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Abstract

The first measurement of the coherent photoproduction of ρ0 vector mesons in ultra-peripheral Xe–
Xe collisions at

√
sNN = 5.44 TeV is presented. This result, together with previous γp and γ–Pb

measurements, describes the atomic number (A) dependence of this process, which is particularly
sensitive to nuclear shadowing effects and to the approach to the black-disc limit of QCD at a semi-
hard scale. The cross section of the Xe+Xe → ρ0 +Xe+Xe process, measured at midrapidity
through the decay channel ρ0 → π+π−, is found to be dσ/dy = 131.5± 5.6(stat.)+17.5

−16.9(syst.) mb.
The ratio of the continuum to resonant contributions for the production of pion pairs is also mea-
sured. In addition, the fraction of events accompanied by electromagnetic dissociation of either one
or both colliding nuclei is reported. The dependence on A of cross section for the coherent ρ0 pho-
toproduction at a centre-of-mass energy per nucleon of the γA system of WγA,n = 65 GeV is found to
be consistent with a power-law behaviour σ(γA → ρ0A) ∝ Aα with a slope α = 0.96± 0.02(syst.).
This slope signals important shadowing effects, but it is still far from the behaviour expected in the
black-disc limit.
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1 Introduction

The Large Hadron Collider (LHC) is a source of photon-induced processes. The electromagnetic fields
of the relativistic particles are strongly contracted allowing for their interpretation as a flux of quasi-real
photons, which interact with the particles travelling in the opposite direction. When the impact parameter
of the collision is larger than the sum of the radii of the incoming particles, purely strong interactions
are suppressed due to the short range of this force and photon-induced processes dominate. These are
ultra-peripheral collisions (UPCs) [1–3].

Among all the possible processes in UPC, the coherent production of vector mesons stands out due to the
large associated cross sections and the cleanliness of its experimental signature: the quasi-real photon
interacts with the coherent QCD field of the other incoming particle to produce only a vector meson.
Due to the coherence condition, the average transverse momentum of the vector meson, 〈pT 〉, is related
to the transverse size of the nucleus RA as 〈pT 〉 ∼ ℏ/RA [1], yielding 〈pT 〉 ∼ 37 (30) MeV/c for a Xe
(Pb) nucleus. A related process is the incoherent production where the photon interacts with a nucleon
in the nucleus, which implies a larger average transverse momentum of the produced vector meson. In
addition, secondary electromagnetic interactions of the colliding nuclei may excite one or both of them
and upon de-excitation produce neutrons at beam rapidities [4]. This effect depends on the square of the
electric charge of the nucleus, so it is expected to be substantially weaker for Xe than for Pb.

One of the photoproduction processes with the largest cross section is the production of a ρ0 vector me-
son, which offers the opportunity to study the approach to the black-disc limit of QCD with a semi-hard
scale [5]. This process has been extensively studied at the Relativistic Heavy Ion Collider (RHIC) in Au–
Au, and at the LHC in Pb–Pb UPC. Measurements at RHIC were performed by the STAR Collaboration
at centre-of-mass energies per nucleon pair (

√
sNN) of 62.4 GeV [6], 130 GeV [7], and 200 GeV [8],

while the studies at the LHC by the ALICE Collaboration were carried out at 2.76 TeV [9] and 5.02
TeV [10]. All measurements were performed at midrapidity. At the time of the first experimental results,
the model predictions of the cross section varied by a factor of around two. The availability of new and
more precise data motivated an improvement of the different theoretical approaches, which in general
are now closer to data [10]. The situation, although better than a few years ago, still calls for more
data to improve our understanding of this process. Furthermore, the coherent production of a ρ0 vector
meson off a nucleus allows for the study of shadowing, the experimental fact that the nuclear structure
functions are suppressed compared to the superposition of those of their constituent nucleons [11]. This
phenomenon is expected to depend on the atomic number A of the nucleus so measurements for different
values of A offer another tool to test our understanding of shadowing at high energies and semi-hard
scales.

In collisions of two heavy ions with atomic number A, either nucleus can be a source of photons, which
results in two contributions to the cross section. At midrapidity both contributions are the same, but
at forward rapidities one corresponds to a high-energy photon while the other to a low-energy photon.
If one could disentangle both contributions it would be possible to study in the same experiment the
energy dependence of the process, allowing for the study of the energy dependence of the underlying
QCD dynamics. Two techniques have been put forward to this end [12, 13]. The first one make use of
UPCs and peripheral collisions. The one described in Ref. [13] proposes to classify the measured events
depending on the presence of the beam-rapidity neutrons mentioned earlier, and use these different cross
sections to disentangle the low and high energy contributions. Measurements at midrapidity are ideal
to test this proposal because both contributions are the same, so the measured cross sections can be
unambiguously compared with models predicting the neutron emission probability. ALICE can measure
beam-rapidity neutrons at both sides of the nominal interaction point. The sides are called A and C,
with the latter one hosting the ALICE muon spectrometer [14]. ALICE has previously reported [10]
the cross section for the coherent production of ρ0 vector mesons in Pb–Pb UPC for events with no
beam-rapidity neutrons (0n0n, where the first 0n refers to the A-side and the second to the C-side), with
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one or more neutrons in one side only (0nXn+Xn0n), or in both sides (XnXn). The comparison of the
corresponding cross section fractions with calculations of the emission of beam-rapidity neutrons based
on the STARlight [15, 16] and nO

On [17] models suggests that the method works, but it is important to
test it further, for example with the large data sets expected from the LHC Run 3 and 4 [18].

