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ABSTRACT: The production of the W* bosons measured in p-Pb collisions at a centre-
of-mass energy per nucleon-nucleon collision /sxy = 8.16 TeV and Pb-Pb collisions at
V3NN = 5.02 TeV with ALICE at the LHC is presented. The W bosons are measured
via their muonic decay channel, with the muon reconstructed in the pseudorapidity region
—4 <., < —2.5 with transverse momentum pf. > 10 GeV/c. While in Pb-Pb collisions
the measurements are performed in the forward (2.5 < y# o < 4) rapidity region, in p—Pb
collisions, where the centre-of-mass frame is boosted with respect to the laboratory frame,
the measurements are performed in the backward (—4.46 < y# . < —2.96) and forward
(2.03 < yk . < 3.53) rapidity regions. The W~ and W production cross sections, lepton-
charge asymmetry, and nuclear modification factors are evaluated as a function of the muon
rapidity. In order to study the production as a function of the p—PDb collision centrality, the
production cross sections of the W~ and W™ bosons are combined and normalised to the
average number of binary nucleon-nucleon collision (N¢o). In Pb—Pb collisions, the same
measurements are presented as a function of the collision centrality. Study of the binary
scaling of the W*-boson cross sections in p-Pb and Pb-Pb collisions is also reported.
The results are compared with perturbative QCD calculations, with and without nuclear
modifications of the Parton Distribution Functions (PDFs), as well as with available data
at the LHC. Significant deviations from the theory expectations are found in the two
collision systems, indicating that the measurements can provide additional constraints for
the determination of nuclear PDFs and in particular of the light-quark distributions.
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1 Introduction

The production of the W*- and Z%-vector bosons is extensively studied at hadron collid-
ers. The W* and Z° bosons are weakly interacting particles, produced early in hadronic
collisions (with a formation time t¢ ~ 1/M ~ 1073 fm/c), predominantly via the Drell-Yan
process in which a quark—antiquark pair annihilates into a lepton pair [1, 2]. Due to their
large masses, Myy+ = 80.37940.012 GéV/c? and Myo = 91.1876 £0.0021 GeV/c? [3], their
production is well described within the perturbative quantum chromodynamics (pQCD)
framework, up to Next-to-Next-to-Leading Order (NNLO) by means of the QCD factori-
sation theorem for hard processes [4, 5]. Factorisation allows us to separate the short
distance part of the cross section, corresponding to the partonic cross section that can be
expanded perturbatively, from the long distance part containing the Parton Distribution



Functions (PDFs), parameterising the partonic content of the nucleon and determined from
experimental data. The input parameters for theoretical calculations, such as the boson
masses or the weak couplings, are known with high accuracy, enabling the usage of mea-
surements of the electroweak-boson production to determine the up (u), down (d) and to
a lesser extent strange (s) PDFs (see refs. [6, 7] for recent reviews). In nuclear collisions,
the presence of a nuclear environment affects the inner structure of the nucleon, requiring
the determination of nuclear PDFs (nPDFs). As for the free-nucleon case, the nPDFs are
obtained from a global analysis of the available data, but in this case the results are mostly
constrained by Deep-Inelastic Scatterings (DIS) and Drell-Yan data in a limited region of
the four-momentum transfer squared @2 and parton longitudinal momentum fraction x
(Bjorken-z). The resulting nPDF uncertainties drastically limit the precision of theoretical
calculations and their ability to describe and predict processes in nuclear collisions. In order
to further constrain the nPDFs and reduce their uncertainties, the production of the W+
and Z° bosons has been measured in proton-lead (p-Pb) and lead-lead (Pb-Pb) collisions
at the CERN Large Hadron Collider (LHC) by the four main experiments, at midrapidity
by ATLAS and CMS [8-19] and at large rapidities by ALICE and LHCb [20-23].

Four main intervals of Bjorken-x featuring different nuclear modifications can be distin-
guished at high Q? values. The nPDFs show a suppression at low Bjorken-z, for 2 < 0.05,
and an enhancement within the range = ~ 0.05 — 0.3!. Both these effects, referred to
as shadowing and anti-shadowing, respectively, originate from destructive or constructive
interferences of amplitudes arising from multiple scatterings between partons in the nu-
cleus [24]. Another depletion region is seen for x within 0.3-0.9 in the so-called EMC-effect
region which is not yet fully understood [25]. Finally, for = larger than 0.9 the Fermi motion
of the nucleons inside the nucleus yields an enhancement of the PDF [26]. These effects will
naturally affect the production of electroweak bosons [27], and their measurement provides
a unique opportunity to constrain the nPDFs at high Q2 ~ M\%V,Z’ Moreover, with the
large luminosities and centre-of-mass energies delivered by the LHC, combined with the
wide acceptance covered by the LHC experiments, the study of electroweak bosons has
become accessible in p—Pb and Pb—Pb collisions over a large Bjorken-z range, from almost
unity down to = ~ 10~* where the experimental constraints are scarce. Measurements in
p—Pb collisions at large negative and positive rapidities are of high interest as they allow
the disentanglement of the high (~ 107!) and low (~ 10~* — 1073) Bjorken-z intervals,
respectively. The yields of the W~ and W bosons, mainly produced by interactions be-
tween u and d quarks via the dd — W~ and ud — W™ processes, offer a probe of the light
quark PDFs, while their asymmetry is sensitive to the down-to-up ratio in the nucleus [28].
The leptonic decay of these bosons is of particular interest, as the decay products do not
interact strongly, therefore being blind to the quark—gluon plasma (QGP), the hot and
dense medium created in heavy-ion collisions. In addition, the in-medium energy loss of
the decay leptons by bremsstrahlung is negligible [29]. Combined with the colourless na-
ture of the W* boson itself, this physics channel provides a medium-blind process and

LAll the Bjorken-z ranges are indicative, as the precise values of the region boundaries depend on the
parton flavour, the nPDF parametrisation, and the Q2 scale.



consequently, a direct probe of the initial state of the collision even in the presence of a
QGP. The production of electroweak bosons, therefore, enables the study of the nPDFs of
the colliding nuclei.

The measurements of the W*-boson production presented in this publication are com-
pared with predictions obtained from calculations at Next-to-Leading Order (NLO), imple-
menting the nuclear modifications of the PDFs using the EPPS16 [30], nCTEQ15 [31] and
nNNPDEF2.0 [32] sets, in which the parametrisation and determination of the nPDF follow
different approaches. The approach of the EPPS (formerly EPS) group introduces, for a
given parton ¢ in a nucleus with atomic number A, the nuclear correction factor R;(x, A)
at the input parametrisation scale Q%. In such a model, the nPDF set is composed of
nuclear modification functions to be applied to a free-nucleon PDF set which serves as
a baseline. The approach of the nCTEQ collaboration does not utilise the nuclear cor-
rection factors, instead, it is a full nPDF parametrisation. It starts from the functional
form used for the free-proton PDF (in the nCTEQ case the form is similar to the CTEQ6
parametrisation [33]), with the addition of A-dependent free parameters. The lack of ex-
perimental data that can be used for the nPDF determination induces a strong dependence
of the models on the phenomenological and methodological assumptions. The EPPS16 and
nCTEQ15 sets show large differences in the predicted nuclear modifications and associated
uncertainties [34], originating from the functional form, the number of free parameters,
and the data points included in the global analysis. In order to reduce the parametrisation
bias, the nNNPDF collaboration adopted the methodology described in ref. [35], and used
artificial neural networks as universal, unbiased interpolants to parametrise the x and A
dependence of the nPDFs. Recently, the LHC experiments contributed to the evolution of
the models, and W+ and Z° measurements in p-Pb collisions are now included into the
input datasets, in EPPS starting with EPPS16 [30], in nCTEQ after the nCTEQ15WZ
update [36], and in nNNPDF from their 2.0 release [32]. It should be noted that the EPPS
model has recently been updated with the release of the EPPS21 set [37]. The production
of electroweak bosons calculated from this set is in fair agreement with the ones obtained
with the EPPS16 model, with a significant reduction of the associated uncertainties.

