
∣∣∣〈Aγ∗+A→J/ψ+A∗〉

Ω

∣∣∣2) . (2)

The dipole amplitude is calculated from Wilson lines sampled using the McLerran–Venugopalan (MV) model3

at xP = 0.01, and subsequently evolved to smaller xP with the Jalilian-Marian, Iancu, McLerran, Weigert, Leonidov
and Kovner (JIMWLK) equation on an event-by-event basis 32,33. The proton substructure is described in terms
of fluctuating hot spots 22, with shape, density, and fluctuation parameters listed in the first block of Table 1.
Parameters governing the JIMWLK evolution are shown in the second block of the table.

It has been shown that introducing a phenomenological K factor in Eqs. (1)–(2) — to account for uncertainties
from the vector meson wave function and higher-order corrections — improves the simultaneous description of
γ + p and γ + Pb data 29. Since our goal here is to investigate potential modifications of the nucleon structure in
the nuclear environment, we fix the K factor to unity.

In this work, we extend our previous analysis 29 by allowing the effective nucleon structure parameters in
Pb nuclei to differ from those of free protons. Concretely, we introduce system-dependent nucleon sizes BPb

G and
BpG as well as hot spot sizes BPb

G,q and BpG,q. Predictions are obtained by sampling 25 parameter sets from the
resulting posterior distribution, thereby propagating parameter uncertainties into the calculated cross sections.

Table 1: Summary of model parameters and their prior ranges. Block 1 corresponds to the
baseline setup used in previous studies 19,20,29, and Block 2 to JIMWLK evolution parameters.

Block Parameter Description Prior range

1 m [GeV] Infrared regulator [0.02, 1.2]
BG [GeV−2] Proton size [1, 10]
Bq [GeV−2] Hot spot size [0.05, 3]
σ Magnitude of Qs fluctuations [0, 1.5]
Qs/(g

2µ) Ratio of color charge density to saturation scale [0.05, 1.5]

2 mJIMWLK [GeV] Infrared regulator [0.02, 1.2]
ΛQCD [GeV] Spatial ΛQCD [0.0001, 0.28]

3 Results

In Fig. 1 we show the posterior distribution from Ref. 29, referred to in the following as the standard setup (solid
lines, lower corner). The extended setup, which introduces separate nuclear structure parameters for the γ + p
and γ + Pb systems, is shown with dotted lines in the upper corner.

Most marginalized posterior distributions remain largely unchanged in the extended setup. We observe a
slight increase in the magnitude of the Qs fluctuations, σ, compensated by a decrease in BpG, reflecting the anti-
correlation between the two parameters observed previously29. The most pronounced difference is the broadening
of BPb

G , which arises because the γ + Pb system constrains only the overall nuclear size, but not the individual
nucleon size very well.
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Figure 1: Posterior distributions obtained in the global analysis with (dotted, upper corner)
and without (solid, lower corner) the model extension introducing separate nuclear structure
parameters BG and BG,q for the two systems. The numbers at the top denote the median values
along with their corresponding 90% credible intervals.

For the JIMWLK parameters, only marginal changes are observed. This indicates that the evolution speed
remains essentially unmodified in the extended setup, already suggesting that the extension does not improve the
simultaneous description of the two systems.

In Figs. 2a–2d we compare model predictions for the W -dependent integrated cross sections and the |t|-
differential cross sections between the standard setup (dashed) and the extended setup (solid). Across all observ-
ables, we find no significant differences between the two parameterizations, and both remain consistent within
uncertainties. As anticipated, the extended setup does not provide an improved description of the experimental
data.

To understand in more detail the effect of a change in the parameters on the final observables, we investigate
the local region of the parameter space constrained by the Bayesian inference for the extended model. For this,
we compute the response coefficients between experimental observables and the model’s parameters. We follow
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Figure 2: Integrated W dependent and |t|-differential cross sections from the fit containing
γ+ p and γ+Pb data in the standard parameter setup (dashed) and including separate nuclear
structure parametersBG andBG,q (full) the uncertainty bands indicate the 68% credible intervals
from 25 posterior sample runs of the model.

the approach introduced in Refs. 43,44 and define an ensemble-averaged response coefficient matrix,

Rai ≡
〈
∂ya
∂θi

〉
post

=
∑
j

⟨δyaδθj⟩post⟨δθjδθi⟩−1
post, (3)

where the index a represents the individual experimental observables and i the parameters of the model. The
posterior average ⟨·⟩post is employed to evaluate the model response in the neighborhood of the experimental data.
To define the response coefficients dimensionless, we rescale observables and parameters as δya = (ya(θj)−ȳa)/σya
and δθi = (θi − θ̄i)/σθi , where ȳa (θ̄i) and σya (σθi) denote the posterior mean and standard deviation of ya (θi).
The expression on the right-hand side of Eq. (3) should be understood as an ordinary matrix multiplication.

Figure 3 shows the response coefficient matrices for the integrated cross sections of the two systems. We
find a strong sensitivity to the infrared regulator m at small W in both γ + p and γ + Pb, as it determines the
initial condition for the JIMWLK energy evolution. In addition, the cross sections at high-W are highly sensitive
to the JIMWLK parameters mJIMWLK and ΛQCD, which govern the evolution speed. These two parameters are
anti-correlated, acting in the same direction at large W for both systems. Interestingly, in the γ + p case this
anti-correlation changes sign at small W . We also observe a noticeable sensitivity to the proton size BpG at low
W for γ + p collisions.

Figure 4 presents the response coefficient matrices for the |t|-differential cross sections. The left two panels
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Figure 3: Response matrices Rai for the integrated γ+Pb (left) and γ+p (right) cross sections,
averaged over the posterior.

correspond to the coherent case: in γ + Pb (far left), we see only a weak response of the low-|t| cross section to
the nucleon size BPb

G , while in γ + p (center left) the sensitivity at large |t| is much stronger for BpG. This aligns
with the constraints we have seen in Fig. 1, where the distribution for BPb

G is less constrained than the one for
BpG. We also observe sensitivity to the infrared regulator m at small |t|, which affects the size and shape of the
target. The right two panels show the incoherent case: γ + p (far right) exhibits a strong response at large |t|
to the hot spot size BpG,q, whereas the γ + Pb spectrum (center right) does not extend to sufficiently large |t|
to probe this sensitivity. Finally, the decreasing sensitivity to σ with increasing |t| in the incoherent γ + p cross
section has already been observed in Ref. 45.

4 Conclusion

We have extended a previous Bayesian inference study 29 to address whether the nucleon structure is modified
beyond what the CGC predicts for a nucleon embedded in a nuclear environment. Our analysis finds no evidence
for such additional modification. Furthermore, the extended model does not lead to an improved simultaneous
description of the γ+Pb and γ+p systems. Instead, the inclusion of a simple K-factor within the standard setup
continues to provide the best overall agreement with experimental data.

In addition, we have examined the sensitivity of the observables in the posterior region of parameter space.
As expected, the integrated cross sections show strong dependence on the JIMWLK energy evolution parameters,
while the |t|-differential γ + p observables are most sensitive to nucleon structure parameters. For the incoherent
γ+Pb cross section, the sensitivity to the hot spot size is suppressed because the experimental data do not extend
to the same large-|t| region as in the γ + p case, where this sensitivity becomes apparent.
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