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Abstract
We explain that color fluctuations (CFs) in the light-cone photon wave function
lead to much stronger shadowing in the coherent production both in the soft
regime (ρ -meson photoproduction) and in the hard regime (J/ψ photoproduc-
tion). We make CF based predictions for the distribution over the number of
wounded nucleons ν in the inelastic photon–nucleus scattering. We show that
CFs lead to a dramatic enhancement of this distribution at ν = 1 and large
ν > 10. Our predictions can be tested in proton–nucleus and nucleus–nucleus
ultraperipheral collisions.
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1 Introduction
It is instructive to consider hadron (photon) high energy collisions in the target rest frame where the
wave function of a projectile is the superposition of coherent (so-called frozen) configurations [1, 2], as
a consequence of the uncertainty principle and Lorentz slowing down of the interaction time. In QCD
coherence of high energy processes is well understood theoretically and established experimentally, for
a review, see, e.g. [3, 4]. A distinctive feature of the QCD dynamics is that the interaction strength of
different configurations of quarks and gluons, which are QCD constituents of projectile hadrons, photons,
etc., varies. We refer to this phenomenon as color fluctuations (CFs). In the literature one alternatively
uses the term cross section fluctuations, which refer predominantly to soft hadron (photon) interactions
at high energies.

This space time picture is qualitatively different from the Glauber model where only planar dia-
grams for the total cross section of a projectile –nucleus collision are considered since this contribution
tends to zero with an increase of the collision energy, similar to the case of hadron-hadron interac-
tions [5, 6]. This theoretical puzzle was solved by Gribov in Refs. [1] where contribution of non-planar
diagrams was calculated and duality between non-planar diagrams and a sum of the elastic contribution
and the diffractive intermediate states (duality between s and t channels) was used to rewrite formulae
in the form rather similar to the Glauber approximation [1] with a Glauber like elastic term and inelastic
diffraction term.

The relative importance of the inelastic term grows with decrease of the strength of interaction of
average configurations in the projectile. So deviations from prediction of the Glauber model are expected
to be small for the proton projectile, strongly increase for the pion case and photoproduction of ρmesons
and be even larger for the J/ψ photoproduction. The same effect is present for the nuclear shadowing
for the DIS cross section. For example, in the case σtot(γLA) elastic (dipole) term gives only a higher
twist contribution to the shadowing, while multiparton states give the leading twist contribution. Hence
the inelastic term dominates in this case.
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Fig. 1: Comparison of the suppression factor S for the J/ψ production extracted [8] from ALICE [9] and CMS
[10] data. Prediction of the leading twist gluon shadowing approximation [7] is the yellow band. The range of
expectations for the gluon shadowing in a number of models based on the fits to existing DIS data is also shown.

Ultraperipheral collisions at the LHC opened a new avenue for studies of CF since photon wave
function contains components of very different size which interact with nucleon with very different
strengths. In this talk we consider exclusive coherent vector meson production and effects of CFs for
inclusive γA scattering.

2 Coherent production of vector mesons off nuclei
Recently coherent production of ρ mesons and J/ψ was studied at the LHC in the ultraperipheral heavy
ion collisions. It was observed that the ρ-meson cross section is reduced as compared to the impulse
approximation by a factor of ten, while in the J/ψ reduction is by a factor of three. Both reductions
are much larger than naive expectations. The standard Glauber model predicts a factor of two smaller
reduction for ρ production, while eikonal dipole models of J/ψ production predict only a 20% reduction.

It appears that the reason for an underestimate of the reductions is neglect by inelastic intermediate
states. In the J/ψ case the effects of the inelastic states can be taken into account by absorbing these
effects into the nuclear gluon density, gA(x,Q2). The nuclear shadowing (gA/gN ) can be calculated
using gluon diffractive PDFs measured at HERA in γ∗ + p → X + p and few other channels (for a
review and references see [7]). One finds

SA =
σ(γA→ J/ψA)

σimp.approx.(γA→ J/ψA)
=
gA(x,Q2)

gN (x,Q2
, (1)

where x = m2
J/ψ/W

2, Q2 ≈ 3 GeV2, Our predictions agree well with the LHC data, see Fig.1. Note
that elementary amplitudes of J/ψ production are expressed through non-diagonal generalized parton
densities. However in J/ψ case light cone fractions of gluons attached to cc̄ – x1 and x2 are comparable:
x1 ∼ 1.5x, x2 ∼ x/2 so that (x1 + x2)/2 is close to x.

