
Phys. Lett. B 858 (2024) 139017

Available online 12 September 2024
0370-2693/© 2024 CERN for the benefit of the ALICE Collaboration. Published by Elsevier B.V. Funded by SCOAP³. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

Contents lists available at ScienceDirect

Physics Letters B

journal homepage: www.elsevier.com/locate/physletb

Letter

Measurement of the impact-parameter dependent azimuthal anisotropy in 

coherent 𝜌0 photoproduction in Pb–Pb collisions at 
√
𝑠NN = 5.02 TeV

.ALICE Collaboration ⋆

A R T I C L E I N F O A B S T R A C T

Editor: M. Doser

Dataset link: https://
www .hepdata .net /record /ins2789555

This Letter presents the first measurement of the impact-parameter dependent angular anisotropy in the decay 
of coherently photoproduced 𝜌0 mesons. The 𝜌0 mesons are reconstructed through their decay into pion pairs. 
The measured anisotropy corresponds to the amplitude of the cos(2𝜙) modulation, where 𝜙 is the angle between 
the two vectors formed by the sum and the difference of the transverse momenta of the pions, respectively. 
The measurement was performed by the ALICE Collaboration at the LHC using data from ultraperipheral Pb–Pb
collisions at a center-of-mass energy of √𝑠NN = 5.02 TeV per nucleon pair. Different impact-parameter regions 
are selected by classifying the events in nuclear-breakup classes. The amplitude of the cos(2𝜙) modulation is found 
to increase by about one order of magnitude from large to small impact parameters. Theoretical calculations 
describe the measured cos(2𝜙) anisotropy and its impact-parameter dependence as the result of a quantum 
interference effect at the femtometer scale, arising from the ambiguity regarding which of the nuclei is the 
photon source in the interaction.

1. Introduction

The heavy ions circulating at the Relativistic Heavy-Ion Collider 
(RHIC) and Large Hadron Collider (LHC) accelerators are accompanied 
by a strong, Lorentz contracted, electromagnetic field that can be de-
scribed as a flux of quasi-real photons. This flux makes it possible to 
study photoproduction interactions at these facilities [1–4]. Most exper-
imental work uses ultraperipheral collisions (UPCs), where the colliding 
ions cross paths at impact parameters larger than the sum of their radii. 
Given the short range of the strong force, UPCs allow one to separate 
photon-induced processes from hadronic interactions.

One of the processes that has received great interest is the pho-
tonuclear production of a vector meson, where the incoming photon 
fluctuates into a quark–antiquark color dipole that scatters off the nu-
cleus traveling in the opposite direction (denoted as the target), and 
appears as a real vector meson. This process can be either coherent, if 
the photon couples to the nucleus as a whole, or incoherent, if it interacts 
with a single nucleon. The two processes result in a different transverse 
momentum (𝑝T) spectrum; the mean 𝑝T of the vector meson is related to 
the size of the target in the impact-parameter plane and it is around 60 
(500) MeV/𝑐 in the coherent (incoherent) case. In the coherent scenario, 
it is not known which of the two colliding nuclei emits the photon and 
which acts as the target, opening up the possibility to study, at femtome-
ter scales, the fundamental quantum mechanical interference between 
the amplitudes. This idea was first proposed in Ref. [5], where it was 
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noted that interference effects should be stronger: (𝑖) around midrapid-
ity, where the magnitude of both amplitudes is similar, and (𝑖𝑖) at small 
impact parameters 𝑏, where 𝑏 acts analogously to the distance between 
slits, in a two-slit interferometer.

Coherent vector meson photoproduction accompanied by electro-
magnetic dissociation (EMD) offers the opportunity to select different 
impact parameter regions in UPCs [6]. The electromagnetic field of the 
heavy ions is so intense that there is a non-negligible probability that 
the two nuclei, besides interacting to produce the 𝜌0 , also exchange pho-
tons in an independent EMD interaction, where the excited nuclei emit 
neutrons at beam rapidities. Experimentally, the emitted neutrons can 
be detected using two zero-degree calorimeters (ZDCs) each of them 
covering the direction of one of the incoming colliding nuclei. This al-
lows for classifying UPCs as: (i) XnXn, where at least one neutron is 
detected in each ZDC, (ii) Xn0n + 0nXn, where at least one neutron is 
detected in only one of the ZDCs, and (iii) 0n0n, where no neutron is de-
tected in the ZDCs; for brevity, the class Xn0n + 0nXn will be denoted 
as Xn0n in the following text. Since the intensity of the electromagnetic 
field grows with decreasing impact parameter, the XnXn configuration, 
where at least three photons are exchanged, selects a region of relatively 
small impact parameters. The 0nXn and Xn0n configurations select a 
broader impact-parameter range than XnXn, while 0n0n events encom-
pass all possible impact parameters. EMD is modeled in the RELDIS [7,8]
and n𝐎

