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The production of W* bosons is studied in proton-lead (pPb) collisions at a nucleon-nucleon centre-
of-mass energy of /syy = 8.16 TeV. Measurements are performed in the W+ — uivu channel using
a data sample corresponding to an integrated luminosity of 173.4 + 6.1 nb™!, collected by the CMS
Collaboration at the LHC. The number of positively and negatively charged W bosons is determined
separately in the muon pseudorapidity region in the laboratory frame |nﬁb| < 2.4 and transverse
momentum p# > 25 GeV/c. The W* boson differential cross sections, muon charge asymmetry, and
the ratios of W* boson yields for the proton-going over the Pb-going beam directions are reported as
a function of the muon pseudorapidity in the nucleon-nucleon centre-of-mass frame. The measurements
are compared to the predictions from theoretical calculations based on parton distribution functions
(PDFs) at next-to-leading-order. The results favour PDF calculations that include nuclear modifications
and provide constraints on the nuclear PDF global fits.
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1. Introduction

The production of electroweak (EW) gauge bosons is considered
to be a powerful probe of the parton distribution functions (PDFs)
of the proton [1]. Most recent proton PDF sets include W and
Z boson production data from the Tevatron and the CERN Large
Hadron Collider (LHC) in their global fit analyses [2-4]. Similarly,
the measurements of EW boson production in proton-nucleus and
nucleus-nucleus collisions, available for the first time at centre-
of-mass energies of the TeV scale, provide constraints on nuclear
modifications of the PDFs [5-8]. The presence of a nuclear envi-
ronment modifies the parton densities in the nucleus as compared
to those in a free nucleon. The nuclear PDFs (nPDFs) are expected
to be enhanced for partons carrying a momentum fraction in the
range 5 x 1072 < x < 107! in the so-called antishadowing region,
and suppressed for x < 1072 in the shadowing region [9], with the
modifications depending on the scale Q2. Because of the limited
amount and type of experimental data sets available for nuclear
collisions, the determination of the nuclear parton densities is
less precise than for the free-proton case. As a consequence, the
nPDF uncertainties are one of the main limitations of the precision
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of quantum chromodynamics (QCD) calculations describing hard-
scattering processes in nuclear collisions at high energies [7].

Since W bosons are predominantly produced via qq annihila-
tion through ud — W+ and du — W~ processes, W boson produc-
tion can be used to probe the light quark PDFs, both for the proton
and nuclei. In addition, the asymmetries of the separate yields
of W and W~ bosons are known to be sensitive probes of the
down-to-up quark PDF ratio [10-12]. Consequently, their measure-
ment may allow for the flavour decomposition of u and d quark
distributions in nuclei [13]. Among the possible decay channels of
the W boson, the leptonic decays are less affected by background
processes than hadronic decays. Another advantage of the leptonic
decays is that any possible effect due to the QCD medium pro-
duced in nuclear collisions should be negligible, since leptons are
not subject to medium-induced energy loss through the strong in-
teraction [14,15].

Studies of the W and Z boson production in PbPb collisions
at a nucleon-nucleon centre-of-mass energy of </syy = 2.76 TeV,
performed by the ATLAS [16-18] and CMS [19-21] Collaborations,
have shown that the W and Z boson cross sections are con-
sistent with no modification by the nuclear medium formed in
these collisions. In pPb collisions, measurements of W produc-
tion at /syy = 5.02 TeV have been performed by ALICE [22] and
CMS [13]. The comparison with next-to-leading-order (NLO) per-
turbative QCD predictions favours the calculations that include
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nPDF effects. A similar observation is made from the analysis of
the Z boson production in pPb collisions at the same energy [23,
24). These EW boson measurements have been used for the first
time in a global fit analysis of nPDF sets (EPPS16 [25]). Neverthe-
less, a modest enhancement of the W~ boson production cross
section in the most backward region (Pb-going direction) showed
some difference with theoretical calculations (with and without
nPDF effects), possibly pointing to different nuclear modifications
of the up and down quark PDFs [13]. More precise measurements
are thus needed in order to clarify the origin of this discrepancy.