In this article, the ALICE results on the measurement of the W*-boson production
via the muonic decay channel in p—Pb collisions at a centre-of-mass energy per nucleon—
nucleon collision /sy = 8.16 TeV and Pb-Pb collisions at /sy = 5.02 TeV are
reported. These results constitute the first measurements of the W*-boson production at
large rapidities for these collision systems and energies, with the p—Pb results complement-
ing the CMS measurements at midrapidity [15] and extending the ALICE measurements
in p-Pb collisions at \/sxy = 5.02 TeV [20]. The paper is structured as discussed in the
following. Section 2 introduces the ALICE apparatus, focusing on the detectors relevant
for the analyses, followed by a description of the event and track selections. The analysis
strategy, including the procedure for the signal extraction and the simulation of the appa-
ratus, is presented in section 3, together with a discussion of the systematic uncertainties.
The results are reported in section 4 where they are compared with theoretical predictions
and other published measurements. A summary of the results and their interpretation is
given in section 5.



2 ALICE apparatus and data samples

2.1 The ALICE detector

The W bosons are detected through their muonic decay channel via the W= — [T7H
process and its charge conjugate, with a branching ratio BR = (10.63 £ 0.15)% [3], from
data recorded with the ALICE muon spectrometer [38, 39]. The spectrometer covers in full
azimuth the —4 < n,, < —2.5 pseudorapidity interval?. Its tracking system is composed
of five stations, each made of two planes of cathode pad chambers. The third station sits
inside a dipole magnet providing an invertible magnetic field with integrated intensity of 3
Tm, which bends the trajectory of charged particles thus enabling the measurement of the
track momentum. The muon system also includes a muon trigger, consisting of four planes
of resistive plate chambers arranged in two stations. The whole spectrometer is shielded
by a set of absorbers. A conical absorber of 10 interaction lengths (\;) made of carbon,
concrete, and steel is located in front of the muon spectrometer, filtering out hadrons
and low-momentum muons from the decays of light particles such as pions and kaons. The
trigger stations are located behind a 1.2 m thick (about 7.2 );) iron wall, absorbing hadrons
punching through the front absorber as well as low-momentum secondary muons. Finally,
a high-density cylinder made of tungsten and lead, the so-called small-angle absorber,
surrounds the beam pipe throughout the muon spectrometer in its entirety and shields it
against secondary particles produced by the interaction of primary particles at large n with
the beam pipe.

Other detectors are needed for primary vertex reconstruction, triggering on Minimum
Bias (MB) collisions, multiplicity determination, and centrality evaluation. The primary
interaction vertex reconstruction is performed using the Silicon Pixel Detector (SPD), the
two innermost layers of the Inner Tracking System (ITS) [40], covering the pseudorapidity
intervals |nap| < 2.0 and |nap| < 1.4. The VO detector [41] is made of two arrays of scin-
tillator tiles, located asymmetrically around the collision point, along the beam direction,
at z = 3.4 m (VOA) and z = —0.9 m (VOC), and covering the pseudorapidity intervals
2.8 < Map < 5.1 and —3.7 < nap < —1.7, respectively. The VO provides an online MB
trigger through the logical coincidence of a signal in the two arrays, and participates in
the determination of the luminosity by providing a reference process for van der Meer
scans [42]. It is also used for the evaluation of the centrality in Pb—Pb collisions by means
of a Glauber model fit [43, 44] to the sum of the signal amplitudes in the two arrays (the
VOM estimator). This allows one to classify the events in centrality classes corresponding
to a percentile of the total hadronic cross section. The centrality evaluated in this way
relies on the event charged-particle multiplicity, a method which has been shown to be
strongly biased in p—Pb collisions [45]. Instead, the centrality estimation for this system
uses the Zero Degree Calorimeter (ZDC) [46], a set of two hadronic calorimeters located
along the beam pipe, on both sides of the collision point, 112.5 m away from it. The timing
information delivered by the VO and ZDC detectors also helps to reduce the beam-induced

2In the ALICE reference frame, the muon spectrometer covers negative 7. In symmetric collisions such
as Pb—Pb, positive values of rapidity are conventionally used for the muon coverage. In p—Pb collisions, by
convention, the proton beam moves towards positive rapidities.



background. A complete description of the ALICE detector can be found in ref. [47] and its
performance is reported in ref. [48], where standard detection, reconstruction, and analysis
procedures are described.

2.2 Event and track selections

The analysis in p-Pb collisions uses the data samples collected in 2016 at
V3NN = 8.16 TeV. These data were taken in two colliding beam configurations, with either
the protons or lead ions moving towards the spectrometer, hereafter referred to as the p-
going and Pb-going configurations, respectively. By convention, the protons move towards
positive rapidities. Because of the single magnet design of the LHC, the proton and Pb
beams have the same magnetic rigidity, leading to different energies per nucleon, amount-
ing to 6.5 TeV for the protons and 2.56 TeV for the Pb ions. The resulting nucleon—nucleon
centre-of-mass system is thus boosted with respect to the laboratory frame, resulting in
a rapidity shift of Ayepg/1ar, = 0.465 in the direction of the proton beam. The rapidity
acceptance of the spectrometer in the centre-of-mass system is then 2.03 < yYems < 3.53
in the p-going direction and —4.46 < yems < —2.96 in the Pb-going one. The analysis in
Pb-Pb collisions uses the data samples collected in 2015 and 2018 at /sy = 5.02 TeV in
the rapidity range 2.5 < y# < 4. For each sample, two sub-periods can be distinguished
according to the sign of the magnetic field delivered by the dipole magnet.

The analysed data samples consist of events with at least one muon track candidate
selected by the muon trigger system, with an online selection on the transverse momentum
(plr) requiring it to be above ~ 4.2 GeV/c (at the threshold, the track produces a trigger
signal with a 50% probability), in coincidence with a MB signal in the VO detector. The
Pb-Pb analysis is limited to the most central 90% of the total hadronic cross section, where
the MB trigger is fully efficient and electromagnetic interactions are negligible. The events
were further required to have a reconstructed vertex position along the beam direction
within 10 c¢m from the nominal interaction point in order to keep the full efficiency of
the SPD for vertex reconstruction. Events in which two or more interactions occur in the
same colliding bunch (in-bunch pile-up) or during the readout time of the SPD (out-of-
bunch pile-up), amounting to about 20% of the sample, are removed using the information
from the SPD and VO detectors. The integrated luminosity was evaluated by estimating
the equivalent number of MB events corresponding to the muon-triggered data sample
and then dividing by oyom, the VO visible cross section measured by means of van der
Meer scans [42, 49, 50]. The number of MB events corresponding to the muon-triggered
sample was evaluated as Ny = F),trig /MB X Nitrigs where N, tig is the number of muon-
triggered events and F),_iz/vp i the inverse of the probability to have a muon trigger in a
MB event. The value of the normalisation factor F), i,/ mp Was evaluated with two different
methods, either by applying the muon trigger condition in the analysis of MB events, or
by comparing the counting rate of the two triggers, both corrected for pile-up effects. The
nominal value was obtained from the method using the trigger rates, while the difference
between the two methods was taken as the systematic uncertainty on the normalisation
factor. This uncertainty amounts to 1.4% (1.1%) in p—Pb collisions for the p-going (Pb-
going) configuration, and to 1% in Pb—Pb collisions. The integrated luminosities of the



Centrality class 0-100% 0-20% 20-40% 40-60% 60-100%
<N£ﬁ1t> 7.09+0.28 || 12.2£0.52 | 981 £0.17 | 7.094+0.29 | 3.17+0.09
Table 1. Average number of binary nucleon—nucleon collisions (N21') estimated with the hybrid

method for the ZN centrality classes in p—Pb collisions at \/sxy = 8.16 TeV [52].

Centrality class

0-90%

0-10%

10-20%

20-40%

40-90%

(Taa) (mb)

6.28 + 0.06

23.26 £0.17

14.40 £0.13

6.93 = 0.09

1.00 £0.02

Table 2. Average nuclear overlap function (Txa) evaluated with a Glauber MC fit to the sum of
the VO amplitudes in Pb—Pb collisions at \/sxn = 5.02 TeV [52].

considered p-Pb data samples amount to 6.73 £ 0.16 nb~! and 10.0 £ 0.22 nb~! in the
p-going and Pb-going directions, respectively, and to 663 & 15 ub~! for Pb-Pb collisions
after merging the 2015 and 2018 data samples. The quoted uncertainties are the systematic
uncertainties, while the statistical ones are negligible.