𝐎n [9] models, while the coherent production of vector mesons 
accompanied by electromagnetic dissociation is studied with n𝐎

𝐎n and 
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STARlight [10]. According to n𝐎
𝐎n, the median impact parameter of co-

herent 𝜌0 photoproduction at the LHC energy changes from about 49 fm 
in 0n0n to about 19 fm in XnXn.

Ref. [5] proposes the suppression of coherent 𝜌0 production at small 
transverse momentum in UPCs as an observable to study interference 
effects. This effect was measured by the STAR Collaboration in coher-
ent 𝜌0 photoproduction at a center-of-mass energy per nucleon pair of √
𝑠NN = 200 GeV [11]. The measurement was carried out using two 

samples, one corresponding to XnXn and the other without any require-
ment on the detection of neutrons at beam rapidities. As expected, it 
was observed that the destructive interference was more pronounced in 
the XnXn sample.

Recently, it has been pointed out that interference can also give rise 
to azimuthal anisotropy, since the incoming photons are linearly po-
larized. It was suggested to look for this effect in the process 𝛾 + 𝛾 →
𝑙+ + 𝑙− where 𝛾 and 𝑙± denote photons and leptons, respectively [12]. 
The dependence of this phenomenon on the impact parameter was 
studied in Ref. [13]. Shortly thereafter, this effect was measured for 
the XnXn event class by the STAR Collaboration in Au–Au UPCs at √
𝑠NN = 200 GeV [14].

These studies were later extended to the photoproduction of a 𝜌0
vector meson, where the 𝜌0 inherits the linear polarization of the pho-
ton, giving rise to a cos(2𝜙) asymmetry [15,16]. Here, 𝜙 is the angle 
between the two vectors formed by the sum and by the difference of 
the transverse momenta of the pions produced in the decay 𝜌0 → 𝜋+𝜋−. 
More recently, it was proposed to look for cos(𝜙), cos(3𝜙) [17], and 
cos(4𝜙) [18] modulations. The first two patterns could be produced 
by the interference of the production of 𝜌0 with QED processes, and 
the last by the interference of resonant and open production of pion 
pairs. It was also proposed to search for asymmetries in the photopro-
duction of a J∕𝜓 vector meson [19]. The predicted cos(2𝜙) modulation 
was measured by the STAR Collaboration, for 𝜌0 coherent production 
in XnXn events, in Au–Au and U–U UPCs at 

√
𝑠NN = 200 GeV and √

𝑠NN = 193 GeV, respectively [20]. This asymmetry was also recently 
studied by the CMS Collaboration using exclusive diffractive production 
of jets at the LHC [21].

The ALICE Collaboration has measured the cross section for EMD in 
Pb–Pb collisions at center-of-mass energies of 

√
𝑠NN = 2.76 TeV [22]

and 
√
𝑠NN = 5.02 TeV [23], where a good agreement with the pre-

dictions from RELDIS and n𝐎
𝐎n was found. The ALICE Collaboration 

has also measured coherent 𝜌0 photoproduction in Pb–Pb UPCs at √
𝑠NN = 2.76 TeV [24] and 

√
𝑠NN = 5.02 TeV [25], as well as in 

Xe–Xe UPCs at 
√
𝑠NN = 5.44 TeV [26]. The results were compared to 

predictions from the STARlight and GDL [27] models in Ref. [24], and 
from STARlight and n𝐎

𝐎n in Refs. [25,26]; in general, the tested mod-

els describe well the relative 𝜌0 yields in the 0n0n, Xn0n, and XnXn 
classes. These measurements demonstrate that coherent 𝜌0 photopro-
duction accompanied by EMD is well understood at the LHC and that 
neutron emission in EMD can be used to select different event classes 
which are dominated by different impact parameter ranges.

In this Letter, the impact-parameter dependence of the cos(2𝜙) asym-
metry is studied in Pb–Pb UPCs at 

√
𝑠NN = 5.02 TeV using the coherent 

photoproduction of a 𝜌0 meson decaying into a pion pair. The measure-
ments are performed at midrapidity in the range |𝑦| < 0.8 and in three 
different EMD classes: 0n0n, Xn0n, and XnXn.

