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Flow harmonic coefficients, vn, which are the key to studying the hydrodynamics of the quark-gluon plasma
(QGP) created in heavy-ion collisions, have been measured in various collision systems and kinematic regions
and using various particle species. The study of flow harmonics in a wide pseudorapidity range is particularly
valuable to understand the temperature dependence of the shear viscosity to entropy density ratio of the QGP.
This paper presents the first LHCb results of the second- and the third-order flow harmonic coefficients of
charged hadrons as a function of transverse momentum in the forward region, corresponding to pseudorapidities
between 2.0 and 4.9, using the data collected from PbPb collisions in 2018 at a center-of-mass energy of
5.02 TeV. The coefficients measured using the two-particle angular correlation analysis method are smaller
than the central-pseudorapidity measurements at ALICE and ATLAS from the same collision system but share
similar features.
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I. INTRODUCTION

Quark-gluon plasma (QGP) is a phase of nuclear matter in
which partons can move freely, as explained by the asymp-
totic freedom of quantum chromodynamics (QCD). The QGP
medium is formed in an extremely hot and dense environment,
such as in high energy collisions of heavy-ions [1–5]. As the
heavy ions collide at near the speed of light, a dense QGP
medium forms and thermalizes rapidly.

The unbound partons of the QGP move collectively. This
collective movement is heavily affected by the initial colli-
sion conditions, such as the momentum anisotropy due to
the asymmetric collision geometry. These conditions cause
spatial anisotropy in the final particle distributions. The study
of the spatial anisotropy, commonly known as flow, helps us
to understand the evolution and the properties of the QGP,
including the thermalization process, initial- and final-state
effects, and the transport properties including the ratio of shear
viscosity to entropy density. The value of the ratio of shear
viscosity to entropy density is found to be small [6], which
indicates that the QGP medium behaves like a nearly perfect
fluid.

Several theory models predict that the ratio of shear vis-
cosity to entropy density is temperature dependent [7–9]. The
study of this temperature dependence requires a wide range
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of particle flow measurements, covering different collision
energies, centralities, transverse momenta, and pseudorapidi-
ties, such as those reported by experiments at both the
BNL Relativistic Heavy Ion Collider (RHIC) and the CERN
Large Hadron Collider (LHC). Measurements to date in-
clude pp, dAu, 3HeAu, XeXe, AuAu, and PbPb collision
systems [10–15], energies ranging from O(GeV) to O(TeV)
[16–18], and the most central events to ultraperipheral colli-
sions [18,19]. Most of these results are presented in the central
pseudorapidity region, |η| < 2.5. Several forward (large |η|)
particle flow studies were reported by PHOBOS using AuAu
collisions at the GeV energy scale [20,21] and by ALICE us-
ing PbPb and pPb collisions at the TeV energy scale [22–24].

The LHCb experiment can provide unique flow mea-
surements in the forward region, which are important to
understand the “cooler” region where freeze-out is dominant
[8]. The forward region is dominated by the nonequilibrium
hadronic phase and can test the limit of the hydrodynamic
and the transport models that describe QGP at microscopic
and macroscopic scales, respectively. LHCb measurements
also complement other LHC results that are in the central-
pseudorapidity regions in the effort to constrain theoretical
models and understand the evolution of QGP.

This paper reports the first measurement of the forward
flow harmonic coefficient of charged hadrons as a function
of transverse momentum at LHCb and at the LHC to en-
rich the study of flow in the nonequilibrium hadronic phase
of the system evolution. The two-dimensional [C(�η,�φ)]
and one-dimensional [C(�φ)] correlation functions are con-
structed using a two-particle correlation analysis method
[12,25,26]. The one-dimensional azimuthal correlation func-
tions are described by a Fourier series, which is used to extract
the second- and third-order flow harmonic coefficients, v2 and
v3. The two-particle correlation analysis method is applied
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to data in two centrality ranges, 65%–75% and 75%–84%,
determined in Ref. [27]. The flow harmonic coefficients are
measured as a function of transverse momentum, pT. The
results are compared to those from the ALICE and ATLAS
experiments at central pseudorapidity in PbPb collisions at
5.02 TeV [18,25] and to simulations based on the multiphase
transport model AMPT [28,29].

II. THE LHCb EXPERIMENT

The analysis is based on data collected with the LHCb
detector during the lead-lead data-taking period in 2018. The
LHC provided PbPb collisions at a nucleon–nucleon center-
of-mass energy of

√
sNN = 5.02 TeV, corresponding to an

integrated luminosity of 214 µb−1.
The LHCb detector [30,31] is a single-arm forward

spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system con-
sisting of a silicon-strip vertex detector (VELO), surrounding
the PbPb interaction region [32], a large-area silicon-strip
detector located upstream of a dipole magnet with a bend-
ing power of about 4 T m, and three stations of silicon-strip
detectors and straw drift tubes [33,34] placed downstream of
the magnet. The tracking system provides a measurement of
the momentum, p, of charged particles with a relative un-
certainty that varies from 0.5% at low momentum to 1.0%
at 200 GeV/c. The minimum distance of a track to a pri-
mary PbPb collision vertex (PV), the impact parameter (IP),
is measured with a resolution of (15 + 29/pT) µm, with
pT in GeV/c. Photons, electrons and hadrons are identified
by a calorimeter system consisting of scintillating-pad and
preshower detectors (SPD), an electromagnetic calorimeter,
and a hadronic calorimeter. The online event selection is
performed by a trigger [35], which consists of a hardware
stage, based on information from the calorimeter and muon
systems, followed by a software stage, which applies a full
event reconstruction.

Simulation samples are required to model the effects of the
detector acceptance and the selection requirements. The PbPb
events are generated using the EPOS event generator [36] and
calibrated with LHC data [37]. Decays of unstable particles
are described by EVTGEN [38], in which final-state radiation is
generated using PHOTOS [39]. The interaction of the generated
particles with the detector, and its response, are implemented
using the GEANT4 toolkit [40] as described in Ref. [41].

III. DATA SELECTION

The PbPb events must satisfy at least one of four minimum-
bias triggers, all of which place requirements on the number
of SPD hits. Two of them impose further requirements based
on information from either the hadronic calorimeter or the
muon system. Due to hardware limitations, only events with
fewer than ten thousand VELO clusters are recorded, which
corresponds to centrality greater than 60%.

Events with a PV within ±3σ of the mean PV z coordinate,
where σ is the width of the PV z distribution for the dataset,
and a centrality between 65–84% determined by the total

calorimeter energy [27] are selected. Centrality ranges below
65% are avoided due to lack of sufficient events. The upper
bound of the centrality selection is set to avoid contamination
with ultraperipheral events [27]. The data are contaminated
with fixed-target PbNe collisions that were running simulta-
neously with the PbPb collisions. Since the PbNe events have
lower center-of-mass energy and lower average multiplicity,
the selected PbPb events must have at least 15 tracks in the
backward (η < −2) region and are required to have a mini-
mum total calorimeter energy that depends on the number of
VELO clusters.

All tracks selected in this analysis are measured by the
VELO, the silicon-strip detectors located upstream and down-
stream of the magnet, and the straw drift tubes. These tracks
have a minimum momentum of 2 GeV/c. The selected tracks
must have pT > 0.2 GeV/c, 2 < η < 4.9, and a small fit χ2.
Tracks from the decays of heavy-flavor hadrons are sup-
pressed by a requirement on the change in the primary vertex
χ2 when the track is excluded from the vertex fit.

IV. TWO-PARTICLE ANGULAR
CORRELATION ANALYSIS

Two-particle correlation analysis is based on the fact that
the correlations among the produced particles reflect the cor-
relations between the produced particles and the reaction
plane [42], that is the azimuth of the impact parameter. Two
tracks from the same event, labeled a and b, are paired to con-
struct the two-dimensional angular distributions, S(�η,�φ),
where �η = ηa − ηb and �φ = φa − φb. The transverse mo-
mentum of track a is in one of several pT ranges defined within
0.2 < pTa < 10 GeV/c, but that of track b must be within
0.2 < pTb < 5 GeV/c regardless of pTa. The lower bound
of pTb is set according to the tracking performance of the
detector [43], while the upper bound is set to reduce jet-like
contributions at high pT [25]. Applying the same track re-
quirements, two tracks from different events are also paired to
construct the mixed-event angular distributions, B(�η,�φ),
which carry any biases from the detector acceptance.

The two-dimensional angular correlation functions,
C(�η,�φ), are obtained by correcting the same-event
correlations using the mixed-event correlations, such that

C(�η,�φ) = S(�η,�φ)

B(�η,�φ)
. (1)

Figure 1 shows an example of the two-dimensional an-
gular correlation functions for 1 < pTa,b < 2 GeV/c and
2 < pTa,b < 3 GeV/c and in centrality ranges 65%–75% and
75%–84%. These two pTa,b ranges are selected to match
Ref. [44] for comparisons, but the rest of the analysis shown
below used the fixed pTb range of 0.2–5 GeV/c. A clear near-
side peak at (�η,�φ) = (0, 0), which arises from the short-
range nonflow contributions [45], such as jets, is observed
in both pT ranges and centrality ranges. A dip at the center
of the near-side peak is observed in the low pT range in the
65–75% centrality range. This dip is caused by the removal
of tracks that share 70% of hits in the track reconstruction
[46]. There are ridge structures on the near side (�φ ≈ 0)
and away side (�φ ≈ π ). The near-side ridges, which are less
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FIG. 1. Angular correlation functions in four example intervals of transverse momentum and centrality. The �η range is limited to ±2.5.
The z axis is cropped to visualize the ridge structures.

noticeable than the away-side ridges, are a sign of particle flow
[44]. The near-side ridges are more pronounced in Fig. 1 com-
pared to the correlation functions in pPb and Pbp collisions in
Ref. [44], indicating stronger flow in PbPb collisions.