The classification of the events in p—Pb collisions into centrality intervals is performed
based on the energy deposited in the neutron calorimeters (ZN) of the ZDC in the direction
of the Pb fragments. For each of these intervals, the average number of binary nucleon—
The
method relies on the assumption that the charged-particle multiplicity measured at midra-

nucleon collisions (Non) is obtained from the hybrid method described in ref. [45].

pidity is proportional to the average number of nucleons participating in the interaction
(Npart). The values of (Npar) for a given ZN-centrality class are calculated by scaling the
average number of participants in MB collisions <N£§lr3t>, estimated by means of Glauber
Monte Carlo (MC) [51, 52], with the ratio of the average charged-particle multiplicity mea-
sured at midrapidity for the ZN-centrality class to that in MB collisions. In the following,
these values are denoted (Ng;‘;%t) to indicate this assumption. The corresponding number
of binary collisions is then obtained as (Nj*) = (N2ut) — 1. The associated uncertainty
is evaluated using different approaches as described in ref. [52]. The resulting values of
(Nmt) and their uncertainties are summarised in table 1. In Pb-Pb collisions, the cen-
trality is determined from the distribution of the signal amplitude in the VO arrays and
is expressed in percentages of the total hadronic cross section. The collisional geomet-
rical properties (Npart), (Neon), and the nuclear overlap function (Tas) of the different
centrality intervals are obtained via a Glauber model fit to the VO signal amplitude dis-
tribution. The Glauber model is also used to determine the so-called anchor point below
which the centrality determination is not reliable. The values of (Tx ) in Pb—PDb collisions

at \/snn = 5.02 TeV are given in table 2 for the centrality classes considered in this work.

The muon track candidates reconstructed in the events passing the requirements de-
scribed above are selected according to the following criteria. A fiducial selection is applied
on the track pseudorapidity, requiring it to be in the interval —4 < nf,, < —2.5 to remove
the particles at the edge of the spectrometer acceptance. An additional selection on the
polar angle measured at the end of the front absorber, of 170° < 6., < 178°, rejects
the tracks crossing the high-density region of the front absorber, where they experience



significant multiple scatterings. The contamination by tracks not pointing to the nominal
interaction vertex, mostly originating from beam—gas interactions and secondary particles
produced in the front absorber, is efficiently removed by exploiting the correlation between
the track momentum p and its distance of closest approach (DCA) to the vertex (i.e., the
distance to the primary vertex of the track trajectory projected on the plane transverse to
the beam axis). Being subject to multiple scatterings in the front absorber, the DCA of
particles produced in the collision follows a Gaussian distribution, with a sigma depend-
ing on the material crossed and being proportional to the inverse of the momentum p.
Background tracks, on the other hand, have on average a DCA larger than about 40 cm,
independently of their momentum. A selection on the product of the track momentum with
its DCA (pxDCA) allows the suppression of this background source down to a negligible
level. Finally, the muon identification is performed by matching the track reconstructed in
the tracking system with a track segment in the trigger stations. The track in the track-
ing system is extrapolated to the trigger stations, and a y2?-based criterion determines the
quality of the matching.

3 Analysis strategy

3.1 Overview

The W* bosons are detected through their muonic decay channel via the W~ — WUy,
and WT — p7v, processes following the method described in ref. [20]. Since ALICE is
not a hermetic detector, one cannot reconstruct the missing transverse energy due to the
presence of a neutrino in the final state. The signal extraction is therefore performed from
the single muon pr distribution, excluding the pf. < 10 GeV/c interval where the signal-
to-background ratio is very small. One can distinguish three main contributions to the
inclusive spectrum, namely muons originating from the decay of W*, Z%/4* and heavy-
flavour (charm and beauty) hadrons. The signal extraction procedure relies on templates,
which are generated by means of MC simulations, and are used to fit the measured muon
pr distributions according to

fpr) = NiF fur(pr) + NE we (f;m—wi (p1) + R X fut 70 /4 (PT)) : (3.1)

where fup, futw+, and f,+, 70/, are the templates accounting for muons from heavy-
flavour hadrons, W*-boson, and Z°/~* decays, respectively. The number of muons from
heavy-flavour hadrons and W*-boson decays (NfR and N;ivf_wi) are free parameters of
the fit, while the number of muons from Z°/y* decays is forced to be proportional to that
of W* decays according to the ratio R of their production cross sections as predicted by

MC simulations using the POWHEG event generator [53].

3.2 MC simulations

The production of muons from W and Z°/~* decays was simulated by means of MC simu-
lations at NLO using the POWHEG event generator [53]. Since POWHEG is only intended
for the simulation of hard partonic scattering processes, it was matched to PYTHIA 6 [54]



for parton shower description. In the simulations, the CT10 PDF set [55] was used along
with the EPSOINLO [56] parametrisation of the nuclear modifications. In order to ac-
count for the isospin effect, which is of particular importance for the W*-boson production
yields, simulations of proton—proton (pp), proton—neutron (pn), neutron—proton (np), and
also neutron—neutron (nn) binary collisions for Pb—Pb, were performed. The total cross
sections were obtained from the single pp, pn, np, and nn cross sections combined with
weights proportional to the density of protons and neutrons in a Pb nucleus:

A2z d2BPY Az d2oRbP

ONN PP
= — X + X , 3.2
dprdy A dprdy A dprdy (3:2)
PR 2 Poli™ (4= 27 ol
dprdy ~ A2 " dprdy A2 dprdy
2_PbPb 2 _PbPb
n Z(A-27) " d“opy Aoy (3.3)
A2 dprdy dprdy )’

where eq. (3.2) indicates the combination in p—Pb collisions and eq. (3.3) the combination
for the Pb—Pb system.

The contribution of muons from heavy-flavour hadron decays was simulated using the
Fixed-Order Next-to-Leading-Log (FONLL) approach [57]. The FONLL calculations were
performed with the NNPDF3.1 PDF set [35], without accounting for nuclear modifications.
In p—Pb collisions, the nuclear effects mainly affect the production of heavy-flavour hadrons
at low p, typically below 5 GeV /c [58], and are expected to be negligible in the pr interval
studied in this paper. In the analysis of the Pb—Pb data sample, the FONLL predictions
were multiplied by the nuclear modification factor Raa of muons from heavy-flavour hadron
decays, taken from simulations performed within the EPOS framework [59] in the interval
10 < pi < 50 GeV /¢, fitted with a first-order polynomial function and further extrapolated
to high pr. The FONLL predictions were then used as inputs for the MC generation of
muons from heavy-flavour hadron decays.

The MC simulations were performed by using the GEANT3 transport code [60] com-
bined with a detailed simulation of the detector response and taking into account the time
evolution of the detector configuration and alignment effects. In the high-p/. region studied
in this analysis (pf. > 10 GeV/c), the tracks are weakly bent, the alignment of the tracking
chambers is therefore of utmost importance for the track reconstruction. The absolute
positions of the chambers were first measured with photogrammetry before the data tak-
ing. The relative positions of the detection elements were then refined with a combination
of reconstructed tracks in data samples recorded with and without magnetic field using a
modified version of the MILLEPEDE package [61], up to a precision of about 100 ym. The
estimated residual misalignment is then taken into account in the MC simulations. In addi-
tion, one may expect a misalignment of the spectrometer in its entirety, which is addressed
by studying the track-to-cluster residual distribution in the data and the simulation. The
simulation of the tracking chamber response relies on a data-driven parametrisation of the
measured resolution of the clusters associated to a track. The distribution of the difference
between the cluster and the track positions in each chamber is described using extended



Crystal Ball (CB) [62] functions, with parameters tuned on data. The CB parametrisa-
tion is then used to reproduce the smearing of the track parameters in the simulations. A
global misalignment of the detector is mimicked by shifting the distribution of the track
deviations in the magnetic field. The sign of the shift is reverted for positive and negative
tracks, and according to the magnetic field polarity. Its magnitude was tuned in order to
reproduce the observed difference in the pf. distribution of positive and negative tracks.