In this letter, the first measurement of the coherent photoproduction of ρ0 vector mesons in Xe–Xe UPCs
at

√
sNN = 5.44 TeV is presented. The cross section of this process is measured at midrapidity through

the decay channel ρ0 → π+π−. The ratio of the continuum to resonant contributions for the production
of pion pairs is also measured. In addition, the fraction of events in the 0n0n, 0nXn+Xn0n, and XnXn
classes are reported. Finally, using data from HERA and from Pb–Pb UPC collisions measured by
ALICE, the A dependence of the cross section is studied at a centre-of-mass energy per nucleon of the
γA system of WγA,n = 65 GeV.

2 Experimental set-up

During a 6-hour pilot run in October 2017, the LHC collided xenon nuclei for the first time. These colli-
sions took place at

√
sNN = 5.44 TeV. A complete description of the ALICE detector and its performance

can be found in Ref. [14, 19]; here, just a brief description of the systems involved in the measurement
is given.

The decay products of the ρ0 vector meson are measured in the central-barrel region of ALICE with
the ITS and TPC detectors. The ALICE Inner Tracking System (ITS) [20] is made of six layers of
silicon sensors. Each layer has a cylindrical geometry concentric around the beam line. Three different
technologies are used: pixel, drift and strip sensors. Each technology is used in two consecutive layers.
All six layers are used for tracking in this analysis. The Time-Projection Chamber (TPC) [21] surrounds
the ITS. It is a large cylindrical gas detector with a central membrane at high voltage and two readout
planes, composed of multiwire proportional chambers, at the end caps. It is the main tracking detector
and it also offers particle identification through the measurement of ionisation energy loss. The TPC
and ITS cover a pseudorapidity interval |η | < 0.9 and the full azimuth; they are situated inside a large
solenoid magnet which in Xe–Xe collisions provided a B = 0.2 T field.

The neutrons at beam rapidity are measured by two neutron zero-degree calorimeters, ZNA and ZNC,
located at ±112.5 m from the nominal interaction point along the beam line and covering the pseudo-
rapidity range |η | > 8.8 [19]. The energy resolution for single neutrons is around 20% which allows
measuring of events with either zero or a few neutrons at beam rapidities.

The trigger used the Silicon Pixel Detector (SPD), the Time-of-Flight detector (TOF) and the V0 de-
tectors. The SPD forms the two innermost layers of the ITS, covering pseudorapidity ranges |η | < 2
and |η |< 1.4, respectively. The SPD has about 107 pixels which are read out by 400 (800) chips in the
inner (outer) layer. Each of the readout chips fires a trigger if at least one of its pixels has a signal. TOF
surrounds the TPC and matches its pseudorapidity coverage. The TOF is a large cylindrical barrel of
multigap resistive plate chambers with some 1.5× 105 readout channels arranged in 1608 pads that are
capable of triggering [22]. The V0 [23] is a set of two arrays made of 32 scintillator cells each. The
arrays cover the pseudorapidity ranges −3.7 < η <−1.7 and 2.8 < η < 5.1, respectively. The time res-
olution of the V0 is better than 500 ps and provides a trigger if it registers a signal. The trigger requires
at least two hits in the inner and in the outer layer of the SPD, at least two pads fired in TOF and no
signal in the V0.

The determination of the luminosity is based on reference trigger counts in the V0 detector, while the
reference trigger cross section is derived from estimates based on a Glauber model [24]. For xenon the
following values are used: A = 129, the radius of the nuclear-charge distribution r = (5.36± 0.1) fm,
a skin depth of (0.59± 0.07) fm, and a deformation parameter β 2 = 0.18± 0.02 [25]. The integrated
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Figure 1: (Colour online) Uncorrected invariant mass (left) and transverse momentum (right) distribution of se-
lected candidates. Also shown are track pairs that have the same electric charge and fulfil all other requirements.
The STARlight templates for coherent and incoherent production are normalised to the corresponding luminosity
of data.

luminosity used in this analysis is (279.5±29.9) mb−1, where the quoted uncertainty is systematic and
is described later.

3 Analysis procedure

3.1 Event selection

Events are selected for the analysis if (i) the trigger described above is active, (ii) there are no signals in
the V0 detectors as determined by an offline selection, and (iii) they have exactly two tracks.