This letter reports the results of measurements of W* boson
production in pPb collisions at /sy = 8.16 TeV. The measure-
ments are performed in the W¥ — uivu decay channel using
pPb data recorded with the CMS detector in 2016, correspond-
ing to a total integrated luminosity of 173.4 £+ 6.1 nb™'. This data
set is roughly five times larger than the one available for the pre-
vious measurement at /syy = 5.02 TeV [13,26,27]. The W* bo-
son differential cross sections are presented as functions of the
muon pseudorapidity in the nucleon-nucleon centre-of-mass (CM)
frame, ncy. In order to fully exploit the information provided by
the data, two additional sets of observables are also measured
as functions of ncy: the muon charge asymmetry and the muon
forward-backward ratios (Rgg). The measurement of asymmetries
has a couple of advantages as compared to that of the cross sec-
tions. First, asymmetries are more sensitive to modifications of the
quark PDFs [7]. Second, uncertainties in the integrated luminosity
and the theoretical scale dependence cancel in the measurement of
these asymmetries. The results of the W* boson differential cross
sections and asymmetries are compared to perturbative QCD calcu-
lations based on NLO PDFs with and without nuclear modifications.
The theoretical predictions for free protons are obtained using the
CT14 [2] proton PDF set, while those including nuclear effects are
derived using two different nPDF sets for lead ions: nCTEQ15 [28]
and EPPS16 [25].

2. Experimental methods
2.1. Data-taking conditions and the CMS detector

During the data-taking period, the directions of the proton
and lead beams were swapped after an integrated luminosity of
62.6 nb~! was collected. The beam energies were 6.5 TeV for the
protons and 2.56 TeV per nucleon for the lead nuclei. By conven-
tion, the proton-(Pb-)going side defines the positive (negative) n
region, labelled as the forward (backward) direction. Because of the
asymmetric collision system, massless particles produced in the
nucleon-nucleon centre-of-mass frame at an 7ncy are reconstructed
at Miap = nem + 0.465 in the laboratory frame. The W* boson mea-
surements presented in this letter are expressed in terms of the
muon pseudorapidity in the CM, né‘M.

The central feature of the CMS apparatus is a superconducting
solenoid of 6 m internal diameter, that provides a magnetic field
of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL),
and a brass and scintillator hadron calorimeter (HCAL), each com-
posed of a barrel and two endcap sections. Forward calorimeters
extend the n coverage provided by the barrel and endcap detec-
tors. The hadron forward (HF) calorimeter uses steel as an ab-
sorber and quartz fibres as the sensitive material. The two halves
of the HF are located 11.2 m from the interaction region, one
on each end, and together they provide coverage in the range
3.0 < |n| < 5.2. They also serve as luminosity monitors. Muons
are measured in the range |n| < 2.4, with detection planes made
using three technologies: drift tubes, cathode strip chambers, and
resistive plate chambers. A more detailed description of the CMS
detector, together with a definition of the coordinate system used
and the relevant kinematic variables, can be found in Ref. [29].

The particle-flow (PF) algorithm [30] aims to reconstruct and
identify each individual particle in an event, with an optimised
combination of information from the various elements of the CMS
detector. The energy of photons is obtained from the ECAL mea-
surement. The energy of electrons is determined from a combina-
tion of the electron momentum at the primary interaction vertex
as determined by the tracker, the energy of the corresponding
ECAL cluster, and the energy sum of all bremsstrahlung photons
spatially compatible with originating from the electron track. The
charge and momentum of muons is obtained from the curvature
of the corresponding track. The energy of charged hadrons is de-
termined from a combination of their momentum measured in
the tracker (assuming the charged-pion mass) and the matching
ECAL and HCAL energy deposits, corrected for zero-suppression ef-
fects and for the response function of the calorimeters to hadronic
showers. Finally, the energy of neutral hadrons is obtained from
the corresponding corrected ECAL and HCAL energies.

2.2. Event selection and muon reconstruction

Collision events are required to have at least one interaction
vertex reconstructed using two or more tracks within a distance
from the nominal collision point of 25 cm along the beam axis
and 2 cm along its transverse plane. The contamination from back-
ground events not originating from inelastic hadronic collisions is
further suppressed by requiring at least one tower on each side
of the HF calorimeter with a total energy larger than 3 GeV. The
loss of events with W* bosons candidates due to this pPb collision
event selection has been determined to be less than 0.2%.