3.3 Signal extraction and efficiency correction

Examples of the W~ and W™ signal extraction are shown in figure 1 and 2 for p-Pb and
Pb—Pb collisions, respectively. In p—Pb collisions, an example is given for each combination
of the colliding beam configuration and the charge of the muon. In Pb—Pb collisions,
examples are given for the two charges of the muon, in the full centrality interval or for the
10% most central collisions. For both collision systems, the decay of W* bosons becomes
the dominant contribution for pf above 25 or 30 GeV/c. The fits to eq. (3.1) are found to
describe well the data, although at high pf. they tend to underestimate the muon yield in
some configurations. This difference between the data and the fit occurs in a pf. interval
where the number of muons is small, and has a negligible impact on the signal extraction.

The signal extraction procedure is affected by different sources of systematic uncer-
tainties, which are related to the knowledge of the shape of the templates. The effect of
this uncertainty on the extracted W*-boson yield was estimated by studying the fit stabil-
ity with reasonable variations of these shapes. The W¥-boson and Z°/v* templates were
generated using the CT10 [55] and CTEQG6 [33] PDF sets paired with either EPS09 [56] or
EKS98 [63] nPDF, both at either LO or NLO. Varying the inputs of the simulations leads
to different values of the R factor of eq. (3.1), estimated from the same simulations. The
template accounting for muons from heavy-flavour hadron decays was computed by vary-
ing the FONLL calculations used as input within their uncertainties, originating from the
choice of quark masses, factorisation and renormalisation scales, and from the uncertainty
on the PDFs. In Pb—Pb collisions the uncertainty due to the p‘f extrapolation of the Raa
of muons from heavy-flavour hadron decays was estimated using different functional forms,
as well as fitting the ALICE measurement of the Raa between 7 < pf. < 20 GeV/c and
extrapolating the fit result to high pp. The difference between the various extrapolations
is taken as systematic uncertainty on the FONLL weighting procedure. For the simulation
of the detector response, the tuning parameter of the global shift was varied within the
uncertainty on its determination. The CB parameters for the cluster resolution, obtained
from the data-driven method, were replaced by a set of parameters evaluated from simula-
tions. The fit range was varied by moving the lower limit of the pf}. interval between 10 and
20 GeV/c and the higher limit between 50 and 80 GeV /c. All the possible combinations
of the variations were considered, each configuration yielding a value for ;aiwewi. The
combined y2/ndf of the fits to the u~ and u* distributions was required to be smaller
than 2 to ensure that only the configurations able to satisfactorily reproduce the data
were kept. The final number of muons from W# decays, and the associated statistical
uncertainty, were obtained by averaging over the ;%tvj—wi distribution obtained from all
considered variations.
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Figure 1. Inclusive transverse momentum distribution of negative (top) and positive (bottom)
muons at backward (left) and forward (right) rapidity in p-Pb collisions at /sxy = 8.16 TeV.
The results of the fit to the inclusive spectrum using a combination of MC templates is shown as a
continuous line, the green, pink and blue dashed lines representing the contributions of the W#*-,
Z° /v*- and heavy-flavour hadron decay muons, respectively. The bottom panels show the ratio of
the data to the fit result.

The extracted raw yield is corrected for the detection and reconstruction efficiency e
obtained from the simulations described in the previous section. The efficiency is estimated
as the ratio of the number of reconstructed muons from W¥-boson decays, with the same
selections as applied to the data, to the number of generated W*-decay muons in the
region of interest, that is the fiducial region defined by the selection on the muon pf >
10 GeV/c, and the detector angular acceptance, 2.5 < yf o < 4. The efficiency in p-Pb
collisions amounts to 90% (91%) in the p-going configuration and 88% (89%) in the Pb-
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Figure 2. Inclusive transverse momentum distribution of negative (top) and positive (bot-

tom) muons for the 0-90% (left) and 0-10% (right) centrality intervals in Pb-Pb collisions at
Vsnn = 5.02 TeV. The results of the fit to the inclusive spectrum using a combination of MC
templates is shown as a continuous line, the green, pink and blue dashed lines representing the
contributions of the W*-, Z°/v*- and heavy-flavour hadron decay muons, respectively. The bottom
panels show the ratio of the data to the fit result.

going one for u~ (u™). In Pb-Pb collisions, the efficiency is additionally affected by the
detector occupancy. This effect was taken into account by embedding the simulated signal
into Pb-Pb data. The efficiency for the most central collisions is found to be 94% of
the efficiency of the most peripheral collisions. The centrality-integrated efficiency for the
2015 period amounts to 83% and 81% for u~ and p™, respectively, while for the 2018
period the efficiency is 80% and 79% for = and u™, respectively. The efficiency has no
significant dependence on p%, and decreases by about 9% from the most central to the
largest rapidities.
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Source Relative systematic uncertainty
p—Pb analysis Pb-—p analysis | Pb—Pb analysis
Signal extraction 5.9-8.8 % 3.8-73% 2.9-3.3 %
- as a function of rapidity 3.9-14.3 % 2.5-22 % —

- as a function of centrality 5.1-9.7 % 3.6-9.0 % 3.0-7.4 %
Tracking efficiency 0.5 % 1.0 % 1.5 %
Trigger efficiency 0.5 % 0.75 %

Trigger—tracker matching 0.5 % 0.5 %
Alignment 01-1.2 % 1.8 %
Normalisation factor 1.4 % 1.1 % 1.0 %
oVOM 1.9 % 2.0 %
(INmulty 2.8-4.3 % —
(Tan) — 0.7-2.0 %

Table 3. Summary of systematic uncertainties affecting the W*-boson measurements in p-Pb and
Pb-Pb collisions. The values given for Pb—Pb collisions are for the combined 2015 and 2018 data
samples. The ranges correspond to the largest variations found in differential analyses.

3.4 Systematic uncertainties

The systematic uncertainties are summarised in table 3. The signal extraction procedure
described in the previous section yields a distribution of N:L?twewi after the variation of the
fit configuration and the simulation parameters. The dispersion (RMS) of the distribution
was used as systematic uncertainty on the signal extraction. The uncertainty originating
from the signal extraction procedure ranges from about 4% to 9% in the rapidity- and
centrality-integrated studies. In the rapidity-differential measurements, for the largest
rapidity intervals, the lower amount of signal reduces the stability of the fit such that the
systematic uncertainty rises up to 22%.

The uncertainty of the efficiency computation is evaluated by varying the simulation
environment. It was observed that, in the simulations, only the ability to properly re-
produce the alignment conditions provides a significant source of uncertainty through the
estimation of the CB tails parameters and the tuning of the parameter accounting for the
global shift. The systematic uncertainty is taken as the largest difference between the ef-
ficiencies computed with all the possible configurations. The uncertainty on the tracking
efficiency is obtained by considering the difference between the efficiencies obtained from
data and MC simulations, using the redundancy of the tracking chamber information [48].
The uncertainty on the muon trigger efficiency is determined by propagating the uncer-
tainty on the intrinsic efficiency of the individual trigger chambers, which is evaluated using
a data-driven method based on the redundancy of the trigger chamber information [48].
The choice for the x? value in defining the matching between the tracks in the tracking and
trigger systems introduces an additional 0.5% uncertainty. The difference between the two
methods for the computation of the normalisation, detailed in section 2.2, is taken as its
systematic uncertainty. The uncertainties on the oyoy values are taken from refs. [49, 50]
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—4.46 <yt . < —2.96 (Pb-going) 2.03 < yk o < 3.53 (p-going)
W~ — p 7, | 10544 3.7 (stat) £5.2 (syst) nb | 90.2 £ 4.8 (stat) £ 8.2 (syst) nb
W+t — pty, | 37.1+2.1 (stat) 2.9 (syst) nb | 120.8 £ 5.2 (stat) £ 7.7 (syst) nb

Table 4. Rapidity-differential production cross sections of W~ and W™ bosons measured from
their muonic decays in p—Pb collisions at \/sxy = 8.16 TeV, for muons with pf. > 10 GeV/c.

where their evaluation is detailed. Finally, the uncertainty on <N£‘ﬁlt

) in p—Pb collisions
is evaluated as the difference with respect to the average number of binary collisions es-
timated using an alternative method based on the multiplicity measured in the Pb-going
direction [52]. In Pb—PDb collisions, the uncertainty on (Thn) is estimated by varying the
parameters of the Glauber model within their own uncertainties, adding in quadrature the
maximum-to-average ratio of the upward and downward variations from all sources [52].
The total systematic uncertainty is obtained by summing all the considered sources in

quadrature.