Offline, a more refined algorithm to quantify the V0 timing signal is used, consisting of a larger time
window. For this reason, this analysis requires the V0 offline reconstruction for selecting events.

The tracks are required to have contributions from both the ITS and the TPC. Both layers of the SPD
have to have a signal associated both to the track and to a SPD trigger signal, the tracks should also
have at least 50 (out of 159) space points reconstructed by the TPC. Both tracks are required to be fully
within the acceptance of the detector (|ηtrk|< 0.8). They have to originate from a primary vertex whose
coordinate along the beam line fulfils |ztrk| < 10 cm, and their associated electric charge should be of
opposite sign. Particle identification of a track is determined by the number of standard deviations (nσ )
by which the energy loss measurement deviates from the pion hypothesis. The quadratic sum of nσ1,2

for the π+ and π− candidates has to be less than five squared (n2
σ1
+ n2

σ2
< 52). Finally, the transverse

momentum of the pion pair has to be less than 0.15 GeV/c. After the aforementioned selections, 1827
events remain in the data sample.

Figure 1 shows the distributions of the invariant mass of the pion pairs as well as their transverse mo-
mentum. In addition, the figure also shows the corresponding distribution of an alternate data sample
obtained by applying all the criteria described above except that the electric charge associated to both
tracks has to be of the same sign. The mass distribution shows a clear signal of a ρ0 vector meson over a
very small background represented by the same-sign distribution. The transverse momentum distribution
shows a pronounced peak at values of few tens of MeV/c as expected by coherent production accom-
panied by a tail towards larger momenta produced by incoherent production and the small remaining
hadronic background.

The presence of one or more neutrons at beam rapidity is determined by using the timing capabilities
of the ZNA and ZNC which allow for the selection of events with a signal within ±2 ns from the time
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expected for neutrons produced in the interaction.

3.2 Signal extraction

A Monte Carlo (MC) sample of pion pairs from continuum and ρ0 resonant production, generated with
the STARlight program [16], is used to extract mass-dependent efficiency correction factors to account
for the acceptance and the efficiency of the detector and the selection criteria. All events in this sample are
passed by a detailed simulation of the ALICE apparatus and subjected to the same analysis procedure as
in data. The correction factor at each mass of the pion pair is used to correct the mass distribution shown
in Fig. 1. The correction factor increases from about 0.025 at 550 MeV/c2 to 0.055 at 1.1 GeV/c2. The
number of ρ0 vector mesons is extracted from the corrected invariant mass distribution normalised by
the luminosity of the sample and after applying other corrections, described below, to take into account
pile-up and the contribution from incoherent events.

The corrected mass distribution is fitted to a model describing the resonant and continuum production of
pion pairs according to the Söding prescription [26] and a term M that takes into account the contribution
of the γγ → µ+µ− process:

dσ

dmdy
= |A×BWρ +B|2 +M. (1)

Here A is the normalisation factor of the ρ0 Breit–Wigner (BWρ ) function, and B is the non-resonant
amplitude. The relativistic Breit–Wigner function of the ρ0 vector meson is

BWρ =

√

m×mρ0 ×Γ(m)

m2 −m2
ρ0 + imρ0 ×Γ(m)

, (2)

where mρ0 is the pole mass of the ρ0 vector meson. The mass-dependent width Γ(m) is given by

Γ(m) = Γ(mρ0)×
mρ0

m
×
(

m2 −4m2
π

m2
ρ0 −m2

π

)3/2

, (3)

with Γ(mρ0) the width of the ρ0 vector meson and mπ the mass of the pion [27]. The shape of γγ → µ+µ−

process M is taken from STARlight and passed through the same selection procedure as data. The fitted
parameters are A, B and M, the mass and width of the ρ0 were fixed to the PDG values [28].

An example fit of data with this model is shown in Fig. 2, where a clear resonance structure is seen in
data and decomposed by the fit into a small background contribution, the contribution of the continuum
production of pion pairs, the interference term, and the ρ0 signal.

3.3 Systematic uncertainties

The contributions to the systematic uncertainty are listed in Table 1 and discussed one by one in the
following paragraphs. The total uncertainty is obtained as the quadratic sum of the various contributions.

The signal extraction procedure is performed many times by varying the lower and upper limit of the fit
range as well as the bin width. The variations are within 0.55 to 0.65 GeV/c2, 0.9 to 1.4 GeV/c2, and
10 to 50 MeV/c2, respectively. The average value of the pole mass for the ρ0 vector meson as well as its
width are found to agree with the value reported by the Particle Data Group [28]. As the precision of our
data sample is limited, the values for the pole mass and width of the ρ0 vector meson are then fixed to the
values measured in the ρ0 photoproduction process [28] and the signal extraction procedure is repeated.
The standard deviation of the distribution of extracted number of ρ0 vector mesons from all the different
fits is considered as a systematic uncertainty, while the mean is taken as the signal. The mean of all
statistical uncertainties is taken as the statistical uncertainty. Fits are performed using a log-likelihood as
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Figure 2: (Colour online) Invariant mass distribution of pion pairs with the different components of the fit repre-
sented by lines. The number of ρ0 candidates is integrated over the resonant Breit–Wigner part (green, full line),
the interference term between A and B of Eq. (1) is shown by the dash-dotted blue line and the muon template M

(red, dashed line) is taken from STARlight. See text for more details.