One-dimensional azimuthal correlation functions, C(�φ),
are obtained by taking the ratio of the projection of
S(�η,�φ) and B(�η,�φ) onto the �φ axis. The |�η| < 1
region is removed in the projection to reduce short-range
nonflow contributions, such that the azimuthal correlation
function is

C(�φ) =
∫ 2.9

1 S(|�η|,�φ) · d (|�η|)∫ 2.9
1 B(|�η|,�φ) · d (|�η|)

. (2)

A Fourier series fit to this function is performed including
the first three harmonic terms,

C(�φ) = A

[
1 + 2

3∑
n=1

Vn(〈pTa〉, 〈pTb〉) cos (n · �φ)

]
, (3)

where 〈pTa〉 (〈pTb〉) represents the average pTa (pTb) for the
given pTa (pTb) range, A and Vn(〈pTa〉, 〈pTb〉) are parameters
that vary freely in the fit. The coefficient Vn(〈pTa〉, 〈pTb〉)
extracted from the fit can be factorized as

Vn(〈pTa〉, 〈pTb〉) = va
n (〈pTa〉) · vb

n(〈pTb〉), (4)

where va
n (〈pTa〉) (vb

n(〈pTb〉)) is the nth flow harmonic coeffi-
cient of particle a (b) with a transverse momentum in 〈pTa〉
(〈pTb〉) [47]. Since the pTb range is fixed regardless of the
pTa interval, one can first obtain vb

n(〈pTb〉) by constructing the

azimuthal correlations in Eq. (3) of tracks from the b tracks
only. Then, Eq. (4) becomes

Vn(〈pTb〉, 〈pTb〉) = vb
n(〈pTb〉) · vb

n(〈pTb〉), (5)

which implies

vb
n(〈pTb〉) = √

Vn(〈pTb〉, 〈pTb〉). (6)

The flow harmonic coefficient of particle a, va
n (〈pTa〉), from

the track a-b azimuthal correlations is obtained by substituting
Eq. (6) into Eq. (4).

However, this factorization in Eqs. (4) and (6) does not
apply to the first-order flow harmonic coefficient, as it is
strongly affected by the long-range nonflow contributions
[45,47]. Therefore, the first-order flow harmonic coefficient,
v1, is not reported. These long-range nonflow contributions
may also affect the higher-order flow harmonic coefficients
in peripheral events at high pT [25,45]. These effects include
the increase and decrease of the even- and odd-order flow
harmonic coefficients, respectively, at high pT. Since only
va

n (〈pTa〉) results are shown, in the rest of this paper vn and
pT denote va

n and 〈pTa〉, respectively.
Figure 2 shows examples of the azimuthal correlation func-

tions overlaid with the Fourier series fit results in different pT

and centrality ranges. The relative difference in amplitudes
between the near- and away-side peaks is enhanced at high
pT and in peripheral events. The second- and third-order flow
harmonic coefficients, v2(pT) and v3(pT), are extracted from
the Fourier series fits in different pT and centrality ranges.
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FIG. 2. Azimuthal correlation functions in different transverse momentum and centrality ranges. The Fourier series fit and its three terms
are overlaid. Only statistical uncertainties are shown.

V. SYSTEMATIC UNCERTAINTIES

The total systematic uncertainty is obtained from the sum
in quadrature of the following six contributions: (a) the pri-
mary vertex requirement, (b) the track fit quality requirement,
(c) the total calorimeter energy versus VELO multiplicity
requirements for PbNe event contamination, (d) Fourier fit
fluctuation, (e) fluctuation of the mixed-event correlations,
and (f) the unidentified charged hadron efficiency and fake
track rate. These systematic uncertainties are estimated by
taking the difference of the nominal result and results obtained
with alternate requirements as follows.

(a) The primary vertex z requirement is varied between 2
and 4 standard deviations of the width of the distribu-
tion.

(b) The track fit χ2 requirement is tightened and relaxed
such that the pT distribution with the tightened or
relaxed requirement is on average 10% different com-
pared to the default requirement.

(c) Besides the minimum total calorimeter energy require-
ment in the event selection, an additional maximum
total calorimeter energy requirement that depends on
the number of VELO clusters is applied to remove
outlier events with high total calorimeter energy but
low multiplicity.

(d) A fourth-order harmonic term is added to the Fourier
series fit in Eq. (3).

(e) The analysis is repeated by moving each data point in-
dividually in the mixed-event correlations to its upper
and lower statistical limits.

(f) The nominal values of the vn measurements are ob-
tained without correcting for the detector efficiency,
ε(pT, η), and the fake track rate, f (pT, η). To estimate
the systematic uncertainties due to the detector effi-
ciency and the fake track rate, the analysis is repeated
with the detector efficiency and the fake track rate cor-
rections as a track-paired weight, w. The track-paired

weight, which is applied when filling two-dimensional
angular distributions, is written as

w = 1 − f (pTa, ηa)

ε(pTa, ηa)
× 1 − f (pTb, ηb)

ε(pTb, ηb)
. (7)

The relative systematic uncertainties due to the
above sources are summarized in Table I for three pT

ranges:1 0.2 < pT < 0.4 GeV/c, 0.4 < pT < 3 GeV/c, and
3 < pT < 10 GeV/c. The relative uncertainties are larger in

1The final results are presented with 12 pT bins.

TABLE I. Summary of relative systematic uncertainties rounded
to the closest 1%.

pT (GeV/c) σa σb σc σd σe σ f

v2 in 65–75%

0.2–0.4 4% 19–22% <1% <1% <1% 6%
0.4–3 <1% <5% <1% <1% <1% <5%
3–10 <4% <5% <1% <1% <1% <10%

v2 in 75–84%

0.2–0.4 <1% 17–18% <1% <1% <1% 27%
0.4–3 <1% <3% <1% <1% <1% <6%
3–10 <1% <4% <1% <1% <1% 1–17%

v3 in 65–75%

0.2–0.4 14% 23–34% 2% <1% 5% 64%
0.4–3 <5% <19% <2% <1% <2% 3–9%
3–10 2–54% <152% <9% <2% 4–22% 7–133%

v3 in 75–84%

0.2–0.4 13% 21–28% 1% <1% 2% 14%
0.4–3 <9% <20% <2% <1% 1–4% 2–35%
3–10 1–56% 21–142% 1–20% 1–8% 5–31% 18–146%
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FIG. 3. Second- and third-order flow harmonic coefficients as
functions of transverse momentum. The statistical and systematic
uncertainties are drawn as error bars and boxes, respectively. Only
statistical uncertainties are shown for the AMPT predictions.

0.2 < pT < 0.4 GeV/c and in 3 < pT < 10 GeV/c, where
the nominal vn is closer to zero or the statistics is low.
Furthermore, the relative uncertainties of v3 are generally
larger than those of v2 since v3 is closer to zero than v2.
Uncertainty sources (b) track fit quality and (f) hadron
efficiency and fake track rate are two major contributors
to the systematic uncertainties of v2 and v3 in all
three pT ranges. Uncertainty sources (a) primary vertex
requirement and (e) fluctuation of mixed-event correlations
are subdominant for v3 in the ranges 0.2 < pT < 0.4 GeV/c
and 3 < pT < 10 GeV/c.

VI. RESULTS

Figure 3 shows the measured second- and third-order for-
ward flow harmonic coefficients, v2 and v3, as a function of
pT in PbPb collisions at center-of-mass energy of 5.02 TeV.
The numerical results are given in the Appendix. These data
are compared to ALICE and ATLAS results [18,25] and AMPT

simulations [28,29]. The second- and third-order flow har-
monic coefficients rise at low pT and then turn downward after
2.5 GeV/c. Above 5 GeV/c, the v2 values are consistent as
the uncertainties increase at high pT. Unlike v2, v3 continues
to decrease at pT greater than 2.5 GeV/c and goes below zero
at pT greater than 5 GeV/c. The consistent v2 and continuous
falling of v3 at high pT hint at factorization breaking due to
residual nonflow contributions at high pT [25,45].

The ALICE and ATLAS results for v2 and v3 at central
pseudorapidity are also extracted from PbPb collision data
at center-of-mass energy of 5.02 TeV in centrality ranges of

60%–70% and 70%–80%. The ALICE and ATLAS results
are obtained using the two-particle cumulants and two-particle
correlation analysis methods, respectively. These results share
similar features, but higher values compared to this paper due
to differences in pseudorapidity ranges. This pseudorapidity
dependence has also been observed by the PHOBOS [20] and
ALICE [22] experiments.

AMPT simulates particle flow with a string melting model
that produces a dense system of partonic matter, and includes
quark coalescence to improve the modeling of elliptic flow
[29]. The AMPT simulations with 68.5-million events overes-
timate the forward v2 at pT < 2.5 GeV/c, and the forward v3

at pT < 5 GeV/c. These LHCb data can be used to tune the
AMPT model.

