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Abstract

We predict that the onset of gluon saturation can be uniquely identified using
incoherent J/4¢ production in Pb—Pb collisions at currently accessible energies of
the LHC. The diffractive incoherent photo-production of a J/v¢ vector meson off
a hadron provides information on the partonic structure of the hadron. Within
the Good-Walker approach it specifically measures the variance over possible
target configurations of the hadronic colour field. For this process then, gluon
saturation sets in when the cross section reaches a maximum, as a function of
the centre-of-mass energy of the photon-hadron system (W), and then decreases.
We benchmark the energy-dependent hot-spot model against data from HERA
and the LHC and demonstrate a good description of the available data. We
show that the study of the energy dependence of the incoherent production of
J /4 allows us to pinpoint the onset of saturation effects by selecting the region of
Mandelstam-t around 1 GeV? where the contribution of hot spots is dominant.
We predict the onset of saturation in a Pb target to occur for W around a
few hundred GeV. This can be measured with current data in ultra-peripheral
Pb-Pb collisions at the LHC.
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1. Introduction

The structure of hadrons undergoing a hard interaction is described within
perturbative quantum chromodynamics (QCD) in terms of quarks and gluons,
collectively denoted as partons. At high energies, equivalently small Bjorken-
x, this structure is expected to transition from a dilute to a saturated regime
where, even though the interaction is hard, the partons interact with each other
and reach a state of dynamic equilibrium between production and annihilation
processes [11 2] [3].

According to the precise inclusive measurements from HERA [4] the struc-
ture of the proton at small Bjorken-z is dominated by gluons, which motivates
the use of observables highly sensitive to the gluonic distribution of hadrons to
search for saturation effects. This is the case for the diffractive photoproduction
of vector mesons, as pointed out already in Ref. [5]. Nowadays, it is common to
study this process within the colour dipole picture where the process factorises
in the splitting of the photon into a quark-antiquark dipole, the interaction of
the dipole with the hadron, and the formation of the vector meson out of the
scattered dipole [6]. This process has been extensively studied at HERA [7] and
LHC [8,]. It is also an important component of the physics program of future
facilities like the EIC [10] or the LHeC [I1].

An attractive formalism to study diffractive processes is the Good-Walker
approach [12,[13]. In this framework, the vector meson production off the coher-
ent target colour field samples the average—over all possible configurations—of
the gluon distribution, while the incoherent production samples the variance
over the configurations. This formalism was applied to diffractive vector me-
son production for the first time in Ref. [14] where it was used to describe
HERA data on J/¢ photo-production, at fixed centre-of-mass energy of the
photon-proton system, in an approach that models the transverse structure
of the proton as three hot spots whose position and colour charges fluctuate
event-by-event. Since then, several other models based on hot spots have been

proposed to study the structure of hadrons, e.g. Refs. [I5] [16] [I7]; for a review



see Ref. [18].

We proposed a variation of the hot-spot model, where the number of hot
spots grows with energy [19]. In this case, the incoherent production of J/v
off protons provide a striking signature of saturation where the cross section,
studied as a function of the centre-of-mass energy of the photon—proton system,
reaches a maximum and then decreases. Within the model, this happens when
the transverse area of the protons has so many hot spots that all configurations
start to resemble each other in a process reminiscent of percolation [20]. Later
on, our model was extended to study production off nuclear targets [21], the
dependence on the mass of the vector meson [22], and to predict the cross
section for the electro-production of vector mesons in future facilities [23] [24].

In this Letter, we identify a new observable to determine the onset of sat-
uration at LHC. We propose to measure the incoherent production of vector
mesons off nuclear targets as a function of energy at different values of the
Mandelstam-t variable, which is related through a Fourier transform to the dis-
tribution of colour charges in the impact-parameter plane. The key insight is
that scanning the energy behaviour in specific |¢| ranges samples fluctuations of
different transverse sizes and allows for the isolation of the contribution of hot
spots where one expects saturation effects to set in. This will then allow for a
unique identification of the presence of saturation effects at energies currently
available at LHC. This Letter is organised as follows. A brief review of the
formalism is presented in Sec. [2} The prediction for the onset of saturation at
the LHC using this observable is presented in Sec.[3] Our findings are discussed

in Sec. [l We summarise our results and present an outlook in Sec. [f]