4 Results

4.1 p-Pb collisions
4.1.1 Production cross sections

The pt + W7 rapidity-differential production cross section, uncorrected for the W-to-
muon branching ratio BR, is evaluated as

dawi%uiyu B Nyt w=
dy Ay X € X Ling’

(4.1)

where N+, w+ is the measured yield of muons from W decays, Ay is the width of the
rapidity interval, € is the efficiency correction factor, and L, the integrated luminosity.
In p-Pb collisions at \/sxy = 8.16 TeV, the values of the corresponding production cross
sections are reported in table 4, where the Pb-going denomination refers to the backward
rapidity interval —4.46 < yf o < —2.96 and the p-going denomination to the forward
interval 2.03 < y& ¢ < 3.53.

The production cross section is shown as a function of rapidity, in the Pb-going and
p-going directions and for both charges of the W boson, in figure 3. The measurements are
compared with several pQCD calculations, based on Monte Carlo for FeMtobarn processes
(MCFM) [64] or Fully Exclusive W and Z production (FEWZ) [65] simulations. The MCFM
and FEWZ codes enable the calculation of hard processes in hadronic collisions, involving
heavy flavour and top quarks, electroweak bosons and the Higgs boson. The two codes
were shown to produce similar predictions of the electroweak-boson production at NLO [66].
The nuclear modifications are computed using the CT14+EPPS16 [30], nCTEQ15WZ [36]
and nNNPDF2.0 [32] parametrisations, as discussed in section 1. To illustrate the effect of
using the LHC data in the determination of nPDFs, predictions were also obtained from
the nCTEQ15 set [31] in which no LHC data were included. In order to disentangle the
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effect of the nuclear modifications of the PDFs from other effects affecting the W*-boson
production, such as the isospin, predictions are shown for the CT14 PDF [67] without
nuclear modifications. All calculations are performed at NLO, the proton and neutron
contributions are weighted following the nucleon content of the Pb ion to reproduce the
isospin dependence of the W*-boson production.

Several effects affect the production of the W~ and W™ bosons in p-Pb collisions.
The isospin effect, originating from the difference in the quark content of the Pb nucleus
to that of the proton, increases the production of W~ and decreases that of WT. The
rapidity shift due to the asymmetric system pushes the forward rapidity range covered by
the muon spectrometer, corresponding to the p-going configuration, towards midrapidity,
where the production cross section is higher, and moves the backward rapidity range, in
the Pb-going configuration, towards even larger rapidities where the production rate is
reduced. Moreover, the production is affected by the helicity conservation. The weak
interaction only couples left-handed fermions and right-handed antifermions. For angular
momentum conservation, the outgoing fermion p~ (antifermion p) follows the direction of
the incoming quark ¢ (antiquark q). The production cross section is then maximum when
the outgoing lepton (antilepton) goes in the direction of the incoming quark (antiquark).
As a result, W~ bosons produced at large absolute rapidities will preferably emit p~ in
their momentum direction and W+ will preferably emit u* in the opposite direction. In
the latter case, the muon reaches the large rapidity covered by the spectrometer only if the
boson is produced in the opposite direction, at even larger rapidities where the production
quickly drops. Finally, the nuclear modifications of the PDFs affect the production at
backward and forward rapidities differently. At backward rapidity, the Bjorken-x interval
accessible with the ALICE measurements is influenced by the anti-shadowing and EMC
effects, yielding an enhancement and a reduction of the production, respectively. On the
other hand, the forward rapidity interval is fully contained within the Bjorken-x region
dominated by shadowing, resulting in a suppression of the parton densities. Although in
most cases the effects just discussed tend to cancel each other, at least to some extent,
they globally act towards a suppression of the W production at backward rapidities.

The measured W+ production cross section is in fair agreement with the model pre-
dictions, whereas some tension appears in the description of the rapidity dependence of
the W~ production cross section, for small values of the absolute rapidity. For WT bosons
measured at forward rapidities, corresponding to the shadowing region at low Bjorken-x,
the measurement favours predictions including the nuclear modifications of the PDFs. The
discrepancy with the free-nucleon PDF calculation is especially visible at large positive ra-
pidities where the deviation from the CT14-only prediction reaches 3.50, with the statistical
and systematic uncertainties combined quadratically. The precision of the measurement
is better than that of the theory, highlighting its ability to provide further constraints for
nPDF sets. The comparison between the nCTEQ15 and nCTEQ15WZ predictions shows
the impact of the LHC data on the determination of the nPDFs, whose uncertainties are
substantially reduced despite the addition of three new free parameters in nCTEQ15WZ,
corresponding to the parametrisation of the strange-quark nPDF. The nNNPDF group,
which has adopted a methodology based on machine learning for the determination of the
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Figure 3. Production cross section of muons from W~ (top) and W* (bottom) decays as a
function of rapidity for muons with pf. > 10 GeV/c in p-Pb collisions at \/syy = 8.16 TeV. The
measurements are compared with predictions from several nPDF sets, as well as with calculations
based on the CT14 PDF set [67] without nuclear modifications of the PDF. All the calculations
include the isospin effect. The bottom panels show the ratio of the calculations to the measured

production cross section. The horizontal bars correspond to the width of the rapidity intervals.
The vertical bars and boxes indicate the statistical and systematic uncertainties, respectively. The
data points are placed at the centres of the rapidity intervals, while the theory predictions are
horizontally shifted for better visibility.
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nPDF, yields predictions with the smallest uncertainties in the forward rapidity region,
corresponding to very low Bjorken-x values. The four models including nuclear modifi-
cations are in good agreement with each other, although some discrepancies are present
between nCTEQ15WZ and nNNPDF2.0 calculations at backward rapidities.

The CMS Collaboration also measured the production of the W* bosons via the muonic
decay channel in p-Pb collisions at \/syy = 8.16 TeV from a data sample with an inte-
grated luminosity of 173.4 £+ 6.1 nb™! [15]. The production was measured at midrapidity,
in the interval |nf., | < 2.4, complementary to the ALICE measurement at large rapidities.
A stronger selection was applied on the muon transverse momentum at pf. > 25 GeV/e, a
direct comparison is therefore not possible. However, the two measurements can be com-
pared through their agreement with theoretical calculations. Figure 4 shows the ratio of
the measurements to pQCD calculations performed including the isospin effect and using
either the CT14 PDF set (without nuclear modifications) or the CT14 set with the EPPS16
nPDFs.

The measurements of ALICE extend to large rapidities the measurements of the CMS
Collaboration in the central region, and support the trend observed at the edge of the
CMS rapidity acceptance. The calculations including the EPPS16 nPDFs provide a better
description of the data over the whole rapidity interval as compared to the predictions with
the CT14 PDFs without nuclear effects, especially for the W boson.

4.1.2 Lepton charge asymmetry

The production of W~ and W bosons is significantly dependent on the light-quark content
of the nucleus. The study of the asymmetry in their production therefore provides a
sensitive probe of the up and down nPDF as well as the down-to-up ratio in the nucleus.
In this regard, the lepton charge asymmetry Ag, can be defined as

NCOI‘I‘ _ NCOI‘I‘

+ow+ ——W-
Ag = £ p (4.2)
Jycorr + N corr ’
put«w+ o —W-—
where Nﬁ‘lrf_w_ and NES’}LWJF are the number of muons from W~ and W™ decays, respec-

tively, extracted from the data and corrected for the detection and reconstruction efficiency.
Part of the experimental uncertainties, such as the trigger and tracking efficiencies, can-
cels in the calculation of the asymmetry. The theoretical precision is also increased, e.g.
through the cancellation of the uncertainties due to the pQCD scales. It should be noted
that the lepton charge asymmetry might be much more sensitive to the baseline PDF than
to its nuclear modifications [28], possibly enabling the study of the free-nucleon PDF in
heavy-ion collisions.

The measured lepton charge asymmetries integrated over pf. > 10 GeV /c in the rapidity
intervals covered by the muon spectrometer for the two colliding beam configurations are:

AFPEOME — (479 + 0.046 (stat) £ 0.056 (syst),
APEOE — (). 145 4+ 0.014 (stat) £ 0.021 (syst).