VII. SUMMARY

This paper presents the first measurements of flow har-
monic coefficients of charged hadrons as a function of
transverse momentum in the forward direction using PbPb
collision data at center-of-mass energy of 5.02 TeV. A two-
particle angular correlation analysis is used to construct the
two-dimensional, C(�η,�φ), and one-dimensional, C(�φ),
correlation functions. The two-dimensional correlations in
PbPb show pronounced near- and away-side ridges compared
to the published LHCb pPb and Pbp results [44], indicating
stronger forward particle flow in PbPb events than in pPb and
Pbp events. The one-dimensional azimuthal correlation func-
tions are used to extract the second- and third-order harmonic
coefficients, v2 and v3, as a function of pT in various centrality
ranges.

These v2 and v3 values are generally smaller than those
measured by the ALICE and the ATLAS experiments at
central pseudorapidity, which could be due to the dominant
freeze-out phase in the forward region leading to weaker flow.
However, both studies share the same features of rising v2 and
v3 at pT < 2.5 GeV/c, and falling at high pT. The consistent
v2 and the continuous falling of v3 at high pT may be caused
by nonflow contributions or limited statistics at high pT. The
AMPT simulations overestimate both v2 and v3, suggesting
that they require tuning.

These v2 and v3 results in the forward direction from LHCb
at the TeV energy scale along with other flow measurements
at central pseudorapidity will help constrain the theory models
of particle flow, and understand the evolution of QGP from the
partonic phase to the hadronic phase.
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TABLE III. Numerical values of the harmonic coefficient v3(pT ).
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F. Muheim ,56 M. Mulder ,75 K. Müller ,48 F. Mũnoz-Rojas ,9 R. Murta ,59 P. Naik ,58 T. Nakada ,47

R. Nandakumar ,55 T. Nanut ,46 I. Nasteva ,3 M. Needham ,56 N. Neri ,27,h S. Neubert ,73 N. Neufeld ,46

P. Neustroev,41 R. Newcombe,59 J. Nicolini ,17,13 D. Nicotra ,76 E. M. Niel ,47 N. Nikitin ,41 P. Nogga,73 N. S. Nolte ,62