Table 1: Summary of the systematic uncertainties for the measured cross section. See text for details.

Source Uncertainty
Variations to the fit procedure ±2.5%
Ross–Stodolsky fit model +3.5%
Acceptance and efficiency ±0.5%
Track selection ±3.0%
Track ITS–TPC matching ±4.0%
SPD trigger-to-track matching ±2.0%
TOF trigger efficiencies ±2.8%
Vertex selection ±1.5%
Incoherent contribution ±2.0%
Pile-up ±1.0%

Muon background (γγ → µ+µ−) +(0.5)
−(0.2)%

Electromagnetic dissociation ±0.2%
Luminosity ±10.7%

Total +(13.3)
−(12.8) %

well as a χ2 approach; both producing the same results. The systematic uncertainty of the cross section
from those variations amounts to 2.5%.

The Ross–Stodolsky prescription [29] is used as an alternative model to fit the resonance and continuum
contribution, which results in a yield systematically higher by 3.5%. Pure MC studies, where signal
is generated with a Söding function and fitted with a Ross–Stodolsky model, and vice versa, show a
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similar behaviour. As the underlying distribution is not known, this difference is taken as a systematic
uncertainty.

Two MC samples are used to account for the acceptance and efficiency correction. One simulates only
the Breit–Wigner distribution for a pure ρ0 signal and the other includes the effect of the pion-pair
continuum. The full variation of 0.5% on the cross section obtained by using these two samples is
considered a systematic uncertainty.

All the analysis steps are repeated by varying the tracking selection criteria within reasonable values.
In particular, a test is performed where events with tracks in some parts of the detector, known to have
reduced performance, are rejected. The full variation of the results amounts to 3% and it is taken as a
systematic uncertainty. Likewise for the uncertainty when matching track segments in the ITS to their
counterparts in the TPC. This uncertainty amounts to 4%.

The matching of the SPD signal in the tracks to SPD trigger signal is studied by comparing its effect
in data with that in MC. A discrepancy of 2.0% is found and assigned as a systematic uncertainty. The
uncertainty on the trigger efficiency of TOF is obtained by comparing the acceptance-times-efficiency
correction obtained from MC under different assumptions and assigning the full 2.8% difference.

There is a small discrepancy between data and the MC description of the coordinate of the interaction
vertex along the beam line for collisions happening ±10 cm and more beyond the nominal interaction
point. The full difference in the cross section when retaining (or not) events beyond ±10 cm is found to
be ±1.5% and assigned as a systematic uncertainty.

The contribution from incoherent production of ρ0 vector mesons for the region pT < 0.15 GeV/c is de-
termined by fitting the corresponding template from STARlight to the transverse momentum distribution
in a range from 0.15 to 1.0 GeV/c and extrapolating to the region covered by the measurement. The fit
is repeated many times varying the fit ranges, within the stated interval, and the bin widths. The mean
of the results from these fits amounts to 10.2% and it is subtracted from the cross section. The standard
deviation of all fits is taken as a systematic uncertainty (±2.0%). It is worth noting that the contribution
from incoherent production varies across different classes. As the data sample of events with neutrons at
beam rapidities is small, the incoherent contribution is estimated for the full 0nXn+Xn0n+XnXn sample.
The incoherent background amounts to (6.1±3.0(syst.))% for the 0n0n and (35.8±4.3(syst.))% for the
0nXn+Xn0n+XnXn event classes, respectively. This is taken into account when computing the fractions
of the cross section in each class reported below.

The V0 veto could be invalidated if this detector shows a signal which originates from a separate in-
teraction, an effect called pile-up. Electromagnetic e++ e− pair production is the main source of these
signals. The probability for pile-up is obtained from an unbiased sample triggered by the timing of ex-
pected bunch crossings at the interaction point surrounded by the ALICE detector. This probability is
used, assuming a Poisson process, to correct for the events lost due to pile-up. The correction factor is
0.89±0.01; the uncertainty from this procedure is taken as systematic uncertainty (±1.0%).

The statistical uncertainty of the γγ → e+e− cross section in our previous measurement [30] is around
10% and within this precision it agrees with the prediction from STARlight. Changing the normalisation
of the γγ → µ+µ− template in the fit by ±10%, produces a −0.2% and +0.5% systematic uncertainty
on the extracted ρ0 cross section.