2. Experimental set-up

A full description of the ALICE apparatus and its performance is given 
in Refs. [28,29]. A brief description of the sub-detectors involved in this 
analysis is given hereafter. The 𝜌0 meson is detected through its de-
cay into a pion pair at midrapidity, using the Inner Tracking System 
(ITS) [30] and the Time Projection Chamber (TPC) [31] to reconstruct 
the pion tracks. The V0 [32] and ALICE Diffractive (AD) [33] detec-
tors, located at forward rapidities, provide a veto, suppressing hadronic 

interactions. As mentioned in Sec. 1, three different impact-parameter 
ranges are selected by means of neutrons emitted at forward rapidities, 
measured by the ZDCs [22].

The ITS comprises six cylindrical layers coaxial with the beam line. 
Three different technologies are used, starting from the inner layer: 
pixel, drift, and strip sensors. Each technology is used in two consecu-
tive layers. All six layers are used for tracking, while the two innermost 
layers, the Silicon Pixel Detector (SPD), are also used for triggering. The 
TPC is a large cylindrical gaseous detector that surrounds the ITS. It has 
a central cathode at high voltage and two readout planes at the end caps, 
composed of multiwire proportional chambers. It is the main tracking 
detector and provides particle identification (PID) by measuring the spe-
cific ionization energy loss. The ITS and the TPC cover a pseudorapidity 
interval |𝜂| < 0.9 and the full azimuth; they are located inside a solenoid 
magnet that provides a magnetic field of 𝐵 = 0.5 T.

The V0 is composed of two scintillator arrays, V0A and V0C, installed 
on both sides of the nominal interaction point (IP). They cover the pseu-
dorapidity ranges 2.8 < 𝜂 < 5.1 and −3.7 < 𝜂 < −1.7, respectively. The 
AD consists of two scintillator stations, ADA and ADC, located along the 
beam line at +16 m and −19 m from the IP and covering the pseudora-
pidity ranges 4.8 < 𝜂 < 6.3 and −7.0 < 𝜂 < −4.9, respectively.

There are two ZDC detectors for neutrons, ZNA and ZNC, located 
at ±112.5 m from the IP along the beam line. They detect neutrons 
with |𝜂| > 8.8, with an energy resolution good enough to be sensitive 
to the emission of a single neutron. Neutron signals are discriminated 
with a threshold corresponding to an energy deposition of ∼ 1 TeV, 
which is about three standard deviations below the expected signal from 
a 2.51 TeV neutron. The ZNs also determine the arrival time of the 
particles, allowing for the rejection of beam–gas interactions involving 
charge circulating outside the nominal LHC bunch positions.

The analyzed data were recorded by ALICE in 2015, when the LHC 
provided Pb–Pb collisions at 

√
𝑠NN = 5.02 TeV, using a dedicated UPC 

trigger. This trigger exploits five different signals: four of them veto any 
activity on either side of the AD or V0 detector within the time window 
for nominal beam–beam interactions, to suppress hadronic collisions. 
The fifth signal is a topological trigger that selects events that have at 
least two track segments, defined as in Ref. [25], in the SPD, with an 
opening angle in azimuth greater than 153 degrees. This topology was 
chosen since the coherently produced 𝜌0 has a very small transverse 
momentum and hence the tracks of the pions are almost back-to-back 
in azimuth. The integrated luminosity of the sample, determined using 
the V0 detectors as explained in Ref. [25], is about 485 mb−1.

3. Analysis procedure

3.1. Track and event selection

Tracks were required to have a distance of closest approach to the 
event primary vertex smaller than 0.0182 + 0.0350∕(𝑝trk

T )1.01 cm in 
the transverse plane and smaller than 2 cm in the longitudinal direc-
tion, where 𝑝trk

T is the transverse momentum, in GeV/𝑐, associated to 
the track. Tracks were also required to have more than 50 associated 
hits in the TPC, to be reconstructed in both ITS and TPC, and to match 
the track segments in the SPD that fired the trigger.

The events with good tracks were required to fulfill additional selec-
tions: (i) have exactly two tracks of opposite sign, (ii) have no offline 
reconstructed signal in neither the V0 nor AD detectors, and (iii) ful-
fill the pion selection n2

𝜎1 + n2
𝜎2 < 52, where n𝜎1 (n𝜎2) is the difference, 

in units of the TPC ionization energy loss resolution, between the mea-
sured energy loss for track 1 (track 2) and the expected value for a pion 
with the same momentum.