The main signature of the W¥ — ,uivﬂ process is the pres-
ence of an isolated high-pt muon. Events of interest for offline
analysis are selected using a trigger algorithm [31] that requires
the presence of at least one muon candidate of pr > 12 GeV/c.
Moreover, to enhance the signal purity [11,13], the fiducial region
of the analysis has been restricted to muons of pr > 25 GeV/c
with |nl’;b| < 2.4. The muon candidates are reconstructed in CMS
with an algorithm that combines the information from the muon
detectors and the tracker [32]. Muons are selected by applying
the standard tight selection criteria described in Ref. [32]. Further,
muons are required to be isolated from nearby hadronic activity to
reduce the jet background. The muon isolation parameter (I, ) is
defined as the pt sum of all PF-reconstructed photons, charged and
neutral hadrons, in a cone of radius R = v/ (An)? + (A¢)* = 0.3
around the muon candidate, where An and A¢ are the pseudora-
pidity and azimuthal (in radians) distances to the muon. A muon
is considered isolated if I, is less than 15% of the muon pr.

Background processes yielding high-pt muons can be classi-
fied as reducible or irreducible. The reducible background includes
muon decays that can be tagged and removed from the signal.
These events are mainly composed of u™ ™ pairs from Drell-
Yan events (Z/y*), and high-pr muons from jets produced via the
strong interaction, referred to as QCD multijet events. To further
suppress the former processes, events containing at least two iso-
lated oppositely charged muons, each with p.ff > 15 GeV/c, are
removed. The irreducible background sources comprise muon de-
cays that pass the analysis selection criteria and therefore cannot
be tagged event-by-event, including Z/y* — 1~ 7, W — TV, and
tt production. All backgrounds are estimated using Monte Carlo
(MC) simulations, except QCD multijet, which is modelled with a
data-driven technique described below.

2.3. Signal yield determination

Leptonic decays of W bosons include neutrinos, which are not
detected in CMS. Their presence is inferred from the overall mo-
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mentum imbalance in the transverse plane, known as the missing
transverse momentum ﬁ‘T“iSS; its magnitude (p‘T“iSS) is defined as
the magnitude of the sum of the negative pt vectors of all recon-
structed PF objects in an event. In this analysis, the p{.“iss distribu-
tion is used to extract the signal yields in 24 muon ’7’51\/1 bins, each
0.2 units wide, except for four in the most backward (—2.86 <
ney < —2.60, —2.20 < nfy; < —1.93, —1.93 < nfy, < —1.80), and
forward (1.80 < n’CLM < 1.93) regions, because of the detector ge-
ometry and the unbalanced beam energies.

The pfr“iss distributions of the signal and EW backgrounds
are described using templates from MC simulations. The MC
samples were generated using the NLO generator POWHEG V2
[33-35]. To include EW corrections, the POWHEGBOX packages
W_ew-BMNNP [36] and Z_ew-BMNNPV [37] are used to generate
the pp — W* — ¥y and pp — Z/y* — ITI~ processes, respec-
tively. Events from the pp — tt process are generated using the
POWHEGBOX package hvq [38], which is a heavy flavour quark gen-
erator. The simulation of pPb collisions is performed using the
CT14 [2] PDF set corrected with the EPPS16 nuclear modification
factors, defined as the ratios of the bound proton PDF to that of a
free proton, derived for Pb ions [25]. The parton densities of pro-
tons and neutrons are scaled according to the mass and atomic
number of the lead isotopes.

The parton showering is performed by hadronising the events
using PYTHIA 8.212 [39] with the CUETP8M1 underlying-event (UE)
tune [40,41]. To consider a more realistic distribution of the un-
derlying environment present in pPb collisions, the POWHEG sam-
ples are embedded in simulated pPb events generated by EPOS LHC
(v3400) [42], taking into account the pPb boost. The EPOS LHC sim-
ulation is tuned to reproduce the global event properties of the
pPb data such as the 5 distributions of charged hadrons [43]. The
embedding of the signal and pPb UEs is performed by requiring
the same generated interaction point when simulating the detector
hits. The trigger decisions are emulated and the embedded events
are reconstructed with the same algorithms as used for data. The
detector response is simulated with GEANT4 [44].