Electromagnetic dissociation producing the beam-rapidity neutrons is accompanied on occasion by other
charged particles [31]. These charged particles, if they hit the V0, may cause the event to be lost. The
probability for this to happen is estimated to be (1.7±0.2)% using the unbiased sample just mentioned.
The statistical precision of this procedure is taken as systematic uncertainty (±0.2%).

The uncertainty on the luminosity is determined by computing the prediction of the Glauber model
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Figure 3: (Colour online) Cross section for the coherent photoproduction of ρ0 vector mesons in Xe–Xe UPC.
The lines show the predictions of the different models described in the text.

varying each parameter within their reported uncertainty. This is the dominant source of uncertainty in
the measurement and amounts to 10.7%. It is worth noting that a variation in the normalisation of the
M term in Eq. (1) within the ±10% uncertainty mentioned before produces a change in the cross section
which is negligible with respect to the other effects already mentioned.

The extraction of fractions of the cross section in the 0n0n, 0nXn+Xn0n, and XnXn classes is also
affected by pile-up in the ZNA and ZNC and by the efficiency of these calorimeters to detected neutrons.
The pile-up probabilities are (0.47±0.02)% and (0.44±0.02)%, while the efficiencies are 0.91±0.01
and 0.92 ± 0.02 for the ZNA and ZNC, respectively. The uncertainties in these numbers, along with
the uncertainty on the subtraction of the incoherent contribution, are taken into account to obtain the
uncertainty on the fractions quoted below.

4 Cross section results

The cross section for the coherent photoproduction of ρ0 vector mesons in ultra-peripheral Xe–Xe colli-
sions at

√
sNN = 5.44 TeV measured at midrapidity is

dσ

dy
= 131.5±5.6 (stat.)+17.5

−16.9 (syst.) mb. (4)

Figure 3 shows the measured cross section and compares it with the prediction of the following models.
STARlight [16], which is based on (i) a phenomenological description of existing data on exclusive
production of ρ0 vector mesons off protons, (ii) the optical theorem, and (iii) a Glauber-like eikonal
formalism which neglects the elastic part of the elementary ρ0–nucleon cross section. The prediction by
Guzey, Kryshen and Zhalov (GKZ) [32] relies on a modified vector dominance model, where hadronic
fluctuations of the photon are taken into account according to the Gribov–Glauber model of nuclear
shadowing; the band shows the variation on the predictions when varying the parameters of the model.
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Table 2: Fraction of the cross section in each one of the classes defined by the presence or absence of beam-
rapidity neutrons compared with the predictions from the nO

On model [17]. The first uncertainty is statistical, the
second comes from the variations in the ZNA and ZNC pile-up factors and efficiencies, while the third comes from
the variation in the number of events which is dominated by the subtraction of incoherent contribution. See text
for details.

Class Measured fraction nO
On prediction

0n0n (90.46±0.70±0.17∓0.68)% 92.4%

0nXn+Xn0n (8.48±0.66∓0.13±0.64)% 6.9%

XnXn (1.07±0.25∓0.04±0.07)% 0.7%

The model by Gonçalves et al. (GMMNS) [33] uses the colour dipole approach with amplitudes obtained
from the IIM model [34] coupled to a Glauber prescription to go from the nucleon to the nuclear case. The
two lines shown for GMMNS bracket the changes in their predictions when varying different ingredients
of their model [33]. Finally, the model from Cepila et al. (CCKT) [35, 36] also uses the colour dipole
approach, but in this case the structure of the nucleon in the transverse plane is described by so-called
hot spots, regions of high gluonic density, whose number increases with increasing energy [35]; nuclear
effects are implemented along the ideas of the Glauber model proposed in Ref. [37]. At midrapidity, all
models are relatively close to one another and overestimate the data. The lower band of GMMNS as well
as the STARlight and CCKT predictions are slightly more than one standard deviation above the data.
Only the upper band of GMMNS is disfavoured by more than three standard deviations.

The ratio of non-resonant to resonant pion production, see Eq. (1), is measured to be |B/A| = 0.58±
0.04 (stat.)±0.03 (syst.) (GeV/c2)−

1
2 . The main uncertainty comes from the correction for acceptance

and efficiency, closely followed by variations from the signal extraction procedure. This value is con-
sistent with those obtained in Pb–Pb UPC at

√
sNN = 2.76 TeV [9] and

√
sNN = 5.02 TeV [10], namely

|B/A| = 0.50 ± 0.04 (stat.)±0.10
0.04 (syst.) (GeV/c2)−

1
2 and |B/A| = 0.57 ± 0.01 (stat.)± 0.02 (syst.)