C. Normand ,10,29,k J. Novoa Fernandez ,44 G. Nowak ,63 C. Nunez ,79 H. N. Nur ,57 A. Oblakowska-Mucha ,37

V. Obraztsov ,41 T. Oeser ,16 S. Okamura ,23,46,d R. Oldeman ,29,k F. Oliva ,56 M. Olocco ,17 C. J. G. Onderwater ,76

R. H. O’Neil ,56 J. M. Otalora Goicochea ,3 T. Ovsiannikova ,41 P. Owen ,48 A. Oyanguren ,45 O. Ozcelik ,56

K. O. Padeken ,73 B. Pagare ,54 P. R. Pais ,19 T. Pajero ,61 A. Palano ,21 M. Palutan ,25 G. Panshin ,41 L. Paolucci ,54

A. Papanestis ,55 M. Pappagallo ,21,m L. L. Pappalardo ,23,d C. Pappenheimer ,63 C. Parkes ,60 B. Passalacqua ,23,d

054908-9

https://orcid.org/0000-0001-9391-8619
https://orcid.org/0000-0001-8300-5939
https://orcid.org/0000-0001-7348-3312
https://orcid.org/0000-0002-8716-4440
https://orcid.org/0000-0002-2745-7954
https://orcid.org/0000-0003-2375-6030
https://orcid.org/0000-0003-2420-0501
https://orcid.org/0000-0001-8192-8377
https://orcid.org/0000-0001-7267-6008
https://orcid.org/0000-0002-6025-6193
https://orcid.org/0009-0004-1782-7642
https://orcid.org/0000-0002-6069-8995
https://orcid.org/0000-0003-1484-0943
https://orcid.org/0000-0002-0505-9584
https://orcid.org/0000-0003-0714-8991
https://orcid.org/0000-0002-3612-1651
https://orcid.org/0000-0003-2316-8829
https://orcid.org/0000-0002-8512-8219
https://orcid.org/0000-0001-8883-6539
https://orcid.org/0000-0002-8009-1509
https://orcid.org/0000-0001-6829-7777
https://orcid.org/0000-0002-6769-3679
https://orcid.org/0000-0002-2860-6528
https://orcid.org/0000-0002-0075-8669
https://orcid.org/0000-0002-3183-5065
https://orcid.org/0000-0002-5170-0635
https://orcid.org/0000-0003-0622-1069
https://orcid.org/0000-0002-6661-1192
https://orcid.org/0000-0003-2597-8796
https://orcid.org/0000-0001-5934-7541
https://orcid.org/0000-0003-2135-9568
https://orcid.org/0000-0001-5399-326X
https://orcid.org/0000-0001-5603-4750
https://orcid.org/0000-0002-6159-4557
https://orcid.org/0000-0002-0805-1561
https://orcid.org/0000-0002-2132-2071
https://orcid.org/0000-0001-8416-5416
https://orcid.org/0000-0002-8189-8267
https://orcid.org/0000-0003-0523-495X
https://orcid.org/0000-0001-8080-0769
https://orcid.org/0000-0001-6216-1596
https://orcid.org/0000-0003-2500-8247
https://orcid.org/0009-0005-2892-2968
https://orcid.org/0000-0002-3064-9834
https://orcid.org/0000-0002-7318-482X
https://orcid.org/0000-0002-9224-914X
https://orcid.org/0000-0002-7822-3947
https://orcid.org/0000-0003-3353-9750
https://orcid.org/0000-0001-5570-0133
https://orcid.org/0000-0003-2501-9608
https://orcid.org/0000-0001-8461-8382
https://orcid.org/0000-0003-2868-2173
https://orcid.org/0000-0001-6571-4096
https://orcid.org/0000-0003-4647-6429
https://orcid.org/0000-0001-7907-4261
https://orcid.org/0000-0001-8212-846X
https://orcid.org/0000-0002-7770-1839
https://orcid.org/0000-0001-5813-7972
https://orcid.org/0000-0003-0386-4923
https://orcid.org/0000-0001-5360-0091
https://orcid.org/0000-0002-8967-3644
https://orcid.org/0000-0001-5635-6063
https://orcid.org/0000-0001-8829-9681
https://orcid.org/0000-0002-2916-7184
https://orcid.org/0000-0003-3676-5040
https://orcid.org/0000-0002-4057-4274
https://orcid.org/0000-0002-5115-0581
https://orcid.org/0000-0001-8857-1665
https://orcid.org/0000-0001-7552-400X
https://orcid.org/0000-0002-6825-6497
https://orcid.org/0000-0001-5730-8434
https://orcid.org/0000-0002-2234-0001
https://orcid.org/0000-0002-9257-839X
https://orcid.org/0000-0002-4947-2928
https://orcid.org/0000-0002-3363-7783
https://orcid.org/0000-0001-9629-7029
https://orcid.org/0000-0003-0959-3853
https://orcid.org/0000-0002-2231-1374
https://orcid.org/0000-0002-5556-1775
https://orcid.org/0000-0002-7958-2917
https://orcid.org/0000-0001-7641-7505
https://orcid.org/0000-0002-3804-8734
https://orcid.org/0000-0001-8162-4277
https://orcid.org/0000-0001-9616-6651
https://orcid.org/0000-0002-1576-9205
https://orcid.org/0009-0005-8756-0960
https://orcid.org/0000-0002-9658-8827
https://orcid.org/0000-0002-1465-0077
https://orcid.org/0000-0001-5407-7466
https://orcid.org/0000-0001-8177-0856
https://orcid.org/0000-0002-6986-9404
https://orcid.org/0000-0001-6445-4907
https://orcid.org/0009-0008-7974-3785
https://orcid.org/0000-0002-1529-8087
https://orcid.org/0000-0003-3605-832X
https://orcid.org/0000-0001-7828-3694
https://orcid.org/0000-0001-6265-8412
https://orcid.org/0000-0001-9384-6926
https://orcid.org/0000-0002-3712-7318
https://orcid.org/0000-0003-2613-7315
https://orcid.org/0000-0002-4962-3546
https://orcid.org/0000-0002-9199-8616
https://orcid.org/0000-0002-3139-3332
https://orcid.org/0000-0001-6454-278X
https://orcid.org/0000-0002-8227-4544
https://orcid.org/0000-0002-2855-0544
https://orcid.org/0000-0002-5924-2683
https://orcid.org/0000-0002-1407-1729
https://orcid.org/0000-0003-3018-5707
https://orcid.org/0000-0001-7894-8799
https://orcid.org/0000-0002-8894-6292
https://orcid.org/0000-0002-4174-6509
https://orcid.org/0000-0001-6349-0033
https://orcid.org/0000-0001-8771-3115
https://orcid.org/0000-0001-5534-1732
https://orcid.org/0000-0002-2522-6722
https://orcid.org/0000-0002-1940-6276
https://orcid.org/0000-0003-1409-1428
https://orcid.org/0000-0001-8403-0706
https://orcid.org/0000-0003-4971-7160
https://orcid.org/0000-0002-8096-3792
https://orcid.org/0000-0003-0182-8638
https://orcid.org/0000-0002-6564-040X
https://orcid.org/0000-0002-5438-9176
https://orcid.org/0000-0002-0025-4663
https://orcid.org/0000-0003-3719-119X
https://orcid.org/0000-0001-6427-4746
https://orcid.org/0000-0003-1728-8525
https://orcid.org/0000-0001-8120-3296
https://orcid.org/0000-0002-8964-5109
https://orcid.org/0000-0002-0656-8647
https://orcid.org/0000-0002-8579-844X
https://orcid.org/0000-0003-3272-6001
https://orcid.org/0000-0003-1699-8816
https://orcid.org/0000-0001-5706-7255
https://orcid.org/0000-0002-5821-1674
https://orcid.org/0009-0005-4053-1222
https://orcid.org/0000-0002-6066-7232
https://orcid.org/0000-0002-1285-3911
https://orcid.org/0000-0002-8912-4653
https://orcid.org/0000-0003-3598-0427
https://orcid.org/0000-0002-6528-8178
https://orcid.org/0009-0006-1867-9674
https://orcid.org/0000-0001-8686-2303
https://orcid.org/0000-0003-4503-2682
https://orcid.org/0000-0002-4285-8027
https://orcid.org/0000-0001-8482-5576
https://orcid.org/0000-0002-1290-6737
https://orcid.org/0000-0002-2608-1270
https://orcid.org/0000-0001-7910-4109
https://orcid.org/0000-0002-9652-1964
https://orcid.org/0000-0003-3838-281X
https://orcid.org/0000-0002-5291-9583
https://orcid.org/0000-0002-0260-6570
https://orcid.org/0000-0002-6520-8203
https://orcid.org/0000-0002-0253-8619
https://orcid.org/0009-0005-4421-9025
https://orcid.org/0000-0001-9695-8165
https://orcid.org/0000-0001-7909-1272
https://orcid.org/0000-0003-0828-0943
https://orcid.org/0000-0003-0741-5922
https://orcid.org/0000-0002-1821-1848
https://orcid.org/0009-0002-3680-1224
https://orcid.org/0000-0003-2589-5130
https://orcid.org/0009-0005-2645-8364
https://orcid.org/0000-0001-9092-3527
https://orcid.org/0000-0001-8614-7203
https://orcid.org/0000-0002-7473-2031
https://orcid.org/0000-0002-8767-7289
https://orcid.org/0000-0002-1495-0053
https://orcid.org/0000-0001-6805-0395
https://orcid.org/0000-0002-4036-2060
https://orcid.org/0000-0001-8631-4200
https://orcid.org/0000-0002-6133-486X
https://orcid.org/0009-0008-8631-9552
https://orcid.org/0000-0002-1236-4667
https://orcid.org/0000-0002-7947-465X
https://orcid.org/0000-0002-9546-358X
https://orcid.org/0000-0001-8774-8270
https://orcid.org/0000-0002-2073-711X
https://orcid.org/0000-0003-4688-0050
https://orcid.org/0009-0000-2192-995X
https://orcid.org/0009-0002-8059-5325
https://orcid.org/0000-0003-4937-2270
https://orcid.org/0000-0002-8366-1167
https://orcid.org/0009-0005-6974-140X
https://orcid.org/0000-0003-1633-0496
https://orcid.org/0000-0002-5443-4870
https://orcid.org/0000-0003-1587-4555
https://orcid.org/0000-0001-5241-8642
https://orcid.org/0000-0002-5816-9488
https://orcid.org/0000-0002-2360-2392
https://orcid.org/0000-0002-3454-7261
https://orcid.org/0000-0002-0322-5550
https://orcid.org/0000-0003-2384-5973
https://orcid.org/0000-0002-7195-8537
https://orcid.org/0000-0002-3151-3453
https://orcid.org/0000-0003-4074-4787
https://orcid.org/0000-0002-7551-6971
https://orcid.org/0000-0003-3523-9479
https://orcid.org/0000-0002-6917-6210
https://orcid.org/0000-0001-9619-6666
https://orcid.org/0000-0003-3192-6175
https://orcid.org/0000-0001-7600-7039
https://orcid.org/0000-0002-2589-240X
https://orcid.org/0000-0002-3966-2998
https://orcid.org/0000-0001-6640-7274
https://orcid.org/0000-0001-5012-6013
https://orcid.org/0000-0002-2366-9554
https://orcid.org/0000-0002-2243-8412
https://orcid.org/0000-0003-4625-6880
https://orcid.org/0000-0003-2740-9765
https://orcid.org/0000-0002-1603-3646
https://orcid.org/0000-0001-5455-3768
https://orcid.org/0000-0002-5241-2555
https://orcid.org/0000-0002-5723-0961
https://orcid.org/0000-0003-2043-4669
https://orcid.org/0000-0003-0755-8413
https://orcid.org/0000-0003-4602-6946
https://orcid.org/0000-0002-5277-9103
https://orcid.org/0000-0001-7587-3365
https://orcid.org/0000-0001-6052-8243
https://orcid.org/0000-0002-5541-6500
https://orcid.org/0000-0003-4451-214X
https://orcid.org/0000-0002-4234-435X
https://orcid.org/0000-0001-5961-6588
https://orcid.org/0000-0001-6658-1993
https://orcid.org/0000-0003-4529-3356
https://orcid.org/0000-0003-4658-6361
https://orcid.org/0000-0002-6919-227X
https://orcid.org/0000-0003-3257-9240
https://orcid.org/0000-0001-9617-6067
https://orcid.org/0000-0002-2375-9509
https://orcid.org/0000-0003-4176-1503
https://orcid.org/0000-0003-1874-8407
https://orcid.org/0000-0001-7292-848X
https://orcid.org/0000-0003-1168-9547
https://orcid.org/0000-0002-6323-5582
https://orcid.org/0000-0001-9892-5113
https://orcid.org/0000-0002-9433-054X
https://orcid.org/0000-0002-8196-1828
https://orcid.org/0000-0003-4937-7637
https://orcid.org/0000-0002-3697-8129
https://orcid.org/0000-0001-6823-2607
https://orcid.org/0000-0002-0630-5185
https://orcid.org/0009-0001-8755-2937
https://orcid.org/0000-0003-0312-3914
https://orcid.org/0000-0002-1072-5633
https://orcid.org/0000-0002-7053-4951
https://orcid.org/0000-0001-5689-9578
https://orcid.org/0000-0001-8838-5205
https://orcid.org/0000-0002-0152-2412
https://orcid.org/0000-0002-9571-7535
https://orcid.org/0000-0002-4644-5916
https://orcid.org/0000-0001-6651-9436
https://orcid.org/0000-0003-0171-7890
https://orcid.org/0000-0002-9390-8821
https://orcid.org/0000-0002-6503-0759
https://orcid.org/0000-0003-1652-8005
https://orcid.org/0000-0001-6267-7314
https://orcid.org/0000-0001-5704-3499
https://orcid.org/0000-0003-2744-3656
https://orcid.org/0000-0002-8179-0707
https://orcid.org/0000-0003-0062-1985
https://orcid.org/0000-0002-3731-9977
https://orcid.org/0000-0002-2120-5633
https://orcid.org/0000-0003-1960-4413
https://orcid.org/0000-0003-1144-3678
https://orcid.org/0000-0002-2490-435X
https://orcid.org/0000-0002-9915-6587
https://orcid.org/0000-0001-9099-4878
https://orcid.org/0000-0002-4111-0797
https://orcid.org/0000-0003-3410-0918
https://orcid.org/0000-0002-5055-7224
https://orcid.org/0000-0002-7298-3101
https://orcid.org/0000-0003-0529-6982
https://orcid.org/0000-0002-2867-722X
https://orcid.org/0000-0002-9863-4954
https://orcid.org/0000-0002-6150-3168
https://orcid.org/0000-0002-8663-9037
https://orcid.org/0000-0002-8996-795X
https://orcid.org/0000-0003-4792-9178
https://orcid.org/0000-0002-6438-4483
https://orcid.org/0000-0001-6841-6035
https://orcid.org/0000-0002-3264-3401
https://orcid.org/0000-0002-7380-6190
https://orcid.org/0000-0001-8713-6119
https://orcid.org/0000-0002-9428-4715
https://orcid.org/0000-0003-4665-5451
https://orcid.org/0000-0002-4047-4521
https://orcid.org/0000-0003-2222-7727
https://orcid.org/0000-0003-1664-8963
https://orcid.org/0000-0002-7366-4364
https://orcid.org/0000-0002-9331-1363
https://orcid.org/0000-0002-8210-1256
https://orcid.org/0000-0002-3687-9630
https://orcid.org/0000-0002-3038-7301
https://orcid.org/0009-0004-7045-2181
https://orcid.org/0000-0001-8993-3234
https://orcid.org/0000-0002-5477-3995
https://orcid.org/0000-0001-5023-2086
https://orcid.org/0000-0001-7144-0175
https://orcid.org/0000-0002-1947-8034
https://orcid.org/0000-0002-4266-1726
https://orcid.org/0000-0003-1667-7115
https://orcid.org/0000-0003-0818-4695
https://orcid.org/0000-0002-0374-5310
https://orcid.org/0000-0002-2622-8551
https://orcid.org/0000-0003-4232-5615
https://orcid.org/0000-0002-1936-5400
https://orcid.org/0000-0002-6969-2063
https://orcid.org/0000-0001-7450-1121
https://orcid.org/0000-0002-0091-5177
https://orcid.org/0000-0002-3972-6824
https://orcid.org/0000-0002-4018-1454
https://orcid.org/0000-0002-7956-054X
https://orcid.org/0000-0002-1697-4999
https://orcid.org/0000-0003-3650-2689
https://orcid.org/0000-0003-1198-1441
https://orcid.org/0009-0009-9185-4901
https://orcid.org/0000-0002-3718-4144
https://orcid.org/0000-0002-5662-8804
https://orcid.org/0000-0002-1849-1472
https://orcid.org/0000-0002-5612-979X
https://orcid.org/0000-0003-0484-0157
https://orcid.org/0000-0001-8742-0531
https://orcid.org/0000-0001-5015-3353
https://orcid.org/0000-0001-9165-7080
https://orcid.org/0000-0002-6180-3697
https://orcid.org/0000-0003-4190-1078
https://orcid.org/0000-0002-7699-5724
https://orcid.org/0000-0002-1857-1675
https://orcid.org/0000-0002-0832-9199
https://orcid.org/0000-0001-6644-9888
https://orcid.org/0000-0003-1908-4219
https://orcid.org/0000-0001-9720-7507
https://orcid.org/0000-0001-9291-2231
https://orcid.org/0000-0001-7413-5862
https://orcid.org/0000-0002-1131-8909
https://orcid.org/0000-0001-6867-8166
https://orcid.org/0000-0002-5105-1305
https://orcid.org/0000-0002-4978-602X
https://orcid.org/0000-0002-6915-8370
https://orcid.org/0000-0001-6977-2971
https://orcid.org/0009-0000-6210-6861
https://orcid.org/0000-0002-6813-6794
https://orcid.org/0000-0002-5728-9867
https://orcid.org/0000-0001-7115-7214
https://orcid.org/0000-0002-8297-6714
https://orcid.org/0000-0002-6106-3756
https://orcid.org/0000-0002-0706-1944
https://orcid.org/0000-0003-2298-0102
https://orcid.org/0000-0001-9034-3637
https://orcid.org/0000-0001-7513-3033
https://orcid.org/0000-0002-6587-4695
https://orcid.org/0000-0003-0215-1091
https://orcid.org/0000-0003-2536-4209
https://orcid.org/0000-0001-5055-7710
https://orcid.org/0000-0002-1819-1381
https://orcid.org/0000-0003-4864-7164
https://orcid.org/0000-0002-2521-9346
https://orcid.org/0000-0002-7822-523X
https://orcid.org/0000-0003-1328-0534
https://orcid.org/0000-0002-0994-3641
https://orcid.org/0000-0001-7792-4082
https://orcid.org/0000-0003-1229-3093
https://orcid.org/0000-0001-6902-0710
https://orcid.org/0000-0001-7025-3407
https://orcid.org/0000-0002-6968-1217
https://orcid.org/0000-0002-2310-4166
https://orcid.org/0000-0002-9797-8464
https://orcid.org/0000-0002-9584-8500
https://orcid.org/0000-0002-3890-9426
https://orcid.org/0000-0002-4161-9147
https://orcid.org/0000-0002-8240-7300
https://orcid.org/0000-0003-3227-9248
https://orcid.org/0000-0001-7251-9125
https://orcid.org/0000-0003-3184-1622
https://orcid.org/0009-0005-9758-742X
https://orcid.org/0000-0001-9630-2000
https://orcid.org/0000-0002-6095-9593
https://orcid.org/0000-0001-7052-1360
https://orcid.org/0000-0001-9163-2051
https://orcid.org/0000-0003-0465-2893
https://orcid.org/0000-0002-5405-2901
https://orcid.org/0000-0001-7601-5602
https://orcid.org/0000-0002-0876-3163
https://orcid.org/0000-0003-0738-3668
https://orcid.org/0000-0003-4174-1334
https://orcid.org/0000-0003-3643-7469