The measured Ag, as a function of rapidity is shown in figure 5. Consistently with the up
and down quark compositions of the proton and Pb ion, the A., shows a predominance of
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Figure 4. Ratio to CT14 [67] predictions of the production of muons from W~ (top) and W+
(bottom) decays measured in p—Pb collisions at /syy = 8.16 TeV by the ALICE and CMS [15]
Collaborations. The measured ratio is compared to the one obtained from pQCD calculations with
CT14+EPPS16 [30]. All the calculations include the isospin effect. The grey band around the line
at unity indicates the uncertainty on the calculations with CT14 PDFs.

W~ bosons at backward rapidities, in the Pb-going direction, and of W+ at forward ra-

pidities. At very large positive rapidities, the lepton charge asymmetry becomes negative,

which indicates a suppression of the W production. This suppression could be a conse-

quence of the helicity conservation affecting the muonic decay of the boson, or a sharper

slope of the up quark PDF in the shadowing region towards low Bjorken-z. The Ay is com-
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Figure 5. Lepton charge asymmetry for muons from W*-boson decays with P > 10 GeV/e
in p-Pb collisions at /sy = 8.16 TeV. The measurements are compared with predictions from
pQCD calculations with several nPDF sets as well as with calculations based on the CT14 PDF [67]
without nuclear modifications. All the calculations include the isospin effect. The bottom panels
show the ratio of the calculated to the measured asymmetry. The horizontal bars correspond to the
width of the rapidity intervals. The vertical bars and boxes indicate the statistical and systematic
uncertainties, respectively. The data points are placed at the centres of the rapidity intervals while
the theory points are horizontally shifted for better visibility.

pared with predictions from pQCD calculations with the CT14+EPPS16, nCTEQ15WZ,
and nNNPDF2.0 PDFs sets, as well as with the CT14 PDF set for free nucleons. The
calculations are performed at NLO and the same treatment of the isospin as for the pro-
duction cross section is applied. The models reproduce the data well at backward rapidity,
although a small tension is seen for the most central rapidity interval in which the theory
predicts an increase of the charge asymmetry, while the measurement is independent of
centrality within uncertainties. At forward rapidities, the model predictions and the mea-
surements are in qualitative agreement, both showing a reduction of the charge asymmetry
towards higher rapidities. However, the decrease seen in the data is notably larger than
that in calculations, and it is interesting to note the sign inversion of the measured charge
asymmetry, while the calculations stay positive over the whole forward rapidity interval. In
the largest rapidity interval, the models are all lying more than 50 above the measurement.

4.1.3 Nuclear modification factor

In p-Pb collisions, the nuclear modification factor R,py, integrated over centrality, is cal-

culated as

pPb
1 dawi —pt vy /dygms

— X .
pp H
A do-ij: —uty, /dycms

Rpr = (43)

~ 18 —



Pb-going (—4.46 < y* . < —2.96) | p-going (2.03 < yk . < 3.53)
Rypy, (W™ = 7 7) 1.620 4 0.057 + 0.07975:092 0.888 + 0.047 + 0.08075-959
Rppy, (W = pfv,) | 0.64340.036 & 0.051 70657 0.793 £ 0.034 £ 0.05179 332

Table 5. Nuclear modification factors of the production of W~ and W+ bosons measured in their
muonic decays in p—Pb collisions at \/syy = 8.16 TeV, for muons with pf > 10 GeV/c. The pp
reference cross sections are taken from simulations using the POWHEG [53] generator and CT10
PDF [55]. The quoted uncertainties correspond to the statistical and systematic uncertainties on the
p—Pb measurement, and to the asymmetric systematic uncertainty on the pp reference, respectively.

It evaluates the deviation between the measured production cross section in p—Pb collisions
and the one expected from a superposition of uncorrelated pp collisions. It should be noted
that for electroweak bosons, the Ry,py, is a peculiar quantity. It is affected by the isospin
effect, and as a consequence, expectation values for Rppy, can deviate from unity even in
the absence of nuclear effects, such as the nuclear modification of the PDFs. Since no
measurement of the W*-boson production in pp collisions at \/s = 8.16 TeV is available,
the Rypy, presented here relies on theoretical calculations for the pp production cross section
os\l;’i ot The simulations are performed with the procedure discussed in section 3, using
POWHEG [53] interfaced with PYTHIA 6 [54] for the event generation and CT10 [55] for
the proton PDF. It should be mentioned that the LHCb Collaboration has shown that the
available models, including CT10, are able to describe well the production of W* bosons
in pp collisions at similar rapidities and energies [68]. The associated uncertainty was
evaluated by varying the strong coupling constant ag within its uncertainties and using
CTEQG6.6 [69] as an alternative PDF set, summing the sources in quadrature. The values
of the Rpypp obtained for the W~- and W¥-boson production integrated over p% > 10
GeV/c and the rapidity intervals covered by the muon spectrometer for the two colliding
beam configurations are reported in table 5.

The measured R,py, is shown in figure 6 as a function of rapidity, where it is compared
with predictions from the same models, and obtained using the same framework, as for the
asymmetry A.,. It should be noted that the nNNPDF2.0 predictions rely on a different
baseline PDF, employing NNPDF3.1 [35] instead of the CT14 model used in the calculations
with EPPS16 nPDFs. For both charges of the boson, the measured Rppy, is independent of y
at backward rapidities, within the uncertainties. This trend is satisfactorily reproduced by
the models for the W boson. For the W~ boson however, a significant rapidity dependence
is seen in the two calculations, which underestimate the measured value in the most central
interval. At forward rapidities, the measured R,py, decreases for the two charges while the
calculations show a flat behaviour. This creates a tension with the calculations in the
intervals closest to midrapidity for the W~ boson, where the models underestimate the
measurement, and in the largest rapidity interval for the W boson where the nNNPDF2.0
model overestimates the data.
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Figure 6. Nuclear modification factor R,py, for muons from W~ (top) and W (bottom) decays
with pf. > 10 GeV/c in p-Pb collisions at \/syn = 8.16 TeV. The measurements are compared with
predictions from pQCD calculations with several nPDF sets. The horizontal bars correspond to
the width of the rapidity bins. The vertical bars and boxes indicate the statistical and systematic
uncertainties respectively. The grey bands indicate the uncertainty on the pp production cross
section. The data points are placed at the centres of the rapidity intervals while the theory points

are horizontally shifted for better visibility.

4.1.4 Production as a function of the collision centrality

The production of muons from W¥-boson decays is studied as a function of the collision
centrality. Electroweak-boson production occurs in hard scattering processes, during the
initial stages of the collision, and is expected to scale with the number of binary nucleon—
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Figure 7. Combined yield of muons from W~ and W' decays with pf. > 10 GeV/c, nor-

malised by the average number of binary nucleon—nucleon collisions <N£ﬁ“> in p—Pb collisions

at /sx\n = 8.16 TeV in the Pb-going (left) and p-going (right) configurations. The bars and
boxes correspond to statistical and systematic uncertainties respectively. The horizontal dashed

line indicates the central value of the yield normalised to (N™i) measured for the 0-100% central-

ity interval.

nucleon collisions, provided that the evaluation of the centrality is unbiased. As mentioned
in section 2, and in order to avoid the bias in multiplicity-based centrality estimators,
the classification in centrality intervals is performed based on the energy deposited by the
spectator (non-interacting) nucleons in the neutron zero-degree calorimeters (ZN) in the
Pb-going side. The study of the centrality dependence of the W*-boson yield can therefore
also serve as a test bench for the centrality estimation.

In order to maximise the amount of signal in each centrality class, the W~ and W+
yields are combined. The cross section normalised to the average number of nucleon—

nucleon collisions, (N™4) is then calculated as

1 vt
X ; , 4.4
(Nmlty = Lo X fip X € (44)

where (NZH) is the average number of binary nucleon—nucleon collisions, N\iNi is the
number of muons from W# decays in a given centrality class i, and fi;g is the fraction of
MB-triggered events in the centrality class i to those in the full centrality range (0-100%).
The cross sections for the two colliding beam configurations, normalised to (NZt) and

averaged over centrality, amount to:

—4.46 <yl < =296 0w /(N = 30.2 £ 2.0 (stat) £ 2.8 (syst) nb,

C

2.03 < yhos <3531 ouewe/(Na"Y) = 44.6 £ 3.3 (stat) £ 5.1 (syst) nb.