In the case of ρ production the challenge is that the coherent cross section is described very well by
the Glauber model for moderate energies ∼ 10 GeV [11], so a factor of two larger shadowing observed
by ALICE [12] signals presence of new physics. The Gribov theory of inelastic shadowing provides the
framework to take into account a different picture of high energy scattering. The configurations which
are present in the intermediate states are frozen and cannot go back to ρ during the passage of the nucleus.

In the hadronic basis one needs to include not only transitions γ → ρ → ρ but also transitions
γ → MX → ρ (for scattering off two nucleons). It has been suggested that the interaction matrix of the
initial hadron or diffractively produced hadronic states with target nucleons, which arises within Gribov–
Glauber approach, can be diagonalized [13, 14]. In the particular case, when diffractive intermediate
states are resonances, this diagonalisation has been performed in Ref. [15]. The method of CFs developed
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in [16] and discussed below is the further generalization of the Gribov–Glauber approximation, which
allows one to account for the fluctuations of the interaction strength and other implications of QCD.

For the soft dynamics we need to introduce P (σ) – probability that the frozen configuration of
the projectile interacting with the nucleus has interaction cross section σ. In the case of ρ coherent
photoproduction this amounts to the presence of the addition factor P (σ) in the Glauber expression:

σγA→ρA =

(
e

fρ

)2 ∫
d2~b

∣∣∣∣
∫
dσP (σ)

(
1− e−σ2 TA(b)

)∣∣∣∣
2

, (2)

Based on the similarity between the pion and ρ meson wave functions suggested by the additive
quark model, it is natural to assume that P (σ) for the ρN interaction should be similar to the pion Pπ(σ),
which we additionally multiply by the factor of 1/(1 + (σ/σ0)2) to take into account the enhanced
contribution of small σ in the photoproduction due to singular behavior of the photon wave function at
small quark-antiquark separations leading to

P (σ) = C
1

1 + (σ/σ0)2
e−(σ/σ0−1)2/Ω2

. (3)

The parameterization of Eq. (3) satisfies the basic QCD constraint of P (σ = 0) 6= 0 and also P (σ →
∞)→ 0. The free parameters C, σ0 and Ω are found from the following constraints:

∫
dσP (σ),

∫
dσP (σ)σ〈σ〉 ,

∫
dσP (σ)σ2 = 〈σ〉2(1 + ωσ) , (4)

where 〈σ〉 = σ̂ρN in the modified VMD model, and ωσ is equal to the ratio of inelastic and elastic
diffraction at t=0, see discussion in [17]. The results of calculation are in a reasonable agreement with
the data obtained at the LHC [12] and at RHIC [18–20].
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Fig. 2: The σγA→ρA cross section as a function ofWγp. The theoretical predictions of Ref. [17] using the modified
VMD model for the γp → ρp cross section and the Gribov–Glauber model with cross section fluctuations for the
γA→ ρA amplitude are compared to the STAR (circle) [18–20] and ALICE (triangle) data [12]. The shaded area
reflects the theoretical uncertainty associated with the estimate of the strength of cross section fluctuations [17].

3 Color fluctuations in inelastic γA scattering [21]
Coherent production of vector mesons considered above give examples of processes which select con-
figuration in the photon interacting with very different strength. We combine the information about
interaction of small dipoles and soft, light vector meson like configurations probed in coherent ρ photo-
production to build the probability distribution Pγ(σ,W ) for the interactions of the photon. Specifically
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we use the dipole approximation for σ ≤ 10 mb, Eq. 3 adjusted for the contributions of ω, φ mesons for
σ ≥ 20 mb and interpolate in between:

Pγ(σ,W ) =





P dipole
γ (σ,W ) , σ ≤ 10 mb ,
Pint(σ,W ) , 10 mb ≤ σ ≤ 20 mb ,
P(ρ+ω+φ)/γ(σ,W ) , σ ≥ 20 mb .