R. AAIJ et al. PHYSICAL REVIEW C 109, 054908 (2024)

G. Passaleva ,24 D. Passaro ,32 A. Pastore ,21 M. Patel ,59 J. Patoc ,61 C. Patrignani ,22,f C. J. Pawley ,76

A. Pellegrino ,35 M. Pepe Altarelli ,25 S. Perazzini ,22 D. Pereima ,41 A. Pereiro Castro ,44 P. Perret ,11 A. Perro ,46

K. Petridis ,52 A. Petrolini ,26,g S. Petrucci ,56 H. Pham ,66 L. Pica ,32 M. Piccini ,31 B. Pietrzyk ,10 G. Pietrzyk ,13

D. Pinci ,33 F. Pisani ,46 M. Pizzichemi ,28,e V. Placinta ,40 M. Plo Casasus ,44 F. Polci ,15,46 M. Poli Lener ,25

A. Poluektov ,12 N. Polukhina ,41 I. Polyakov ,46 E. Polycarpo ,3 S. Ponce ,46 D. Popov ,7 S. Poslavskii ,41

K. Prasanth ,38 C. Prouve ,44 V. Pugatch ,50 V. Puill ,13 G. Punzi ,32,s H. R. Qi ,4 W. Qian ,7 N. Qin ,4 S. Qu ,4

R. Quagliani ,47 R. I. Rabadan Trejo ,54 B. Rachwal ,37 J. H. Rademacker ,52 M. Rama ,32 M. Ramírez García ,79

M. Ramos Pernas ,54 M. S. Rangel ,3 F. Ratnikov ,41 G. Raven ,36 M. Rebollo De Miguel ,45 F. Redi ,46 J. Reich ,52

F. Reiss ,60 Z. Ren ,7 P. K. Resmi ,61 R. Ribatti ,32,c G. R. Ricart ,14,80 D. Riccardi ,32 S. Ricciardi ,55

K. Richardson ,62 M. Richardson-Slipper ,56 K. Rinnert ,58 P. Robbe ,13 G. Robertson ,57 E. Rodrigues ,58,46

E. Rodriguez Fernandez ,44 J. A. Rodriguez Lopez ,72 E. Rodriguez Rodriguez ,44 A. Rogovskiy ,55 D. L. Rolf ,46

A. Rollings ,61 P. Roloff ,46 V. Romanovskiy ,41 M. Romero Lamas ,44 A. Romero Vidal ,44 G. Romolini ,23

F. Ronchetti ,47 M. Rotondo ,25 S. R. Roy ,19 M. S. Rudolph ,66 T. Ruf ,46 M. Ruiz Diaz ,19 R. A. Ruiz Fernandez ,44

J. Ruiz Vidal ,78,v A. Ryzhikov ,41 J. Ryzka ,37 J. J. Saborido Silva ,44 R. Sadek ,14 N. Sagidova ,41 N. Sahoo ,51

B. Saitta ,29,k M. Salomoni ,28,e C. Sanchez Gras ,35 I. Sanderswood ,45 R. Santacesaria ,33 C. Santamarina Rios ,44

M. Santimaria ,25 L. Santoro ,2 E. Santovetti ,34 A. Saputi ,23,46 D. Saranin ,41 G. Sarpis ,56 M. Sarpis ,73 A. Sarti ,33

C. Satriano ,33,w A. Satta ,34 M. Saur ,6 D. Savrina ,41 H. Sazak ,11 L. G. Scantlebury Smead ,61 A. Scarabotto ,15

S. Schael ,16 S. Scherl ,58 A. M. Schertz ,74 M. Schiller ,57 H. Schindler ,46 M. Schmelling ,18 B. Schmidt ,46

S. Schmitt ,16 H. Schmitz,73 O. Schneider ,47 A. Schopper ,46 N. Schulte ,17 S. Schulte ,47 M. H. Schune ,13

R. Schwemmer ,46 G. Schwering ,16 B. Sciascia ,25 A. Sciuccati ,46 S. Sellam ,44 A. Semennikov ,41

M. Senghi Soares ,36 A. Sergi ,26,g N. Serra ,48,46 L. Sestini ,30 A. Seuthe ,17 Y. Shang ,6 D. M. Shangase ,79

M. Shapkin ,41 I. Shchemerov ,41 L. Shchutska ,47 T. Shears ,58 L. Shekhtman ,41 Z. Shen ,6 S. Sheng ,5,7

V. Shevchenko ,41 B. Shi ,7 E. B. Shields ,28,e Y. Shimizu ,13 E. Shmanin ,41 R. Shorkin ,41 J. D. Shupperd ,66

R. Silva Coutinho ,66 G. Simi ,30 S. Simone ,21,m N. Skidmore ,60 R. Skuza ,19 T. Skwarnicki ,66 M. W. Slater ,51

J. C. Smallwood ,61 E. Smith ,62 K. Smith ,65 M. Smith ,59 A. Snoch ,35 L. Soares Lavra ,56 M. D. Sokoloff ,63

F. J. P. Soler ,57 A. Solomin ,41,52 A. Solovev ,41 I. Solovyev ,41 R. Song ,1 Y. Song ,47 Y. Song ,4 Y. S. Song ,6

F. L. Souza De Almeida ,66 B. Souza De Paula ,3 E. Spadaro Norella ,27,h E. Spedicato ,22 J. G. Speer ,17

E. Spiridenkov,41 P. Spradlin ,57 V. Sriskaran ,46 F. Stagni ,46 M. Stahl ,46 S. Stahl ,46 S. Stanislaus ,61 E. N. Stein ,46

O. Steinkamp ,48 O. Stenyakin,41 H. Stevens ,17 D. Strekalina ,41 Y. Su ,7 F. Suljik ,61 J. Sun ,29 L. Sun ,71 Y. Sun ,64