(GeV/c2)−
1
2 , respectively. The corresponding ratio in coherent Au–Au UPC measured by STAR at√

sNN = 200 GeV is 0.79± 0.01 (stat.)± 0.08 (syst.) (GeV/c2)−
1
2 [8]. The CMS Collaboration mea-

sured 0.50± 0.06 (stat.) (GeV/c2)−
1
2 in p–Pb UPC at

√
sNN = 5.02 TeV [38] for |t| < 0.5 GeV2. The

ZEUS Collaboration, using a sample of positron–proton collisions at a centre-of-mass energy of 300
GeV, reports 0.67 ± 0.02 (stat.)± 0.04 (syst.) (GeV/c2)−

1
2 for their full analysed sample, and ≈ 0.8

(GeV/c2)−
1
2 for t values similar to those of coherent ρ0 production in Pb–Pb UPC [39].

The fraction of the cross section in each one of the classes defined by the presence or absence of beam-
rapidity neutrons is shown in Table 2, where the measurement is also compared with the prediction from
the nO

On MC [17]. This program generates neutrons emitted due to the electromagnetic dissociation
(EMD) of two interacting nuclei. It is based on photon fluxes computed in the semi-classical approxima-
tion, and on all existing data on EMD complemented by phenomenological extrapolations where data is
not available. It can easily be interfaced to theoretical predictions of coherent vector meson production.
The agreement of the model with data, as well as the satisfactory description of the corresponding cross
sections observed in Pb–Pb UPC at

√
sNN = 5.02 TeV [10], suggests that the emission of neutrons at

beam-rapidity is well understood for the coherent photoproduction of ρ0 vector mesons off nuclei with
such different atomic mass number as Pb and Xe.

The measurements of the UPC cross section for coherent production of ρ0 vector mesons at midrapdity
for Pb–Pb [10] and for Xe–Xe have been converted into a γA measurement by dividing the cross sections
by two times the corresponding photon fluxes of 58.6 (Xe) and 128.1 (Pb). These numbers are obtained
following the prescription detailed in Ref. [12]. A flux uncertainty of 2% is considered, which is uncorre-
lated between both nuclei (because it mainly originates in the knowledge of the nuclear geometries). The
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Figure 4: A dependence of the γA cross section for the coherent production of a ρ0 meson and the corresponding
power low fit shown as a band. The general expectations for three extreme cases are represented by the dashed,
dotted-dashed, and dotted lines, respectively. The red band corresponds to the GKZ predictions when varying the
parameters of the model. A power-law fit to the CCKT model is shown by the blue band. See text for details.

uncertainties coming from the Ross–Stodolsky fit model and from the ITS-TPC matching are correlated
between the Xe and Pb results. The midrapidity photon–nucleus centre-of-mass energy per nucleon is
given by W 2

γA,n = m
√

sNN (with m the mass of the vector meson), so it is slightly different in both systems
(62 GeV in Pb–Pb and 65 GeV in Xe–Xe); as the γ–Pb cross section is expected to change around 1%
between these two values, well within the experimental uncertainties, both measurements are taken as
having WγA,n = 65 GeV.

The dependence of these cross sections on A is fitted by a power-law model, σγA(A) = σ0Aα , using also
the cross section measured by H1 at this energy [40]: (11.8±0.9(syst.)) µb. The value reported by H1
is consistent with the corresponding cross section found by the ZEUS [39] and CMS [38] collaborations.
The fit is shown in Fig. 4. It has a χ2 = 1.48 (for one degree of freedom). The parameters from the
fit when using only uncorrelated uncertainties are σ0 = 0.0117 ± 0.0009 mb and α = 0.963 ± 0.019.
The correlation between them is −0.78. Varying the flux by ±2% produces a change in the exponent
α of 0.005. Varying the cross sections by the correlated uncertainties from the fit model and the ITS–
TPC matching does not modify the σ0 parameter and causes a change in the exponent α of ±0.007 and
+0.006, respectively.

The fit is compared with three generic expectations having different dependence on A resulting on slopes
α of 4/3, 1, and 2/3 for full coherence disregarding any other dynamical effect, for a total incoherent
behaviour, and for the black-disc limit, respectively. The slope found in data is significantly different
from 4/3 signalling important shadowing effects. The closeness of data to a slope of 1 does not imply
incoherent behaviour; it is just a coincidence produced by the large shadowing suppression. The black-
disc limit seems to be quite distant at this energy of WγA = 65 GeV.

Fitting to the same functional form the predictions of the Gribov–Glauber approach (GKZ [32, 41])
and of the colour dipole model with subnucleon degrees of freedom (CCKT [36, 42]) yields slopes of
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0.985± 0.007 and 0.984± 0.003, respectively, where in both cases the parameter σ0 has been fixed to
the corresponding prediction for the γp cross section. Both slopes are in good agreement with that found
in data. This was to be expected given that both approaches give a reasonable description of the different
available data.