2. Brief overview of the energy-dependant hot-spot model

In the Good-Walker approach the coherent cross section for the diffractive

photo-production of a vector meson V off a hadron target H is given by
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The expression for the incoherent cross section is related to the variance of

scattering amplitude as
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In the previous formulas, T and L stand for the transverse and longitudinal
contributions. The wave functions of a photon fluctuating into a dipole and of
the dipole forming a vector meson are denoted by W.- and Wy, respectively.
The virtuality of the photon is Q?, while b represents the impact parameter,
and A is the momentum transferred in the interaction, with A? = —t. The
dipole has a transverse size 7, and z is the fraction of the photon momentum
carried by the quark. In this work, the targets H that we consider are proton
(p) and lead (Pb). The centre-of-mass energy per nucleon of the photon—target
system (W) is related to Bjorken-z through

= M (4)
Q? + W2’
with M the mass of the vector meson. The factor RE’L is called the skewedness

correction [25], which is computed as
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calculated at ¢t = 0.

The cross section for a colour dipole scattering off a proton is

dodir o
d% = ooN(z,r)T;(b), (7)




where the dipole scattering amplitude is given by the GBW model [26]
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with Qs(z) = Q2 (zo/ z)" the so-called saturation scale. The dipole cross section

off Pb targets reads
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The proton profile T,,(b) is
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where the hot-spot profile is
SN2
R
Ths(b—b;) = —_— . 11
" ( ) 27TBhs P 2Bhs ( )

—

The position of the hot spots (hs), b;, is sampled from a two-dimensional
Gaussian distribution of width B, and centred at (0,0). Thus, the parameters
B, and By represent one-half of the averaged squared radius of the proton and
of the hot spot, respectively. With this interpretation, o9 = 47 B, is twice the
overall transverse area of the proton.

The key feature of our model is the evolution of the number of hot spots (V)
with energy, in order to reflect the raise of the gluon distribution, as Bjorken-z
decreases, observed in HERA data [4]. Ny is sampled from a zero-truncated

Poisson distribution, where the Poisson distribution has a mean value

(Nps()) = poxP (1 + pa/T). (12)

The form of the parameterisation is inspired by the initial conditions used when

fitting PDF's. The nuclear profile takes a similar form
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Figure 1: Diffractive photo-production of J/¢ (a) and p® (b) off protons for the coherent
(blue) and incoherent (gold) processes. The markers show measured data from the H1 |30} [31],
ALICE [32] 33, [34], and CMS [35] collaborations, while the lines depict the predictions of our
model. The dashed line represents values of W that correspond to x greater than 0.01, where

the validity of the formalism is questionable.

where the index j represents the nucleons in Pb, and their positions are sampled
from a nuclear thickness function utilising a Woods-Saxon distribution. In this

case, the hot-spot profile is

e
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For the vector meson wave function, we use boosted Gaussian model [27]
28, 29] with parameter values listed in Table I of Ref.[23]. The values of the

parameters of our model are discussed in Sec. [

3. The onset of gluon saturation in vPb collisions

As a benchmark, in Fig. we present the predictions of our model for
~p collisions and compare them to HERA [30, BI] and LHC [32] B3] [34] [35]
data. Figure [I| (a) shows the coherent and incoherent cross sections (known
at HERA as exzclusive and dissociative, respectively) for the diffractive photo-
production of a J/1 vector meson. The coherent cross section rises with energy
as a power law as does the prediction of our model. The available data for the

incoherent process also rises with energy, but in this case, the model predicts



that at around 500 GeV—outside the range of HERA, but inside that of the
LHC—the cross section starts to decrease. The fact that the variance decreases,
see Eq. , signifies that the configurations start to resemble each other, which
marks the onset of saturation. This behaviour was already discussed in our
earlier publications [19, 22] 23], but at that time there was no data above the
region where the incoherent cross section starts to decrease.