P. N. Swallow ,51 K. Swientek ,37 F. Swystun ,54 A. Szabelski ,39 T. Szumlak ,37 M. Szymanski ,46 Y. Tan ,4

S. Taneja ,60 M. D. Tat ,61 A. Terentev ,48 F. Terzuoli ,32,x F. Teubert ,46 E. Thomas ,46 D. J. D. Thompson ,51

H. Tilquin ,59 V. Tisserand ,11 S. T’Jampens ,10 M. Tobin ,5 L. Tomassetti ,23,d G. Tonani ,27,h X. Tong ,6

D. Torres Machado ,2 L. Toscano ,17 D. Y. Tou ,4 C. Trippl ,42 G. Tuci ,19 N. Tuning ,35 L. H. Uecker ,19

A. Ukleja ,37 D. J. Unverzagt ,19 E. Ursov ,41 A. Usachov ,36 A. Ustyuzhanin ,41 U. Uwer ,19 V. Vagnoni ,22

A. Valassi ,46 G. Valenti ,22 N. Valls Canudas ,42 H. Van Hecke ,65 E. van Herwijnen ,59 C. B. Van Hulse ,44,y

R. Van Laak ,47 M. van Veghel ,35 R. Vazquez Gomez ,43 P. Vazquez Regueiro ,44 C. Vázquez Sierra ,44 S. Vecchi ,23

J. J. Velthuis ,52 M. Veltri ,24,z A. Venkateswaran ,47 M. Vesterinen ,54 D. Vieira ,63 M. Vieites Diaz ,46

X. Vilasis-Cardona ,42 E. Vilella Figueras ,58 A. Villa ,22 P. Vincent ,15 F. C. Volle ,13 D. vom Bruch ,12 V. Vorobyev,41

N. Voropaev ,41 K. Vos ,76 G. Vouters,10 C. Vrahas ,56 J. Walsh ,32 E. J. Walton ,1 G. Wan ,6 C. Wang ,19 G. Wang ,8

J. Wang ,6 J. Wang ,5 J. Wang ,4 J. Wang ,71 M. Wang ,27 N. W. Wang ,7 R. Wang ,52 X. Wang ,69 X. W. Wang ,59

Y. Wang ,8 Z. Wang ,13 Z. Wang ,4 Z. Wang ,7 J. A. Ward ,54,1 N. K. Watson ,51 D. Websdale ,59 Y. Wei ,6

B. D. C. Westhenry ,52 D. J. White ,60 M. Whitehead ,57 A. R. Wiederhold ,54 D. Wiedner ,17 G. Wilkinson ,61

M. K. Wilkinson ,63 M. Williams ,62 M. R. J. Williams ,56 R. Williams ,53 F. F. Wilson ,55 W. Wislicki ,39

M. Witek ,38 L. Witola ,19 C. P. Wong ,65 G. Wormser ,13 S. A. Wotton ,53 H. Wu ,66 J. Wu ,8 Y. Wu ,6 K. Wyllie ,46

S. Xian,69 Z. Xiang ,5 Y. Xie ,8 A. Xu ,32 J. Xu ,7 L. Xu ,4 L. Xu ,4 M. Xu ,54 Z. Xu ,11 Z. Xu ,7 Z. Xu ,5

D. Yang ,4 S. Yang ,7 X. Yang ,6 Y. Yang ,26 Z. Yang ,6 Z. Yang ,64 V. Yeroshenko ,13 H. Yeung ,60 H. Yin ,8

C. Y. Yu ,6 J. Yu ,68 X. Yuan ,5 E. Zaffaroni ,47 M. Zavertyaev ,18 M. Zdybal ,38 M. Zeng ,4 C. Zhang ,6 D. Zhang ,8

J. Zhang ,7 L. Zhang ,4 S. Zhang ,68 S. Zhang ,6 Y. Zhang ,6 Y. Zhang,61 Y. Z. Zhang ,4 Y. Zhao ,19 A. Zharkova ,41

A. Zhelezov ,19 X. Z. Zheng ,4 Y. Zheng ,7 T. Zhou ,6 X. Zhou ,8 Y. Zhou ,7 V. Zhovkovska ,54 L. Z. Zhu ,7

X. Zhu ,4 X. Zhu ,8 Z. Zhu ,7 V. Zhukov ,16,41 J. Zhuo ,45 Q. Zou ,5,7 D. Zuliani ,30 and G. Zunica 60

(LHCb Collaboration)

1School of Physics and Astronomy, Monash University, Melbourne, Australia
2Centro Brasileiro de Pesquisas Físicas (CBPF), Rio de Janeiro, Brazil

3Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
4Center for High Energy Physics, Tsinghua University, Beijing, China