5 Summary

The cross section for the coherent photoproduction of ρ0 vector mesons in Xe–Xe UPC at
√

sNN = 5.44
TeV has been measured and compared with existing models of this process. The theoretical predictions
slightly overestimate the measurement. The ratio of the continuum-to-resonant contributions for the
production of pion pairs is also measured and found to agree with previous measurements in Pb–Pb
UPC. The fraction of events accompanied by electromagnetic dissociation of either one or both colliding
nuclei is reported and compared with the predictions of the nO

On model. The fair agreement between data
and predictions suggest that this process is well understood within the current experimental uncertainties
and can be used as a tool to disentangle the different γA contributions to the UPC cross sections.

The dependence on A of the cross section for the coherent ρ0 photoproduction at a centre-of-mass energy
per nucleon of the γA system of 65 GeV is found to be consistent with a power-law behaviour with a
slope of 0.96±0.02. This exponent is substantially smaller than what is expected from a purely coherent
process, taking into account the geometry, but disregarding any dynamic effect. A fair description of Pb–
Pb and Xe–Xe data is obtained in models based on hadronic degrees of freedom in the Gribov–Glauber
approach (GKZ) as well as in partonic-level models (CCKT). In this context, the A dependence of the
cross section is a strong indicator that QCD effects are important and relatively well modelled.
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S. Biswas4, J.T. Blair121, D. Blau90, M.B. Blidaru109, C. Blume69, G. Boca29, F. Bock98,
A. Bogdanov95, S. Boi23, J. Bok62, L. Boldizsár146, A. Bolozdynya95 , M. Bombara39, P.M. Bond35,
G. Bonomi141, H. Borel139, A. Borissov83,95, H. Bossi147, E. Botta25, L. Bratrud69,
P. Braun-Munzinger109 , M. Bregant123, M. Broz38, G.E. Bruno108,34, M.D. Buckland129 ,
D. Budnikov111, H. Buesching69, S. Bufalino31, O. Bugnon117, P. Buhler116, P. Buncic35,
Z. Buthelezi73,133 , J.B. Butt14, S.A. Bysiak120, D. Caffarri92, A. Caliva109, E. Calvo Villar114,
J.M.M. Camacho122, R.S. Camacho46, P. Camerini24, F.D.M. Canedo123, A.A. Capon116,
F. Carnesecchi26 , R. Caron139, J. Castillo Castellanos139 , E.A.R. Casula23, F. Catalano31, C. Ceballos
Sanchez76, P. Chakraborty50 , S. Chandra142, W. Chang7, S. Chapeland35, M. Chartier129,
S. Chattopadhyay142 , S. Chattopadhyay112 , A. Chauvin23, T.G. Chavez46, C. Cheshkov137,
B. Cheynis137, V. Chibante Barroso35, D.D. Chinellato124, S. Cho62, P. Chochula35, P. Christakoglou92 ,
C.H. Christensen91 , P. Christiansen82 , T. Chujo135, C. Cicalo56, L. Cifarelli26, F. Cindolo55,
M.R. Ciupek109, G. ClaiII,55, J. Cleymans126, F. Colamaria54, J.S. Colburn113, D. Colella54,146 ,
A. Collu81, M. Colocci35,26 , M. ConcasIII,60, G. Conesa Balbastre80, Z. Conesa del Valle79, G. Contin24,
J.G. Contreras38, T.M. Cormier98, P. Cortese32, M.R. Cosentino125, F. Costa35, S. Costanza29,
P. Crochet136, E. Cuautle70, P. Cui7, L. Cunqueiro98, A. Dainese58, F.P.A. Damas117,139,
M.C. Danisch106, A. Danu68, I. Das112, P. Das88, P. Das4, S. Das4, S. Dash50, S. De88, A. De Caro30,
G. de Cataldo54, L. De Cilladi25, J. de Cuveland40, A. De Falco23, D. De Gruttola30, N. De Marco60,
C. De Martin24, S. De Pasquale30, S. Deb51, H.F. Degenhardt123 , K.R. Deja143, L. Dello Stritto30,
S. Delsanto25, W. Deng7, P. Dhankher19, D. Di Bari34, A. Di Mauro35, R.A. Diaz8, T. Dietel126,
Y. Ding7, R. Divià35, D.U. Dixit19, Ø. Djuvsland21, U. Dmitrieva64, J. Do62, A. Dobrin68, B. Dönigus69,
O. Dordic20, A.K. Dubey142, A. Dubla109,92, S. Dudi102, M. Dukhishyam88, P. Dupieux136,
T.M. Eder145, R.J. Ehlers98, V.N. Eikeland21, D. Elia54, B. Erazmus117, F. Ercolessi26, F. Erhardt101,
A. Erokhin115, M.R. Ersdal21, B. Espagnon79, G. Eulisse35, D. Evans113, S. Evdokimov93,
L. Fabbietti107, M. Faggin28, J. Faivre80, F. Fan7, A. Fantoni53, M. Fasel98, P. Fecchio31, A. Feliciello60,
G. Feofilov115, A. Fernández Téllez46, A. Ferrero139, A. Ferretti25, A. Festanti35, V.J.G. Feuillard106,
J. Figiel120, S. Filchagin111, D. Finogeev64, F.M. Fionda21, G. Fiorenza54, F. Flor127, A.N. Flores121,
S. Foertsch73, P. Foka109, S. Fokin90, E. Fragiacomo61, U. Fuchs35, N. Funicello30, C. Furget80,
A. Furs64, M. Fusco Girard30, J.J. Gaardhøje91, M. Gagliardi25, A.M. Gago114, A. Gal138,
C.D. Galvan122, P. Ganoti86, C. Garabatos109 , J.R.A. Garcia46, E. Garcia-Solis10, K. Garg117,
C. Gargiulo35, A. Garibli89, K. Garner145, P. Gasik107, E.F. Gauger121, M.B. Gay Ducati71,
M. Germain117, J. Ghosh112, P. Ghosh142, S.K. Ghosh4, M. Giacalone26, P. Gianotti53,