Kinematic selections were also applied: (i) the pion pair rapidity 
lies in the range |𝑦| < 0.8 to avoid acceptance edge effects, (ii) the in-
variant mass of the pion pair is inside the range 0.6 GeV/𝑐2 < 𝑚𝜋𝜋 <
0.95 GeV/𝑐2, and (iii) the transverse momentum of the 𝜌0 candidate is 
less than 0.1 GeV/𝑐 to select coherent processes with high purity. With 
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such a selection, the contamination from incoherent events is found to 
be lower than 4% [25]. More details about event and track selections 
can be found in Ref. [25].

The data were divided in three independent classes, based on the 
detection of neutrons at forward rapidity. Events with neutron emis-
sion were selected by requiring a signal in ZNA and/or ZNC. The signal 
time was required to lie within 2 ns from the nominal collision time. As 
explained in Sec. 1, these classes (0n0n, Xn0n, XnXn) can be used to se-
lect different impact-parameter ranges for ultraperipheral collisions. For 
each neutron class, the data were arranged in seven 𝜙 intervals of equal 
size, with 𝜙 defined as in Sec. 3.2. The efficiency correction (Sec. 3.3) 
and signal extraction (Sec. 3.4) were then performed separately for each 
neutron class and 𝜙 interval.

3.2. Asymmetry angle definition

The anisotropy described in Sec. 1 is predicted to be strongly visi-
ble as a function of a variable called 𝜙, defined using the momenta of 
the pions (𝜋1,2) into which the 𝜌0 decays. The 𝜙 angle can be defined 
in two different ways, which will be referred to as average and charge, 
respectively. In both cases 𝜙 is defined as the angle between the trans-
verse components of 𝑝+ and 𝑝−, where 𝑝± = 𝜋1 ± 𝜋2. Using the average
definition, 𝜋1,2 are randomly associated to the positive or to the nega-
tive track. Using the charge definition, 𝜋1 and 𝜋2 are the momenta of 
the positive and of the negative track, respectively. The average defi-
nition is helpful since, by construction, it does not allow for a cos(𝜙)
component. The two definitions are equivalent in terms of the predicted 
cos(2𝜙) component. The average definition was chosen as the default 
one, while the charge definition was used in the evaluation of the sys-
tematic uncertainties. In both cases, the 𝜙 angle was initially computed 
within the range of −𝜋 to 𝜋. Then, since cos(𝜙) and cos(2𝜙) are even 
functions, the resulting values were remapped between 0 and 𝜋 by flip-
ping the sign of negative values. This procedure improves the stability 
of signal extraction when fitting the invariant mass spectra in each 𝜙
interval, by doubling the size of the available sample.

3.3. Corrections

The correction for the acceptance and efficiency of the detector 
for the reconstruction and selection of the pion tracks, Acc × 𝜀, was 
estimated as a function of the pion pair invariant mass using the 
STARlight [10] Monte Carlo (MC) generator and a realistic description 
of the ALICE apparatus. This MC production describes accurately the 
raw data on the vector meson kinematics, with the exception of the 
transverse momentum distribution [24]. In order to improve the agree-
ment of the MC with data, a re-weighting procedure, described in the 
following, was applied to the generated 𝑝2T spectrum. The first step of 
the procedure is to fit the inclusive pion pair 𝑝2T distribution of the 
generated MC. For sufficiently high transverse momentum, 𝑝2T can be 
approximated with the Mandelstam variable 𝑡, while for very low 𝑝2T
the contribution from the transverse momentum of the photon plays an 
important role and hence the approximation is no longer valid. Having 
this in mind, the MC spectrum was fitted for 𝑝2T > (0.01)2 (GeV/𝑐)2 using 
the function

d𝑁

d𝑝2T
= 𝑐 ∣ 𝐹 (∣ 𝑡 ∣, 𝑎Pb, 𝑅Pb) ∣2, (1)

where 𝑐 is a normalization constant and 𝐹 (∣ 𝑡 ∣) is the form factor of 
the lead nucleus, obtained as a numerical approximation of the Fourier 
transform of a Wood–Saxon function [34,35], with fit parameters 𝑅Pb
and 𝑎Pb. The weights were then computed using

w(𝑝T) =
∣ 𝐹 (∣ 𝑡 ∣, 𝑎0

Pb
, 𝑅X) ∣2

∣ 𝐹 (∣ 𝑡 ∣, 𝑎0
Pb
, 𝑅0

Pb
) ∣2
, (2)

where 𝑎0
Pb

and 𝑅0
Pb

are the parameters extracted from the fit to the MC 
spectrum and 𝑅X is chosen in such a way that, after applying the weights 
to each event of a given generated 𝑝T, the reconstructed 𝑝2T spectrum in 
the MC best reproduces the one in the data. This is achieved by minimiz-
ing the bin-by-bin difference between the 𝑝T distributions of data and 
reconstructed MC as a function of 𝑅X, using a 𝜒2-like variable, in the re-
gion 𝑝2T > (0.01)2 (GeV/𝑐)2, where the model used for the reweighting is 
valid. It was verified that the best-fit values of 𝑅X computed for differ-
ent 𝜙 ranges were all compatible among themselves, hence the weights 
were obtained utilizing the full data set.