5Institute of High Energy Physics (IHEP), Beijing, China

054908-10

https://orcid.org/0000-0002-8077-8378
https://orcid.org/0000-0002-8601-2197
https://orcid.org/0000-0002-5024-3495
https://orcid.org/0000-0003-3871-5602
https://orcid.org/0009-0000-1201-4918
https://orcid.org/0000-0002-5882-1747
https://orcid.org/0000-0001-9112-3724
https://orcid.org/0000-0002-7884-345X
https://orcid.org/0000-0002-1642-4030
https://orcid.org/0000-0002-1862-7122
https://orcid.org/0000-0002-7008-8082
https://orcid.org/0000-0001-9721-3325
https://orcid.org/0000-0002-5732-4343
https://orcid.org/0000-0002-1996-0496
https://orcid.org/0000-0001-7871-5119
https://orcid.org/0000-0003-0222-7594
https://orcid.org/0000-0001-8312-4268
https://orcid.org/0000-0003-2995-1953
https://orcid.org/0000-0001-9837-6556
https://orcid.org/0000-0001-8659-4409
https://orcid.org/0000-0003-1836-7233
https://orcid.org/0000-0001-9622-820X
https://orcid.org/0000-0002-7224-9708
https://orcid.org/0000-0002-7763-252X
https://orcid.org/0000-0001-5189-230X
https://orcid.org/0000-0003-4465-2441
https://orcid.org/0000-0002-2289-918X
https://orcid.org/0000-0001-8058-0436
https://orcid.org/0000-0001-7867-1232
https://orcid.org/0000-0003-2222-9925
https://orcid.org/0000-0001-5942-1772
https://orcid.org/0000-0002-6855-7783
https://orcid.org/0000-0002-4298-5309
https://orcid.org/0000-0002-1476-7056
https://orcid.org/0000-0002-8293-2922
https://orcid.org/0000-0003-3236-1452
https://orcid.org/0000-0001-9923-0938
https://orcid.org/0000-0003-2000-6306
https://orcid.org/0000-0002-5204-9821
https://orcid.org/0000-0003-0806-7149
https://orcid.org/0000-0002-8346-9052
https://orcid.org/0000-0002-9325-2308
https://orcid.org/0000-0003-3932-7556
https://orcid.org/0000-0001-8453-658X
https://orcid.org/0000-0002-7518-0961
https://orcid.org/0000-0002-3632-2453
https://orcid.org/0000-0002-9787-3910
https://orcid.org/0000-0002-0685-6497
https://orcid.org/0000-0003-2599-7209
https://orcid.org/0000-0003-3002-4719
https://orcid.org/0000-0001-7956-763X
https://orcid.org/0000-0003-1600-9432
https://orcid.org/0000-0002-8690-5198
https://orcid.org/0000-0003-0762-5583
https://orcid.org/0000-0002-2897-5323
https://orcid.org/0000-0002-4522-4863
https://orcid.org/0000-0001-9728-8984
https://orcid.org/0000-0002-2657-4040
https://orcid.org/0000-0002-8395-7654
https://orcid.org/0000-0001-9974-9350
https://orcid.org/0000-0001-9025-2225
https://orcid.org/0000-0003-1778-1213
https://orcid.org/0000-0002-9292-2066
https://orcid.org/0009-0009-8397-572X
https://orcid.org/0000-0002-4254-3658
https://orcid.org/0000-0002-6847-2835
https://orcid.org/0000-0002-2752-001X
https://orcid.org/0000-0001-9802-1122
https://orcid.org/0000-0002-0656-9033
https://orcid.org/0000-0002-7026-1383
https://orcid.org/0000-0003-2846-7625
https://orcid.org/0000-0002-3040-065X
https://orcid.org/0000-0003-1895-9319
https://orcid.org/0000-0002-7973-8061
https://orcid.org/0000-0002-1034-1058
https://orcid.org/0000-0001-7908-7214
https://orcid.org/0000-0002-5213-3783
https://orcid.org/0000-0001-7378-4350
https://orcid.org/0000-0003-0939-4272
https://orcid.org/0000-0002-1217-8418
https://orcid.org/0000-0002-8830-1486
https://orcid.org/0000-0002-0118-4214
https://orcid.org/0000-0003-3438-9774
https://orcid.org/0000-0001-5704-6163
https://orcid.org/0000-0002-3999-6795
https://orcid.org/0000-0002-0050-575X
https://orcid.org/0000-0002-8657-3576
https://orcid.org/0000-0001-6367-6815
https://orcid.org/0000-0002-5727-4454
https://orcid.org/0000-0001-8362-7164
https://orcid.org/0000-0002-3543-0313
https://orcid.org/0000-0003-4235-2445
https://orcid.org/0000-0002-6270-130X
https://orcid.org/0000-0003-0438-8359
https://orcid.org/0000-0002-2640-3794
https://orcid.org/0000-0001-9539-8370
https://orcid.org/0000-0003-3491-0232
https://orcid.org/0009-0007-9229-653X
https://orcid.org/0000-0002-7082-887X
https://orcid.org/0000-0001-7731-6757
https://orcid.org/0000-0003-3826-0329
https://orcid.org/0000-0002-9810-1816
https://orcid.org/0000-0002-8776-6759
https://orcid.org/0000-0002-2146-2648
https://orcid.org/0000-0002-5605-1662
https://orcid.org/0000-0001-6067-7863
https://orcid.org/0000-0002-9617-9986
https://orcid.org/0000-0003-1711-2044
https://orcid.org/0000-0002-6402-1674
https://orcid.org/0000-0001-5419-7951
https://orcid.org/0000-0002-4976-0460
https://orcid.org/0000-0003-2462-913X
https://orcid.org/0000-0001-8752-4293
https://orcid.org/0000-0001-8372-6031
https://orcid.org/0000-0003-2689-1123
https://orcid.org/0000-0001-8702-7991
https://orcid.org/0000-0003-2290-9672
https://orcid.org/0000-0003-4013-3468
https://orcid.org/0000-0003-0528-2724
https://orcid.org/0000-0002-6805-4721
https://orcid.org/0000-0001-8750-863X
https://orcid.org/0000-0002-1468-0479
https://orcid.org/0000-0003-3305-0576
https://orcid.org/0000-0002-8400-1566
https://orcid.org/0000-0002-6394-1081
https://orcid.org/0000-0002-6014-7552
https://orcid.org/0000-0002-8581-3312
https://orcid.org/0000-0003-0166-2105
https://orcid.org/0009-0001-8533-0783
https://orcid.org/0000-0002-3648-0830
https://orcid.org/0009-0005-5265-9792
https://orcid.org/0000-0003-1731-7939
https://orcid.org/0000-0003-0670-006X
https://orcid.org/0000-0002-8568-1487
https://orcid.org/0000-0003-0383-1451
https://orcid.org/0000-0003-1130-2197
https://orcid.org/0000-0001-9676-6059
https://orcid.org/0000-0001-9495-6115
https://orcid.org/0000-0002-5033-0580
https://orcid.org/0000-0002-1127-5144
https://orcid.org/0000-0002-0736-3061
https://orcid.org/0000-0001-7987-7558
https://orcid.org/0000-0002-0287-6124
https://orcid.org/0000-0002-4098-9592
https://orcid.org/0000-0001-9193-8106
https://orcid.org/0000-0003-0700-5448
https://orcid.org/0000-0002-2653-1366
https://orcid.org/0000-0003-1512-9715
https://orcid.org/0000-0003-1391-5384
https://orcid.org/0000-0002-1050-5649
https://orcid.org/0000-0003-3171-9125
https://orcid.org/0000-0002-5781-8933
https://orcid.org/0000-0001-5836-5211
https://orcid.org/0000-0002-4936-1152
https://orcid.org/0000-0002-8868-1730
https://orcid.org/0000-0001-8881-3943
https://orcid.org/0009-0006-8218-2566
https://orcid.org/0000-0002-1545-959X
https://orcid.org/0000-0001-6741-6199
https://orcid.org/0000-0003-3631-8398
https://orcid.org/0000-0003-3410-0731
https://orcid.org/0000-0001-6057-6018
https://orcid.org/0000-0002-9897-9506
https://orcid.org/0000-0002-2687-1950
https://orcid.org/0000-0003-2460-3327
https://orcid.org/0000-0002-9740-0574
https://orcid.org/0000-0002-1305-3377
https://orcid.org/0000-0002-3872-1917
https://orcid.org/0000-0001-6431-6360
https://orcid.org/0000-0002-2652-123X
https://orcid.org/0000-0001-6181-4583
https://orcid.org/0000-0002-4893-3729
https://orcid.org/0000-0003-0644-3227
https://orcid.org/0000-0002-5355-5996
https://orcid.org/0000-0003-4254-6012
https://orcid.org/0000-0002-8854-8905
https://orcid.org/0000-0003-0256-4320
https://orcid.org/0000-0003-1959-5676
https://orcid.org/0000-0003-3471-1751
https://orcid.org/0000-0001-7181-6785
https://orcid.org/0009-0003-3794-3408
https://orcid.org/0000-0002-1111-5597
https://orcid.org/0000-0002-4950-6665
https://orcid.org/0000-0002-6117-7307
https://orcid.org/0000-0002-5280-9464
https://orcid.org/0000-0002-9867-0453
https://orcid.org/0000-0002-7576-4019
https://orcid.org/0000-0001-8476-8188
https://orcid.org/0000-0002-8243-400X
https://orcid.org/0000-0003-1776-0498
https://orcid.org/0000-0001-5214-8865
https://orcid.org/0000-0001-7055-6467
https://orcid.org/0000-0002-9474-9332
https://orcid.org/0000-0003-3830-4889
https://orcid.org/0000-0002-2739-7453
https://orcid.org/0000-0001-6767-7698
https://orcid.org/0000-0002-6020-2304
https://orcid.org/0000-0002-0034-2567
https://orcid.org/0000-0003-4933-5058
https://orcid.org/0000-0003-2751-8515
https://orcid.org/0000-0001-6086-4116
https://orcid.org/0009-0006-0672-7771
https://orcid.org/0000-0002-6604-2938
https://orcid.org/0000-0002-2562-7163
https://orcid.org/0000-0002-9121-6629
https://orcid.org/0000-0003-3860-6545
https://orcid.org/0000-0001-8856-2777
https://orcid.org/0000-0002-6866-7085
https://orcid.org/0000-0003-2574-8560
https://orcid.org/0000-0002-9717-225X
https://orcid.org/0000-0003-3277-5268
https://orcid.org/0000-0003-0984-7593
https://orcid.org/0000-0003-1196-5943
https://orcid.org/0000-0003-4735-2014
https://orcid.org/0000-0003-4916-0446
https://orcid.org/0000-0003-4249-6641
https://orcid.org/0000-0002-2047-7020
https://orcid.org/0000-0003-4184-1335
https://orcid.org/0000-0001-7477-1148
https://orcid.org/0000-0002-5278-1203
https://orcid.org/0000-0001-7030-6468
https://orcid.org/0009-0007-5613-6520
https://orcid.org/0000-0002-4732-2408
https://orcid.org/0000-0003-3664-1240
https://orcid.org/0000-0002-0364-5758
https://orcid.org/0000-0003-2611-7840
https://orcid.org/0000-0003-3255-9514
https://orcid.org/0000-0003-0480-4850
https://orcid.org/0000-0002-1484-2546
https://orcid.org/0000-0002-6519-4526
https://orcid.org/0000-0002-5829-6284
https://orcid.org/0000-0001-7865-2357
https://orcid.org/0000-0002-8514-3777
https://orcid.org/0000-0003-2206-311X
https://orcid.org/0000-0001-9322-9565
https://orcid.org/0000-0002-6119-7535
https://orcid.org/0000-0001-8748-8448
https://orcid.org/0000-0001-7961-7190
https://orcid.org/0000-0001-8807-8811
https://orcid.org/0000-0002-5397-6782
https://orcid.org/0000-0002-7738-6066
https://orcid.org/0000-0001-6178-6623
https://orcid.org/0000-0001-5319-1128
https://orcid.org/0000-0002-0767-9736
https://orcid.org/0000-0002-5865-0677
https://orcid.org/0000-0002-4311-3166
https://orcid.org/0000-0002-4649-3221
https://orcid.org/0000-0001-7917-9661
https://orcid.org/0000-0001-6950-1477
https://orcid.org/0000-0001-7717-2765
https://orcid.org/0000-0001-9511-2846
https://orcid.org/0000-0002-0944-4340
https://orcid.org/0000-0002-1915-9543
https://orcid.org/0000-0002-7865-2856
https://orcid.org/0000-0002-9392-6157
https://orcid.org/0000-0002-9283-4541
https://orcid.org/0000-0003-1828-3881
https://orcid.org/0000-0001-9905-8031
https://orcid.org/0000-0002-2100-0726
https://orcid.org/0000-0002-4258-4062
https://orcid.org/0000-0001-6104-1496
https://orcid.org/0000-0002-7235-6976
https://orcid.org/0000-0001-6759-2504
https://orcid.org/0000-0003-0133-1664
https://orcid.org/0000-0002-5909-1379
https://orcid.org/0000-0001-6041-115X
https://orcid.org/0000-0001-7542-3073
https://orcid.org/0000-0002-6391-2205
https://orcid.org/0000-0002-3281-8136
https://orcid.org/0000-0001-6711-4465
https://orcid.org/0000-0003-4062-710X
https://orcid.org/0000-0002-6915-6607
https://orcid.org/0000-0002-2629-4735
https://orcid.org/0000-0002-2399-7646
https://orcid.org/0000-0001-9565-8312
https://orcid.org/0000-0003-3979-4330
https://orcid.org/0000-0002-5041-7651
https://orcid.org/0000-0003-0597-4878
https://orcid.org/0000-0003-4410-6889
https://orcid.org/0000-0003-4160-9333
https://orcid.org/0000-0002-8142-4678
https://orcid.org/0000-0002-4113-1539
https://orcid.org/0000-0001-6116-3944
https://orcid.org/0000-0002-4589-2626
https://orcid.org/0000-0002-5121-6923
https://orcid.org/0000-0002-2142-3673
https://orcid.org/0000-0002-1023-1086
https://orcid.org/0000-0002-4149-4137
https://orcid.org/0000-0001-5255-0619
https://orcid.org/0000-0001-6561-2145
https://orcid.org/0000-0001-8285-3346
https://orcid.org/0000-0001-5448-4213
https://orcid.org/0000-0002-2675-3567
https://orcid.org/0000-0002-5552-0842
https://orcid.org/0000-0001-5765-6308
https://orcid.org/0000-0002-8317-385X
https://orcid.org/0000-0001-9178-9921
https://orcid.org/0000-0002-9839-4065
https://orcid.org/0000-0003-4077-6295
https://orcid.org/0000-0003-4543-8121
https://orcid.org/0000-0002-9337-3476
https://orcid.org/0000-0002-4282-0977
https://orcid.org/0000-0003-3192-0486
https://orcid.org/0000-0002-2699-2189
https://orcid.org/0000-0002-9700-3448
https://orcid.org/0000-0001-5012-4069
https://orcid.org/0000-0002-8521-1688
https://orcid.org/0000-0001-6950-5865
https://orcid.org/0000-0003-2800-1438
https://orcid.org/0000-0002-0241-5184
https://orcid.org/0000-0001-8885-565X
https://orcid.org/0000-0002-7531-6873
https://orcid.org/0000-0001-9558-1079
https://orcid.org/0000-0001-9602-4901
https://orcid.org/0009-0002-2675-4022
https://orcid.org/0000-0003-2505-0365
https://orcid.org/0000-0002-7481-3149
https://orcid.org/0000-0002-8917-2620
https://orcid.org/0000-0003-2937-9782
https://orcid.org/0000-0003-0572-2021
https://orcid.org/0000-0002-8771-0579
https://orcid.org/0000-0001-9869-5290
https://orcid.org/0000-0001-6977-8257
https://orcid.org/0000-0002-4393-2567
https://orcid.org/0000-0003-1230-3300
https://orcid.org/0000-0003-0468-3083
https://orcid.org/0000-0003-1714-9218
https://orcid.org/0000-0002-4655-715X
https://orcid.org/0000-0002-1701-9619
https://orcid.org/0000-0001-9717-1751
https://orcid.org/0000-0002-9865-8964
https://orcid.org/0000-0002-8826-9113
https://orcid.org/0000-0001-6010-8556
https://orcid.org/0000-0003-2279-8837
https://orcid.org/0000-0002-9794-4088
https://orcid.org/0000-0002-2385-0767
https://orcid.org/0000-0002-0157-188X
https://orcid.org/0000-0001-6346-8872
https://orcid.org/0000-0002-8185-3771
https://orcid.org/0000-0003-1237-4491
https://orcid.org/0000-0002-2344-9412
https://orcid.org/0000-0001-7647-7110
https://orcid.org/0000-0003-0322-9858
https://orcid.org/0000-0002-3804-9948
https://orcid.org/0009-0005-9485-9477
https://orcid.org/0000-0003-2035-3391
https://orcid.org/0000-0002-9812-4508
https://orcid.org/0000-0003-0609-6456
https://orcid.org/0000-0002-9573-4570
https://orcid.org/0000-0002-4485-1478
https://orcid.org/0000-0002-9211-3867
https://orcid.org/0000-0003-0159-291X
https://orcid.org/0000-0002-6227-3368
https://orcid.org/0000-0003-0038-5038
https://orcid.org/0000-0002-1478-4593
https://orcid.org/0000-0002-5972-6290