16



Coherent ρ0 photoproduction in ultra-peripheral Xe—Xe collisions ALICE Collaboration

P. Giubellino109,60 , P. Giubilato28, A.M.C. Glaenzer139, P. Glässel106, V. Gonzalez144,
L.H. González-Trueba72, S. Gorbunov40, L. Görlich120, S. Gotovac36, V. Grabski72,
L.K. Graczykowski143 , K.L. Graham113, L. Greiner81, A. Grelli63, C. Grigoras35, V. Grigoriev95,
A. GrigoryanI,1, S. Grigoryan76,1 , O.S. Groettvik21, F. Grosa60, J.F. Grosse-Oetringhaus35 ,
R. Grosso109, R. Guernane80, M. Guilbaud117, M. Guittiere117, K. Gulbrandsen91 , T. Gunji134,
A. Gupta103, R. Gupta103, I.B. Guzman46, R. Haake147, M.K. Habib109, C. Hadjidakis79,
H. Hamagaki84, G. Hamar146, M. Hamid7, R. Hannigan121, M.R. Haque143,88, A. Harlenderova109 ,
J.W. Harris147, A. Harton10, J.A. Hasenbichler35 , H. Hassan98, D. Hatzifotiadou55 , P. Hauer44,
L.B. Havener147, S. Hayashi134, S.T. Heckel107, E. Hellbär69, H. Helstrup37, T. Herman38,
E.G. Hernandez46 , G. Herrera Corral9, F. Herrmann145, K.F. Hetland37, H. Hillemanns35, C. Hills129,
B. Hippolyte138, B. Hohlweger107, J. Honermann145, G.H. Hong148, D. Horak38, S. Hornung109,
R. Hosokawa15, P. Hristov35, C. Huang79, C. Hughes132, P. Huhn69, T.J. Humanic99, H. Hushnud112,
L.A. Husova145, N. Hussain43, D. Hutter40, J.P. Iddon35,129 , R. Ilkaev111, H. Ilyas14, M. Inaba135,
G.M. Innocenti35 , M. Ippolitov90 , A. Isakov38,97 , M.S. Islam112, M. Ivanov109, V. Ivanov100,
V. Izucheev93 , B. Jacak81, N. Jacazio35,55 , P.M. Jacobs81, S. Jadlovska119, J. Jadlovsky119, S. Jaelani63,
C. Jahnke123, M.J. Jakubowska143 , M.A. Janik143, T. Janson75, M. Jercic101, O. Jevons113, M. Jin127,
F. Jonas98,145 , P.G. Jones113, J. Jung69, M. Jung69, A. Junique35 , A. Jusko113, P. Kalinak65, A. Kalweit35,
V. Kaplin95, S. Kar7, A. Karasu Uysal78, D. Karatovic101, O. Karavichev64, T. Karavicheva64 ,
P. Karczmarczyk143 , E. Karpechev64, A. Kazantsev90, U. Kebschull75, R. Keidel48, M. Keil35,
B. Ketzer44, Z. Khabanova92, A.M. Khan7, S. Khan16, A. Khanzadeev100 , Y. Kharlov93, A. Khatun16,
A. Khuntia120, B. Kileng37, B. Kim62, D. Kim148, D.J. Kim128, E.J. Kim74, H. Kim17, J. Kim148,
J.S. Kim42, J. Kim106, J. Kim148, J. Kim74, M. Kim106, S. Kim18, T. Kim148, S. Kirsch69, I. Kisel40,
S. Kiselev94, A. Kisiel143, J.L. Klay6, J. Klein35,60, S. Klein81, C. Klein-Bösing145 , M. Kleiner69,
T. Klemenz107, A. Kluge35, A.G. Knospe127, C. Kobdaj118, M.K. Köhler106, T. Kollegger109,
A. Kondratyev76, N. Kondratyeva95, E. Kondratyuk93, J. Konig69, S.A. Konigstorfer107 ,
P.J. Konopka2,35, G. Kornakov143, S.D. Koryciak2, L. Koska119, O. Kovalenko87, V. Kovalenko115,
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