The Acc × 𝜀 correction was obtained using the re-weighted STARlight 
MC simulations by computing the ratio of reconstructed to generated 
number of pion pairs in each invariant mass and 𝜙 interval, after ap-
plying the weights discussed above at the generation level. The number 
of pion pairs found in data, for each invariant mass and 𝜙 interval, was 
then divided by Acc × 𝜀, to obtain the corrected mass spectra. This was 
done for each neutron class and 𝜙 range. The integrated Acc × 𝜀 was 
found to slightly increase as a function of the invariant mass, ranging 
from ∼ 10.5% at 𝑚𝜋𝜋 = 0.6 GeV/𝑐2 to ∼ 14% at 𝑚𝜋𝜋 = 0.95 GeV/𝑐2.

3.4. Signal extraction

The corrected invariant mass spectra, in each neutron class and in 
each 𝜙 interval, were fitted with:

d𝑁
d𝑚𝜋𝜋

= 𝑃 (𝑚𝜋𝜋) + 𝑛𝜇𝜇 𝑀(𝑚𝜋𝜋), (3)

where 𝑚𝜋𝜋 is the pion pair invariant mass, 𝑃 (𝑚𝜋𝜋 ) is the function used 
to describe the pion pair spectrum, 𝑀(𝑚𝜋𝜋) is the shape, estimated 
with a dedicated MC based on the STARlight generator, of the back-
ground originating from muons produced in the 𝛾𝛾 → 𝜇+𝜇− process 
and misidentified as pions, and 𝑛𝜇𝜇 is a normalization constant for said 
background. Two different parameterizations were used for the pion 
spectrum. The first parameterization uses a modified Söding model [36]:

𝑃 (𝑚𝜋𝜋) =∣𝐴 ⋅𝐵𝑊𝜌 +𝐵 ∣2, (4)

where 𝐵𝑊𝜌 is the relativistic Breit–Wigner shape that describes the 𝜌0 , 
𝐴 is its amplitude, and 𝐵 is the amplitude of the continuum pion pair 
production. The relativistic Breit–Wigner function describing the 𝜌0 res-
onance is:

𝐵𝑊𝜌 =
√
𝑚𝜋𝜋 𝑚𝜌 Γ𝜌(𝑚𝜋𝜋)

𝑚2
𝜋𝜋 −𝑚2

𝜌 + 𝑖𝑚𝜌 Γ𝜌(𝑚𝜋𝜋)
, (5)

where 𝑚𝜌 is the 𝜌0 pole mass and

Γ𝜌(𝑚𝜋𝜋) = Γ(𝑚𝜌)
𝑚𝜌

𝑚𝜋𝜋

(
𝑚2
𝜋𝜋 − 4𝑚2

𝜋

𝑚2
𝜌 − 4𝑚2

𝜋

)3∕2
, (6)

where Γ(𝑚𝜌) is the 𝜌0 pole width. Since 𝐵𝑊𝜌 is complex, an interference 
term between the 𝜌0 and the continuum arises from the square module 
in Eq. (4). The second parameterization uses the model by Ross and 
Stodolsky [37]:

𝑃 (𝑚𝜋𝜋) = 𝑓 ∣ 𝐵𝑊𝜌 ∣2
( 𝑚𝜌
𝑚𝜋𝜋

)𝑘
, (7)

with fit parameters 𝑓 and 𝑘.
The fits were performed by fixing 𝑚𝜌 and Γ(𝑚𝜌) to the central val-

ues reported for a 𝜌0 formed in a photoproduction reaction, namely, 
𝑚𝜌 = 769.2 MeV/𝑐2 and Γ(𝑚𝜌) = 151.5 MeV/𝑐2 [38]. As discussed in 
Ref. [25], it was verified that the extracted 𝜌0 yield does not vary signif-
icantly when the fit function is modified to include a contribution from 
𝜔 decays.