MEASUREMENT OF FORWARD CHARGED HADRON … PHYSICAL REVIEW C 109, 054908 (2024)

6School of Physics State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China
7University of Chinese Academy of Sciences, Beijing, China

8Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China
9Consejo Nacional de Rectores (CONARE), San Jose, Costa Rica

10Université Savoie Mont Blanc, CNRS, IN2P3-LAPP, Annecy, France
11Université Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France

12Aix Marseille Univ, CNRS/IN2P3, CPPM, Marseille, France
13Université Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France

14Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, Institut Polytechnique de Paris, Palaiseau, France
15LPNHE, Sorbonne Université, Paris Diderot Sorbonne Paris Cité, CNRS/IN2P3, Paris, France

16I. Physikalisches Institut, RWTH Aachen University, Aachen, Germany
17Fakultät Physik, Technische Universität Dortmund, Dortmund, Germany

18Max-Planck-Institut für Kernphysik (MPIK), Heidelberg, Germany
19Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany

20School of Physics, University College Dublin, Dublin, Ireland
21INFN Sezione di Bari, Bari, Italy

22INFN Sezione di Bologna, Bologna, Italy
23INFN Sezione di Ferrara, Ferrara, Italy
24INFN Sezione di Firenze, Firenze, Italy

25INFN Laboratori Nazionali di Frascati, Frascati, Italy
26INFN Sezione di Genova, Genova, Italy
27INFN Sezione di Milano, Milano, Italy

28INFN Sezione di Milano-Bicocca, Milano, Italy
29INFN Sezione di Cagliari, Monserrato, Italy

30Università degli Studi di Padova, Università e INFN, Padova, Padova, Italy
31INFN Sezione di Perugia, Perugia, Italy

32INFN Sezione di Pisa, Pisa, Italy
33INFN Sezione di Roma La Sapienza, Roma, Italy
34INFN Sezione di Roma Tor Vergata, Roma, Italy

35Nikhef National Institute for Subatomic Physics, Amsterdam, Netherlands
36Nikhef National Institute for Subatomic Physics and VU University Amsterdam, Amsterdam, Netherlands

37AGH - University of Science and Technology, Faculty of Physics and Applied Computer Science, Kraków, Poland
38Henryk Niewodniczanski Institute of Nuclear Physics Polish Academy of Sciences, Kraków, Poland

39National Center for Nuclear Research (NCBJ), Warsaw, Poland
40Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest-Magurele, Romania

41Affiliated with an institute covered by a cooperation agreement with CERN
42DS4DS, La Salle, Universitat Ramon Llull, Barcelona, Spain

43ICCUB, Universitat de Barcelona, Barcelona, Spain
44Instituto Galego de Física de Altas Enerxías (IGFAE), Universidade de Santiago de Compostela, Santiago de Compostela, Spain

45Instituto de Fisica Corpuscular, Centro Mixto Universidad de Valencia - CSIC, Valencia, Spain
46European Organization for Nuclear Research (CERN), Geneva, Switzerland

47Institute of Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland
48Physik-Institut, Universität Zürich, Zürich, Switzerland

49NSC Kharkiv Institute of Physics and Technology (NSC KIPT), Kharkiv, Ukraine
50Institute for Nuclear Research of the National Academy of Sciences (KINR), Kyiv, Ukraine

51University of Birmingham, Birmingham, United Kingdom
52H. H. Wills Physics Laboratory, University of Bristol, Bristol, United Kingdom
53Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom

54Department of Physics, University of Warwick, Coventry, United Kingdom
55STFC Rutherford Appleton Laboratory, Didcot, United Kingdom

56School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
57School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom

58Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom
59Imperial College London, London, United Kingdom

60Department of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
61Department of Physics, University of Oxford, Oxford, United Kingdom

62Massachusetts Institute of Technology, Cambridge, Massachusetts, USA
63University of Cincinnati, Cincinnati, Ohio, USA

64University of Maryland, College Park, Maryland, USA

054908-11



R. AAIJ et al. PHYSICAL REVIEW C 109, 054908 (2024)

65Los Alamos National Laboratory (LANL), Los Alamos, New Mexico, USA
66Syracuse University, Syracuse, New York, USA

67Pontifícia Universidade Católica do Rio de Janeiro (PUC-Rio), Rio de Janeiro, Brazil, associated to3

68Physics and Micro Electronic College, Hunan University, Changsha City, China, associated to8

69Guangdong Provincial Key Laboratory of Nuclear Science, Guangdong-Hong Kong Joint Laboratory of Quantum Matter,
Institute of Quantum Matter, South China Normal University, Guangzhou, China, associated to4

70Lanzhou University, Lanzhou, China, associated to5

71School of Physics and Technology, Wuhan University, Wuhan, China, associated to4

72Departamento de Fisica, Universidad Nacional de Colombia, Bogota, Colombia, associated to15

73Helmholtz-Institut für Strahlen und Kernphysik, Universität Bonn, Bonn, Germany, associated to19

74Eotvos Lorand University, Budapest, Hungary, associated to46

75Van Swinderen Institute, University of Groningen, Groningen, Netherlands, associated to35

76Universiteit Maastricht, Maastricht, Netherlands, associated to35

77Tadeusz Kosciuszko Cracow University of Technology, Cracow, Poland, associated to38

78Department of Physics and Astronomy, Uppsala University, Uppsala, Sweden, associated to57

79University of Michigan, Ann Arbor, Michigan USA, associated to66

80Departement de Physique Nucleaire (SPhN), Gif-Sur-Yvette, France

aUniversità di Roma Tor Vergata, Roma, Italy.
bUniversità di Firenze, Firenze, Italy.
cScuola Normale Superiore, Pisa, Italy.
dUniversità di Ferrara, Ferrara, Italy.
eUniversità di Milano Bicocca, Milano, Italy.
fUniversità di Bologna, Bologna, Italy.
gUniversità di Genova, Genova, Italy.
hUniversità degli Studi di Milano, Milano, Italy.
iUniversidade da Coruña, Coruña, Spain.
jUniversidad Nacional Autónoma de Honduras, Tegucigalpa, Honduras.
kUniversità di Cagliari, Cagliari, Italy.
lCentro Federal de Educacão Tecnológica Celso Suckow da Fonseca, Rio De Janeiro, Brazil.
mUniversità di Bari, Bari, Italy.
nUniversità di Perugia, Perugia, Italy.
oLIP6, Sorbonne Universite, Paris, France.
pUniversidade de Brasília, Brasília, Brazil.
qDeceased.
rHangzhou Institute for Advanced Study, UCAS, Hangzhou, China.
sUniversità di Pisa, Pisa, Italy.
tUniversità di Padova, Padova, Italy.
uExcellence Cluster ORIGINS, Munich, Germany.
vDivision of Particle Physics, Department of Physics, Lund University, Lund, Sweden.
wUniversità della Basilicata, Potenza, Italy.
xUniversità di Siena, Siena, Italy.
yUniversidad de Alcalá, Alcalá de Henares, Spain.
zUniversità di Urbino, Urbino, Italy.

054908-12