Recently, the H1 collaboration has published new results on diffractive photo-
production of a p° vector meson [31]. Figure [1| (b) shows the new data and
compares them to the predictions of our model. In this case, the coherent cross
section rises with energy, but the incoherent cross section decreases, as we pre-
dicted already in Ref. [22]. This behaviour is striking, but the low value of
the p° mass could cast a doubt on the applicability of a perturbative QCD
approach. Nonetheless, the experimental confirmation of this prediction gives
us confidence in the broad qualitative behaviour of our model. Moreover, the
larger mass of the J/1 meson, which is the focus of this work, is large enough
to justify the applicability of perturbative QCD.

Coherent and incoherent diffractive production off nuclear targets offers the
advantage that saturation sets in at a lower energy than for the case of proton
targets due to their larger saturation scale; see e.g. Ref. [10]. In this Letter,
we utilise another characteristic of nuclei, namely the existence of different size
scales in the transverse distribution of nuclear matter. Coherent processes sam-
ple the average of the colour fields of the full nuclei, so they are sensitive to
nuclear sizes, O(10fm). Incoherent processes are sensitive to two different size
scales, that of nucleons, O(1fm)), and that of hot spots (O(0.1fm)). It is ex-
pected that saturation are mainly linked to the hot-spot degrees of freedom, so
we propose to study the energy dependence of incoherent photo-production of
vector mesons in diffractive processes at different values of the Mandelstam-¢
variable. Lower values of |t| are dominated by the contribution of large size
scales; conversely, the cross section at large values of |¢| is determined mainly
by the variance of objects with a small transverse size, which in our model are

the hot spots.
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Figure 2: a: Energy dependence of p° and J/1 photo-production off Pb. b: Mandelstam-t
dependence of coherent (blue) and incoherent (gold) J/v photo-production off Pb at an energy
W ~ 125 GeV. The markers show data from the ALICE [36] [37, 38| 39 [40] and CMS [4I]

collaborations at the LHC, while the lines depict the predictions of our model.

Figure benchmarks our model against the existing LHC data [38] 39} [41] [40]
for the diffractive photo-production of p° and J/v. Figure [2| (a) shows that
our model is able to give a good reproduction of the energy dependence of
coherent production across the almost two orders of magnitude covered by the
J/1 data and that it also describes correctly the p° production. Figure [2| (b)
shows the Mandelstam-t dependence for both the coherent and the incoherent
J /1 production. Our model describes correctly the behaviour of the incoherent
cross section within the current experimental errors, but it shows a steeper
slope than the data on coherent production. Thus, the latter data seem to
indicate an effective slightly larger nucleus at these energies that assumed in
the model. There is not enough experimental data to reliable model such an
energy dependence of the nuclear size. Nonetheless the effect is small, and
would not affect the qualitatively conclusions of our work. The cross section
for incoherent J/v production from Ref. [42], was scaled by the photon flux at
midrapidity taken from Ref. [43]. As the figure shows, at the small |t| region
the cross section is dominated by the coherent contribution, while at larger |¢|
the incoherent process dominates, as explained above.

Figure [3] shows the main result of this Letter: the cross section for the inco-

herent photo-production of J/v¢ vector mesons off Pb in diffractive interactions.
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Figure 3: Prediction of the energy-dependent hot-spot model for the incoherent photo-
production of J/v vector mesons off Pb in diffractive interactions. The lines depict the energy
dependence of this process at different values of the Mandelstam-t¢ variable. Some of the lines

have been scaled to improve the readability of the figure.

The energy dependence at several values of |¢| is shown. For small |¢| values,
the cross section raises with energy, but at larger values of |t|, where the cross
section is dominated by the hot-spot contribution, the rise of the cross section
reaches a maximum at around a few hundred GeV and then decreases. The
maximum marks the onset of saturation effects and it is well within the reach

of the LHC.

4. Discussion

With respect to our previous work, there are two changes in the formalism.
The first refers to Eq. , where now we use the prescription of Ref. [44] for
the exponent. This amounts to use ((1/2) — z) instead of (1 — z) as it was
used before [6]. This change has almost no effect on the predictions for the
coherent processes, but it changes the predictions for the incoherent case. The
previous good description of available data is recovered by using new values of
the p; parameters, see Eq. . After these changes, the results are equivalent
to those that we have reported before. The values of the parameters of our
model that control the behaviour of the hot spots are then B, = 4.75 GeV 2,
Bys = 0.8 GeV~2, py = 0.015, p; = —0.58, po = 300. As discussed in greater



detail in our earlier work [19], the value of Qo was set to 1 GeV, zy was set to
2-10~%, and A = 0.21; where the latter was chosen to describe the behaviour of
F; at a scale Q% = 2.7 GeV? corresponding to that of the J/1) vector meson in
photoproduction.