To assess the stability of the signal extraction, it was carried out for 
each 𝜙 interval using 48 different strategies. These strategies included 
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Fig. 1. Invariant-mass distribution of pion pairs, with superimposed Söding (solid line) and Ross-Stodolsky (dotted line) fits, for the range 0 < 𝜙 < 𝜋∕7 in the 0n0n 
(left) and XnXn (right) neutron classes. The different components of the pion-pair production amplitude in the Söding model are shown: the Breit–Wigner shape that 
describes the 𝜌0 (finer dotted line), the continuum process (dash-dotted line), and the interference between the 𝜌0 and the continuum (dash-dot-dot-dot line). The 
Breit–Wigner extracted from the Ross-Stodolsky model (finest dotted line) is also shown. In this example, the background contribution from misidentified muons is 
fixed to zero in the fit.

12 different combinations of bin size and fit range (with the widest 
tested range being 0.6-0.95 GeV/𝑐2 and the narrowest 0.65-0.9 GeV/𝑐2), 
using the Söding or the Ross-Stodolsky model to describe the pion pair 
mass spectrum, and using 𝑛𝜇𝜇 as a free fit parameter or fixing it to 
zero. An example of the mass fits, for a specific 𝜙 interval and for the 
0n0n and XnXn classes, is shown in Fig. 1. After the fit, the 𝜌0 yield 
is obtained by integrating the signal function, |𝐴 𝐵𝑊𝜌|2 for the Söding 
model and 𝑓 |𝐵𝑊𝜌|2 for the Ross-Stodolsky model, in the mass range 
0.6 < 𝑚𝜋𝜋 (GeV/𝑐2) < 0.95.

3.5. Asymmetry extraction

The extraction of the amplitude of the modulation is affected by the 
migration of events between neutron classes, due to ZDC detector effi-
ciency and pile-up effects, as discussed in Ref. [25]. To take this into 
account, a simultaneous fit to the measured 𝜌0 yield as a function of 
𝜙 in all three experimental classes (0n0n, Xn0n, XnXn) was performed, 
using the following expression:

⎛⎜⎜⎝
𝑛𝜌 0n0n(𝜙)
𝑛𝜌 Xn0n(𝜙)
𝑛𝜌 XnXn(𝜙)

⎞⎟⎟⎠ =
⎛⎜⎜⎝
1
1
1

⎞⎟⎟⎠+
⎛⎜⎜⎝
𝑤 0n0n → 0n0n 𝑤 Xn0n → 0n0n 𝑤 XnXn → 0n0n
𝑤 0n0n → Xn0n 𝑤 Xn0n → Xn0n 𝑤 XnXn → Xn0n
𝑤 0n0n → XnXn 𝑤 Xn0n → XnXn 𝑤 XnXn → XnXn

⎞⎟⎟⎠
×
⎛⎜⎜⎝
𝑎2 0n0n
𝑎2 Xn0n
𝑎2 XnXn

⎞⎟⎟⎠ cos(2𝜙), (8)

where 𝑛𝜌 0n0n is the normalized 𝜌0 yield in a given 𝜙 range for the ex-
perimental 0n0n class, and similarly for other classes, and the fitting 
parameters 𝑎2 0n0n, 𝑎2 Xn0n, and 𝑎2 XnXn are the amplitudes of the cos(2𝜙)
modulation in the corresponding three physical classes. The coefficients 
𝑤 Y → Z represent the contribution of the physical neutron class Y to 
the yield in the experimental neutron class Z, computed using the mea-
sured cross-section ratios and migration probabilities as determined in 
Ref. [25]. The constant term is fixed to unity by normalization. An ex-
ample of this simultaneous fit is shown in Fig. 2.

The central value and the statistical uncertainty of the cos(2𝜙) mod-
ulation amplitude were determined, for each neutron emission class, by 
averaging the results obtained with the 48 fit configurations described 
in Sec. 3.4.

3.6. Systematic uncertainties

The systematic uncertainty related to the signal extraction includes 
the effect on the extracted cos(2𝜙) amplitudes of variations in the strat-
egy for fitting the invariant mass spectra. These include: binning, range, 
modeling of the 𝜌0 signal, and treatment of background. The uncertainty 
was obtained as the standard deviation of the distribution of the fitted 
amplitudes over the 48 trials mentioned in Sec. 3.4. This uncertainty is 
12% for 0n0n, 9% for Xn0n, and 13% for XnXn.