Cf
The normalised cross sections are shown as a function of (N2 in figure 7. The horizontal
dashed line in the figure indicates the central value of the centrality-averaged measurement.
The measured yield divided by <Ncngﬁlt) is found to be independent of centrality within
uncertainties.
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4.2 Pb—Pb collisions
4.2.1 Production cross sections and lepton charge asymmetry

In Pb-Pb collisions at \/snny = 5.02 TeV, the production cross section and lepton charge
asymmetry of muons from W=-boson decays are evaluated as in p-Pb collisions, from
egs. (4.1) and (4.2). The VOM amplitude is used to estimate the centrality of the collision.
The production cross sections for W~ and W+ bosons in the 0-90% centrality class are

OW-—p—w, = 18.7+0.7 (stat) & 0.6 (syst) ub,
oW+ pty, = 1.0 £0.4 (stat) £ 0.2 (syst) pb.

In the left panel of figure 8, these values are compared with pQCD calculations using
the CT14 [67], the CT14+EPPS16 combination [30, 67], and nNNPDF2.0 [32] PDF sets,
all accounting for the isospin of the Pb—Pb system. In the Pb—Pb collision system, one
cannot disentangle the high and low Bjorken-x ranges, as it was possible in p—Pb collisions.
The comparison of the production for positively and negatively charged bosons shows the
effect of the isospin, since the up- and down-quark densities in the Pb nucleus favour the
production of W~ and suppress that of WT. The measured cross sections are lower than
the predictions with the CT14 PDFs for free nucleons, suggesting a significant effect due to
nuclear modifications of the PDFs on the W*-boson production in Pb-Pb collisions. The
calculations including the EPPS16 and nNNPDF2.0 nuclear modifications are consistent
with the data within uncertainties. As it was observed in the predictions in p—Pb collisions,
the nNNPDF2.0 calculations have significantly smaller uncertainties.
The lepton charge asymmetry in the 0-90% centrality interval is measured to be

Ay = —0.453 £ 0.026 (stat) + 0.030 (syst).

In the right panel of figure 8, this observable is compared with pQCD calculations using
the CT14+ EPPS16 [30] and nNNPDF2.0 [32] nPDFs. Both models describe well the
measured value. The partial cancellation of uncertainty in the A, has a remarkable effect
on the EPPS16 prediction, as the theoretical uncertainties are now similar to that in the
data and nNNPDF2.0 calculation.

4.2.2 Normalised yield as a function of the collision centrality

The normalised yield is obtained by dividing the yield of muons from W+ decays, N, Lt WS

by the equivalent number of MB events NMB. “and then normalising to the average nuclear

overlap function (Taa) [52]:
1 " Nx w=
<TA A> NMB

events

(4.5)
In the 0-90% centrality class, the binary-scaled yield amounts to

Ny w—/ (NMs X (Taa)) =420.5 % 16.4 (stat) % 18.0 (syst) pb,

Nyt cw+/ (ngts x (TAA)) = 158.5 + 8.2 (stat) £ 6.9 (syst) pb.
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Figure 8. Production cross section (left panel) and lepton charge asymmetry (right panel) of
the W+ — uiyu processes for the 0-90% centrality class, for muons with pf. > 10 GeV/c and
2.5 < yh,s < 4.0, in Pb-Pb collisions at \/sxy = 5.02 TeV. The measured cross sections and
the asymmetry are compared with predictions using the CT14+EPPS16 [30, 67] combination,
nNNPDF2.0 [32] nPDF model, as well as calculations with the CT14 [67] PDF without nuclear
corrections. All the calculations include the isospin effect. The vertical bars and boxes around the
data points indicate the statistical and systematic uncertainties, respectively.

The W*-boson yield normalised to (Txa) as a function of the collision centrality is shown
in figure 9 for both charges of the boson. The (Taa)-scaled yields are independent of
centrality, as expected from the binary scaling of W*-boson production in nuclear collisions
assuming negligible centrality dependence of the shadowing. The measurents are compared
with pQCD calculations using the CT14 [67] PDF combined with the EPPS16 [30] nuclear
modifications. A good agreement with the theory is found for both charges of the boson.

The centrality dependence of the PDF modifications has been explored through impact-
parameter dependent nPDFs [70, 71], but calculations of electroweak-boson production
within this approach show a very limited dependence on the centrality, as reported in
ref. [22]. A possible centrality dependence of the production in terms of shadowing of the

inelastic nucleon—nucleon cross section ali\rﬁ%l was proposed in ref. [72]. In that study, the

standard paradigm of extracting o}\%’i} from pp data, is questioned as a potential source
of bias. The re-evaluation of the inelastic cross section from ATLAS measurements of
electroweak-boson production in Ph-Pb collisions [11, 12] yields oilg) = 41.571{52 mb, a
value significantly lower than the one used for centrality determination in Pb—Pb collisions
at \/sNN = 5.02 TeV with ALICE, taken as olf§ = 67.6 £ 0.6 mb [52]. This alternative
value of the inelastic cross section is found to improve the agreement between the ATLAS

data and the pQCD calculations.

The bottom panels of figure 9 show the centrality-dependent measurements obtained
by normalising the yield with (TAa) evaluated using the nuclear-suppressed inelastic cross
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Figure 9. (Taa)-scaled yield of muons from W~ (left) and W+ (right) decays in Pb—Pb collisions
at /sxy = 5.02 TeV for muons with pf, > 10 GeV/c and 2.5 < y# < 4.0. In the top panels the
yield is compared with pQCD calculations using the CT14 PDF [67] as baseline and implementing
the EPPS16 [30] nuclear modifications. The ratio to theory of the measured yield normalised with

inel

(Taa) evaluated with oy = 67.6 mb and 47.5 mb is shown in the middle and bottom panels,
respectively (see the text for details). The horizontal bars indicate the width of the centrality
intervals, the vertical bars and boxes correspond to the statistical and systematic uncertainties,
respectively. The band indicate the uncertainty on the theoretical computations.

section from ref. [72]. The distributions show a significant centrality dependence, with
the W~ distribution deviating from the binary scaling. This alternative value of the in-
elastic cross section, which provides a better agreement between pQCD calculations and
the ATLAS measurement in peripheral collisions, has the opposite effect here. The yield
normalised to (Txa) with ol = 41.5 mb shows a worse agreement with the theory than
that with ol = 67.5 mb in the 40-90% centrality interval. The authors of ref. [72] expect
other effects to be possibly relevant in peripheral collisions, such as a possible centrality de-
pendence of a{\?ﬁl and the neutron-skin effect, which could explain the tension with the data
for peripheral collisions. It should be noted that the neutron skin effect would affect the
production of W~ and W™ bosons in opposite directions, enhancing the former and sup-

pressing the latter, thus not substantially improving the description of the measurements.

Recent measurements of the (T o )-normalised yield of the Z° boson [10, 12, 18, 19] have
shown a decreasing trend for the most peripheral events, contradicting the binary-scaling
assumption. This phenomenon has also been observed and studied by the ALICE Collabo-
ration [73] for charged particle production. A possible explanation for this observation has
been formulated in terms of event selection and geometry biases affecting peripheral events
in the HG-PYTHIA model [74]. In order to compare it with the Pb—Pb measurements pre-
sented in this article, the Raa for hard scatterings calculated with this model was scaled
by the centrality-averaged, (Taa)-normalised yields of W~ and W+ bosons measured in
the 0-90% centrality class. The resulting distributions are compared with the centrality-
dependent measurements in figure 10. The scaled calculations are in good agreement with
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Figure 10. (Taa)-scaled yield of muons from W~ and W* decays in Pb-Pb collisions at
VSNN = 5.02 TeV for muons with pf. > 10 GeV/c and 2.5 < y# . < 4.0. The measured pro-
duction is compared with HG-PYTHIA [74] calculations of the Raa of hard scatterings scaled with
the centrality-averaged production in 0-90% centrality, indicated as dashed lines. The horizontal
bars correspond to the width of the centrality intervals, the vertical bars and boxes indicate the
statistical and systematic uncertainties, respectively.

the data, although the small W# yield in peripheral collisions does not allow for a granular-
ity fine enough in the 40-90% centrality interval to show, if any, a statistically significant
decrease of the production in this region.