When considering the case of p° photo-production we set B, = 6.4 GeV~2 to
be consistent with the findings by the H1 collaboration [45]. It is worth noting
that the change of the value of this parameter is just a phenomenological tool
to extend the model to describe also the photoproduction of p°, where there
is no clear perturbative scale. The photon viruality is set to Q% = 0.05 GeV?
in all calculations. The total cross section is determined by integrating the
differential cross section, see Eq. , over [t|. For the case of the proton as
a target the integration is performed within the range specified by the available
experimental data. In the case of photo-production of J/1 off protons the used
ranges are |t| < 1.2 GeV? for exclusive and [t| < 8 GeV? for dissociative process
[30). For exclusive and dissociative p° photo-production, the corresponding
integration cuts are [t| < 0.5 GeV? [35] and [t| < 1.5 GeV? [31] respectively.
The measurements of the energy dependence of p° and J/1 photo-production
off Pb have no restriction on |¢|.

Another change with respect to our previous work refers to Eq. @D In the
past, we used the same formalism but took the limit of a large A. In this case,
we did not take the limit in preparation for predictions of the incoming oxygen-
oxygen collisions planned for the LHC [46]. In the case of oxygen, the large A
limit is not justified. For Pb, Eq. (@ produces results numerically very similar
to the ones coming from the large A limit.

The ALICE and CMS collaborations have recently published data on co-
herent J /1 production reaching W values slightly above 800 GeV [40, 4T]. As
the J/v signature is the same for coherent and incoherent processes, and as
both collaborations are equipped with zero-degree calorimetres, they could per-
form the measurement predicted in Fig. |3|in a similar energy range by tagging
neutrons at beam rapidity [47, 48]

The shape for the W dependence at a fixed value of || predicted by our

10



model and shown in Fig. [3| can be described by
FW) =N (W/Wo)* exp (= (W/Wo)(8/Wiax))- (15)

Fitting this function to the predictions at [t| = 0.1 GeV? and |t| = 1.0 GeV?
we find Wiax to be 1550 + 107 GeV and 297 + 6 GeV, respectively. In these
fits a fixed value of Wy = 90 GeV was used. For completeness we report the
values found for the parameter §: 0.45+0.01 and 0.26 +0.01, respectively. Note
that Eq. is an approximation, with the full equation being x = (Q? + M? —
t)/(Q? + W?2). If the full expression is used, the quoted Wiay values move to
1555 + 107 GeV and 312 + 7 GeV, respectively. The values of § do not change.

Looking at Fig. |3|it is tempting to go to higher values of |¢|. Numerically,
our model can produce such predictions but two issues have to be taken into
account: (a) the larger the value of |¢| the farther away one is from the forward
limit used to set up the model, (b) furthermore, once |¢| is large enough, an-
other perturbative scale enters the problem and it has to be taken into account
properly. Fortunately, such very large values of |t| are not optimal to sample
the hot-spot sizes of our model, so in the context of this study it is not needed

to go higher than 1 GeV in |¢].

5. Summary and outlook

Utilising the energy-dependent hot-spot model, properly bench-marked with
HERA and LHC data, we propose to measure the onset of saturation by the
energy dependence of the cross section for incoherent J/¢ photo-production at
large Mandelstam-t, the region dominated by the hot-spot contribution. We
predict that the onset of saturation can be measured using ultra-peripheral Pb—
Pb collisions at the LHC.

The measurement could be performed with data recorded during the LHC
Run 2 (2015-2018). Furthermore, in 2023 the LHC delivered the first Pb-Pb
data sample of the LHC Run 3, and more data is expected in the following
years during the LHC Run 3 and 4. In total, one expects to collect on the order

11



of one million J/1 in the u*u~ channel [49]. This amount of expected events

should allow to perform the measurement of this process with just a few percent

uncertainty.
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