An additional systematic uncertainty, related to the definition of the 
𝜙 angle, was estimated by testing two variations in the analysis strategy. 
In the first variation, 𝜙 is computed according to the charge definition 
mentioned in Sec. 3.2. In this case, the yield distribution can have a size-
able cos(𝜙) component [17], which is added to the fit function of Eq. (8), 
with its amplitude as an additional free parameter. In the second vari-
ation, the average definition of 𝜙 is used, as in the default strategy, but 
a cos(𝜙) component is nevertheless added to the fit function. The sys-
tematic uncertainty was evaluated in each class as the largest difference 
between the result obtained with the default setting and that obtained 
with the two strategies presented in this paragraph. It amounts to 3.6%
for 0n0n, 5.6% for Xn0n, and 3.3% for XnXn.

As a consistency check for the Acc × 𝜀 correction, the analysis was 
repeated in several rapidity sub-ranges, each containing approximately 
half the total number of reconstructed 𝜌0 candidates. In each neutron 
emission class, the amplitudes extracted in sub-ranges were all found to 
be compatible, within one standard deviation, with each other and with 
the amplitude extracted in the full rapidity range. The uncertainty on the 
Acc × 𝜀 correction arises then mainly from the re-weighting procedure 
described in Sec. 3.3. It was obtained by using the two values of 𝑅X
for which the 𝜒2 increases by one unit with respect to the minimum, 
instead of the 𝑅X value that minimizes the 𝜒2. The systematic uncer-
tainty is estimated in each class as the largest difference between the 
results obtained with the original and with the modified sets of weights. 
It amounts to 2.9% for 0n0n, 0.8% for Xn0n, and 0.9% for XnXn.

The systematic uncertainties related to the migration of events across 
neutron classes are evaluated by propagating the uncertainties of the ZN 
pile-up probability (9%) and efficiency (1%), all taken from Ref [25], to 
the extraction of the cos(2𝜙) amplitude. The resulting uncertainty from 
pile-up is 0.1%, 2.3%, and 0.9%, respectively, for the 0n0n, Xn0n, and 
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Fig. 2. Example of a simultaneous fit to the 𝜌0 yield as a function of 𝜙, used to extract the amplitude of the cos(2𝜙) modulation in all neutron classes. The contribution 
of each physical class to the yield in all experimental classes is shown.

Fig. 3. Amplitudes of the cos(2𝜙) modulation of the 𝜌0 yield in Pb–Pb collisions at √𝑠NN = 5.02 TeV in all neutron classes. The results are compared with the Xing et 
al. [15] and W. Zhao et al. [40] model predictions and, for the XnXn class, with the STAR results [20] in Au–Au and U–U collisions at RHIC. For all the experimental 
data points, statistical uncertainties are represented with a bar and systematic uncertainties with a box.

Table 1

Summary of the relative systematic uncertainties for 
the measured amplitude of the cos(2𝜙) modulation.

Source Uncertainty (%)

0n0n Xn0n + 0nXn XnXn

Signal extraction 12 9.1 13
𝜙 definition 3.6 5.7 3.3
Acc × 𝜀 2.9 0.8 0.9
ZN pile-up 0.1 2.3 0.9
ZN efficiency 0.7 0.1 0.1

Total 12.6 11.0 13.3

XnXn classes. The uncertainty from the ZN efficiency is 0.7%, 0.1%, and 
0.1%, respectively, for the 0n0n, Xn0n, and XnXn classes.

The contributions to the systematic uncertainty in the amplitude of 
the cos(2𝜙) modulation discussed in the previous paragraphs are listed 
in Table 1. The total uncertainty is obtained as the quadratic sum of 
all the contributions. It amounts to 12.6% for 0n0n, 11% for Xn0n, and 
13.3% for XnXn, and is dominated by the signal extraction for all event 
classes.

4. Results

Fig. 3 shows the extracted amplitude of the cos(2𝜙) modulation as 
a function of the neutron class; the numerical values are reported in 
Table 2, along with the n𝐎

𝐎n MC estimates of the median impact pa-
rameter of the collision for each neutron class. Similar values for the 
median impact parameters are found using the analytical model pre-
sented in Ref. [39]; the values for the XnXn case are also similar to 
those reported in Ref. [6]. The table also reports the amplitudes pre-
dicted by two models described below. The measured anisotropy shows 
a clear trend with the impact parameter, with a significant increase, by 
one order of magnitude, from 0n0n to XnXn.