(5)

where Pint(σ,W ) is a smooth interpolating function which matches dipole expression especially well for
mq = 300 MeV. The resulting Pγ(σ,W ) is shown by the red solid curve in Fig. 3. The derived Pγ(σ,W )
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Fig. 3: The distributions Pγ(σ,W ) for the photon at W = 100 GeV. The red solid curve shows the full result of
the hybrid model, see Eq. (5). The green dashed and blue dot-dashed curves show separately the dipole model and
the vector meson contributions.

can be used to calculate distribution over the number of inelastic interaction, ν in the color fluctuation
model. Also, one can include shadowing effects for the interaction of small dipoles which is smaller than
for soft configurations but still significant as we have seen on the example of the J/ψ production. The
results of the calculation are presented in Fig. 4. One can see that probability of interactions with ν = 1
corresponding to the γp scattering is very sensitive to CF and LT nuclear shadowing. Same holds for the
ν ≥ 10 tail.
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Fig. 4: The probability distributions P (ν,W ) of the number of inelastic collisions ν. Predictions based on the color
fluctuation model with Pγ(σ,W ) given by Eq.5 are labeled “Color Fluctuations”, the predictions including leading
twist gluon shadowing are labeled “Generalized CF”.For comparison, the CF model calculation with σ = 25 mb,
which neglects the effect of CFs, is shown by the curve labeled “Glauber”.
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4 Color fluctuations and the distribution over transverse energy [21]
It is impossible to directly measure the number of inelastic interactions ν for γ(h)A collisions. Modeling
the distribution over the hadron multiplicity is also difficult due to the lack of the relevant data from
γp scattering and issues with implementing energy–momentum conservation. However, the analysis
of [22] suggests that the distribution over the total transverse energy, ΣET , sufficiently far away from the
projectile fragmentation region (at sufficiently large negative pseudorapidities) is weakly influenced by
energy conservation effects (due to the approximate Feynman scaling in this region) and is also weakly
correlated with the activity in the rapidity-separated forward region. This expectation is validated by a
recent measurement of ΣET as a function of rapidity of a dijet in pp collisions at the LHC [23].

Due to the weak sensitivity to the projectile fragmentation region, we expect that the ΣET distribu-
tions in pA and γA scattering at similar energies should have similar shapes for the same ν. In Ref. [22],
a model was developed for the distribution over ΣET as a function of centrality (number, ν, of wounded
nucleons) in pA scattering at large negative pseudorapidities (in the Pb-going direction) and

√
s = 5.02

TeV. We denote this distribution fν(ΣET ) = 1/NevtdN/dΣET . In the spirit of the KNO scaling, it
is natural to expect that the distribution over the ΣET total transverse energy in γA scattering, when
normalized to the average energy release in pp scattering 〈ΣET (NN)〉, weakly depends on the incident
collision energy. That is, the distribution over y = ΣET (γN)/ 〈ΣET (γN)〉 has approximately the same
shape at different energies. Hence we model the distribution over y for photon–nucleus collisions using
Fν(y) = 〈ΣET (NN)〉 fν(y), where the factor of 〈ΣET (NN)〉 is a Jacobian to keep normalization of∫
Fν(y)dy = P (ν).
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Fig. 5: The net probability distribution
∑
ν Fν(y) as a function of y for different models including (curves labeled

“Generalized CFs” and “Color Fluctuations”) and neglecting (the curve labeled “Glauber”) CFs in the photon.

The results of the calculation of Fν(y) are presented in Fig. 5 for the Generalized Color Fluctuations
(GCF) model which includes leading twist nuclear shadowing. One can see that the net distribution is
predicted to be much broader than that for the ν = 1 case corresponding to the γp scattering. Also, our
results indicate that for y = ΣET (γN)/ 〈ΣET (γN)〉 ≤ 1, the contribution of the interactions with one
nucleon dominates. On the other hand, the distribution over y in γp scattering can be measured in pA
UPCs. A first step would be to test that the y distribution in γp and in the γA process with ν = 1 [e.g.,
in the interaction of the direct photon (xγ = 1) with a gluon with xA ≥ 0.01] is the same. Among other
things this would give valuable information on the rapidity range affected by cascade interactions of slow
(in the nucleus rest frame) hadrons which maybe formed inside the nucleus. It would be also interesting
to measure separately the y distribution for processes with production of leading charm with moderate
pt. In this case the y-distribution should be broader than for dijet large x trigger, but more narrow than
in the case min bias trigger. Another very interesting channel is hard resolved photon collisions where
one expect a broadening of the y distribution with decrease of xγ . This effect is analogous to observed
centrality dependence of the forward jet production in pA scattering with increase of xp ≥ 0.2 which
can be explained by decrease of the strength of interaction of configurations in protons for such x [24].
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5 Conclusions
In conclusion, studies of the ultraperipheral collisions at the LHC would allow to map in great detail
photon wave function and investigate interplay of soft and hard physics in the photon-nucleus interac-
tions. Selection of different final states in the photon fragmentation region would serve as an effective
“strengthonometer” of the different components of the photon wave function.
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