The ATLAS Collaboration measured the production of W+ bosons in the electronic
and muonic decay channels in Pb—Pb collisions at /sxy = 5.02 TeV [11]. Their results are
reported for the 0-80% centrality class and are extracted from a data sample corresponding
to a total integrated luminosity of 0.49 nb~!. The decay leptons are detected in the rapidity
interval |y| < 2.5, allowing for a complete continuity with the ALICE measurement in
2.5 < y < 4.0. Similarly to the CMS measurements presented in section 4.1, the ATLAS
Collaboration also applied a tighter selection on the lepton pr, at 25 GeV /¢, the comparison
is thus performed by means of the ratio between the measured W¥-boson yields and the
predictions from two pQCD calculations, the first using the EPPS16 [30] nPDF set and
the second using the CT14 [67] PDFs. The comparison as a function of rapidity is shown
in the two panels of figure 11 for the two charges of the boson.

The ALICE measurements are lower by 20 than the CT14 predictions and are described
by EPPS16. The ATLAS data, instead, are better described by calculations without nPDF
effects. This comparison motivated the study in ref. [72] with a shadowing-induced reduc-
tion of the inelastic cross section, but other possible origins of the effect have also been
proposed [75].
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Figure 11. Ratio to pQCD calculations with CT14 PDFs [67] of the production of muons from
W~ (top) and WT (bottom) decays measured as a function of rapidity in Pb-Pb collisions at
V/Snn = 5.02 TeV by the ALICE and ATLAS [11] Collaborations. The ratio of EPPS164+CT14 [30]
calculations to that of CT14-only calculations is also shown. The grey band around the line at unity
indicates the uncertainty on the calculations with CT14 PDFs.
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4.2.3 Nuclear modification factor

In the Pb-Pb analysis, the nuclear modification factor of muons from W*-boson decays is
evaluated by dividing the (T )-scaled yield by the W*-boson production cross section in
pp collisions:
MB
1 N, W
TAA> ngi W

Raa = < (4.6)

where N;%]%—Wi is the number of muons from W+ decays per MB event, Ug; “W* is the
pt «— W+ cross section in pp collisions, and (Taa) is the average nuclear overlap function
for the considered centrality class. As in p—Pb collisions, the pp production cross section
and the associated uncertainty were obtained from POWHEG and PYTHIA 6 [53, 54]
simulations using CT10 [55] for the proton PDF. For the 0-90% centrality interval, the

Raa of muons from W~- and WT-boson decays are:

RSV =1.3240.05 (stat) £ 0.06 (syst) 4 0.14 (pp ref.),
RV = 057 £0.03 (stat) & 0.02 (syst) & 0.07 (pp ref.).

The production of W~ is enhanced, and that of W is suppressed relative to pp collisions,
as expected following the content in u and d quarks of the Pb nucleus.

The measured Raa is shown in figure 12 as a function of centrality and for the
0-90% centrality class. The centrality-dependent measurement is compared with HG-
PYTHIA [74] calculations of the Raa of hard scatterings scaled with the measured value
in 0-90% centrality. The centrality-averaged Raa is compared with pQCD calculations,
using the CT14 [67] PDFs for the proton and the nCTEQI5WZ [36] PDF set, or the
NNPDF3.14+nNNPDF2.0 combination [32, 35] for the Pb nucleus. The calculations within
the nCTEQ and NNPDF frameworks are only shown for the centrality-averaged value as
they have no centrality dependence. Both models provide a good description of the mea-
surement within uncertainties. It should be noted that this agreement is realised while the
measurement and models use different PDF sets for the pp reference, and different codes
for the pQCD calculations (POWHEG [53] for the experimental results, MCFM [64] and
FEWZ [65] for the theoretical ones).

5 Summary

The measurements of the W¥-boson production cross section, lepton charge asymmetry,
nuclear modification factor, and yield normalised to the number of nucleon—nucleon col-
lisions in p—Pb collisions at /sx\y = 8.16 TeV were reported, constituting the first
results on the production of W* bosons at large rapidity at this energy, extending the
measurement in p-Pb collisions at \/syy = 5.02 TeV with a significant improvement of
the precision. They were performed for muons with pf. > 10 GeV/c and in the rapidity
intervals —4.46 < y£ o < —2.96 and 2.03 < y£ < 3.53, where the negative rapidity in-
terval indicates the Pb-going side, and the positive one the p-going side. The results were
compared with pQCD calculations, using the CT14 PDF set [67], and the EPPS16 [30],
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Figure 12. Nuclear modification factor of muons from W~ (top) and W* (bottom) decays
in Pb-Pb collisions at \/sxy = 5.02 TeV, for muons with pf > 10 GeV/c and 2.5 <
yh o < 4.0, in different centrality intervals (left panels) and for the 0-90% range (right pan-
els). The centrality-dependent distributions are compared with the dashed curve, correspond-
ing to the HG-PYTHIA [74] model scaled with the measured Raa in the 0-90% centrality in-
terval. The centrality-averaged measurement is compared with CT14+nCTEQ15WZ [36, 67] and
NNPDF3.1+nNNPDF2.0 [32, 35] calculations. The horizontal bars indicate the width of the cen-
trality bins, the vertical bars and boxes correspond the statistical and systematic uncertainties on
the Pb—Pb measurement, respectively. The grey boxes indicate the uncertainty on the pp reference
cross section.
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nNNPDF2.0 [32] and nCTEQ15 [31, 36] nPDF models. Some tensions are observed in
the ability of the models to reproduce the data, notably in the rapidity dependence of the
observables. Significant deviations from the free-nucleon PDF predictions, up to 3.50, are
found at forward rapidity, corresponding to the shadowing region of the nuclear modifica-
tions at low Bjorken-z. The measurements in p—Pb collisions reported here can therefore
provide significant constraints to the nPDF models and help reducing their uncertainties.
They complement the measurements of the Z°-boson production performed at large rapidi-
ties by the ALICE Collaboration [22], where the statistical precision was too limited to draw
any conclusion on the nuclear modifications. The comparison with the CMS measurements
at midrapidity illustrates the complementarity of the LHC experiments in providing such
results. The binary scaling of hard processes is observed, as the production cross sections
in different centrality classes normalised to the average number of binary nucleon—nucleon
collisions were found to be constant within uncertainties.

Similar measurements performed in Pb-Pb collisions at \/syn = 5.02 TeV were also
presented, for muons from W¥-boson decays at large rapidity (2.5 < y#_, < 4.0) with P>
10 GeV/e, and for various centrality classes. The normalised yield as a function of cen-
trality follows the binary scaling expected for a hard process in the absence of significant
centrality dependence of the shadowing. Comparisons with pQCD calculations show the
ability of the EPPS16, nCTEQ15WZ and nNNPDF2.0 nPDFs to reproduce the production
cross section, lepton charge asymmetry and nuclear modification factor. The evaluation
of the (T )-normalised yield with the nuclear-suppressed inelastic nucleon—nucleon cross
section oi3¢! obtained from ref. [72], which was found to improve the agreement between the
ATLAS data and the EPPS16 model, yields a tension between the ALICE measurements
and EPPS16 calculations for peripheral events which is not seen with the standard value of
oltdl The (Taa)-scaled yield and the nuclear modification factor are found to be in good
agreement with HG-PYTHIA [74] calculations of the Raa of hard scatterings scaled with
the value measured in 0-90% centrality, but the statistical limitation of the measurement
does not allow to conclude on the decrease in peripheral events expected from this model.
The measured (Txa)-scaled yields are described by pQCD calculations with the EPPS16
nPDFs. These measurements support the conclusion derived from the measurement of the
Z%-boson production in Pb-Pb collisions at VSNN = 5.02 TeV [22], showing a suppression
of the production of electroweak bosons due to the nuclear modifications of the PDF and
the resulting deviations from calculations based on free-nucleon PDFs. Being the first mea-
surement of the W* production in Pb-Pb collisions at large rapidity, this study provides
important insights for further investigation of the centrality dependence of the nPDFs.
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