The results are compared with the models by H. Xing et al. [15]
and by W. Zhao et al. [40]. In both calculations, the 𝜌0 signal is inte-
grated in the same kinematic region as in this analysis. In the Xing et 
al. model, the quasi-real photon exchanged by the nuclei is treated as 
a color quark–antiquark dipole, that recombines to produce a 𝜌0 after 
scattering off the color-glass-condensate state [41] inside the nuclei. As 
discussed in Sec. 1, the cos(2𝜙) anisotropy in the model emerges from 
the presence of two elements: the first is that the photon is linearly po-
larized along the impact parameter and this polarization is transferred 
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Table 2

Amplitudes of the cos(2𝜙) modulation of the 𝜌0 yield as a function of 𝜙 in all neutron classes, 
with statistical and systematic uncertainties. An estimate of the median impact parameter of 
the collision in each neutron class, obtained with the n𝐎

𝐎n MC, is also reported, as well as the 
predictions by the H. Xing et al. [15] and W. Zhao et al. [40] models.

Neutron class median b (n𝐎
𝐎n) amplitude stat. syst. H. Xing et al. W. Zhao et al.

0n0n 49.0 fm 0.028 0.011 0.003 0.015 – 0.031 0.042 – 0.044
Xn0n 22.5 fm 0.14 0.04 0.016 0.14 – 0.19 0.136 – 0.138
XnXn 18.2 fm 0.25 0.06 0.03 0.26 – 0.29 0.200 – 0.214

to the produced vector meson; the second is that there is an interference 
between the two amplitudes that contribute to the cross section of the 
vector meson photoproduction process. The interference effect increases 
as the impact parameter decreases, producing a larger anisotropy for 
small impact parameters. The uncertainty of the model mostly comes 
from the probability of emitting a neutron from the scattered nucleus 
at a given impact parameter, where the latter has been estimated using 
three different parametrizations from Refs. [42–44]. The model predic-
tion is compatible with data for all neutron classes. The model of W. 
Zhao et al. [40] is based on the same formalism as the model by H. 
Xing et al. [15] with two main differences: (i) the interaction of the 
quark–antiquark dipole with the target is implemented by computing 
the corresponding Wilson lines, and (ii) the color-charge density used to 
obtain the Wilson lines is varied event-by-event to represent the differ-
ent possible color configurations of the target. The quoted uncertainty 
in the model originates from the statistical precision related to the finite 
number of sampled configurations. This model, which predicts a milder 
variation of the modulation amplitude with the neutron class as com-
pared to Xing et al., also gives a reasonable description of the data, with 
the possible exception of the 0n0n class.

For the XnXn class, the amplitude measured by ALICE is also 
compared with the ones [20] measured by the STAR Collabora-
tion for Au–Au and U–U collisions at the center-of-mass energies of √
𝑠NN = 200 GeV and 

√
𝑠NN = 193 GeV, respectively. It is found to 

be compatible with both. This is consistent with the models, which, for 
the XnXn selection, predict the cos(2𝜙) modulation amplitude to vary 
with the colliding nuclei and the center-of-mass energy by less than the 
current experimental uncertainties.

5. Summary

The first measurement of the impact-parameter dependent angu-
lar anisotropy in the pion-pair decay of coherently photoproduced 𝜌0
mesons from Pb–Pb ultraperipheral collisions at a center-of-mass en-
ergy of 

√
𝑠NN = 5.02 TeV, performed with the ALICE detector, has 

been presented. The anisotropy is quantified via the distribution of the 
azimuthal angle 𝜙, defined in Sec. 3.2. The impact parameter is esti-
mated considering neutron emission at forward rapidity. A significant, 
impact-parameter dependent cos(2𝜙) modulation is observed, with the 
amplitude of the modulation increasing by about one order of magni-
tude from the 0n0n (no neutrons emitted, large impact parameter) to 
the XnXn (neutrons emitted by both colliding nuclei, relatively small 
impact parameter) class. This trend is reproduced by the theoretical 
models [15,40]. The result for the XnXn class is compatible with similar 
measurements by the STAR Collaboration.

The coherent photonuclear production of a vector meson in UPCs can 
be seen as a double-slit experiment [45], where the interference occurs 
between the amplitudes for quasi-real photon emission by either of the 
two colliding nuclei. The unambiguous observation of this interference 
through the measurement of the cos(2𝜙) anisotropy of the 𝜌0 yield is a 
proof of the validity of quantum mechanics at femtometer scales. This 
is the first measurement of this effect in terms of the impact-parameter 
dependence. The larger data samples expected from the LHC Run 3 and 
Run 4 will enable a detailed characterization of the quantum interfer-
ence effects.
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