The agreement between the EW simulations and the data is
improved by weighting the EW boson pr distribution using a
pr-dependent function derived from the ratio of the Z boson pr
distributions in Z— ™ events in data and simulation. Further-
more, the pPb event activity is reweighed by matching the simu-
lated total energy distribution reconstructed on both sides of the
HF calorimeters to the one observed in data in a Z/y* — utu~
sample.

The shape of the QCD multijet background is modelled with a
functional form described by a modified Rayleigh distribution [45]
defined as:

f (p_rl_niss) — pglpiss

miss 2 miss miss 2\?
exp —(PT ) 2| oo +o1pt +02(PT ) ,

where og, 01, and oy are free parameters to be determined. It is
found to reproduce well the p%’iss shape of data events containing
nonisolated muons, with x?2 values divided by the number of de-
grees of freedom (dof) close to one. The QCD shape is extracted by
fitting the data in five relative muon isolation (I,L/p’T‘) bins with
boundaries ranging from 0.4 to 0.9. The o9, 01, and o, parameters
extracted from the fits are found to linearly depend on the relative
muon isolation and are extrapolated to the isolated muon signal
region.

Because of momentum conservation, the production of Z and
W bosons is balanced by a hadronic recoil composed of jets and
particles from the pPb underlying activity. The distribution of the

hadronic recoil significantly contributes to the p’T‘rliss resolution. Be-

cause of the similarity of the production processes of the Z and W
bosons, and their similar masses, we assume that the recoil distri-
butions are the same for both species. Therefore, the correction of
the simulated recoil distribution is derived in a control region of
Z— T~ events using a hadronic recoil technique [46,47]. The
hadronic recoil of Z— u*u~ events, uir, is defined as the vector
pr sum of all PF candidates, excluding the decay products of the
Z boson. The distributions of the hadronic recoil components that
are parallel and perpendicular to the Z boson transverse momen-
tum ﬁ% are fitted in simulation and data using a weighted sum of
two Gaussian functions. The mean and resolution values extracted
from the recoil fits are used to scale the simulated hadronic recoil
distributions to match the performance measured in data. The cor-
rected p"** distribution is then derived in the EW MC samples as
the vector sum of the corrected hadronic recoil #i$"" and the pr of
the reconstructed muons from the decay of Z and W bosons.

The number of W* — ,uiuu events is extracted by perform-
ing an unbinned maximum likelihood fit of the observed piniss
distribution in each muon 7ncy bin. The total fit model includes
six contributions: the signal W* — Mivﬂ template, the EW back-
ground Z/y* — utpu~, W— tv; and Z/y* — tH1~ templates,
the tt background template, and the QCD background functional
form derived from control data samples. When fitting the data, the
QCD shape parameters (o;) are fixed to the extrapolated values,
while the ratio of the EW and tt background yields to the signal
yield is fixed to the results from simulation. Only two parameters
are left free in the fit, the W boson signal and QCD background
normalisations. The observed numbers of muons coming from W
boson decays over the entire n’éM range are: 97971 +332 u* and
81147 + 301 w~, where the uncertainty is statistical. Examples of
the resulting p"** distributions in the midrapidity (—0.2 < n’C‘M <
0.0) and forward (1.80 < nfy, < 1.93) bins, are shown in Fig. 1, af-
ter applying all analysis corrections and selection criteria. The fit
model is found to give a good description of the data, with x?2/dof
values close to one.

The simulated sample of W¥ — p*v, embedded into EPOS LHC
is used to derive the efficiency of the muon trigger, isolation, re-
construction, and selection criteria, as a function of ngM. These
single-muon efficiencies are also directly estimated from pPb data
in a Z— putu~ sample using the tag-and-probe (TnP) technique,
as described in Ref. [48]. The data and MC reconstruction efficien-
cies are observed to be consistent with each other, whereas the
trigger efficiency is lower in the Z boson simulation by 5% than in
data at |r;f;b| = 1.4. The muon isolation selection is found to re-
ject fewer muons in the simulation, because of the smaller pPb UE
activity compared to data. In order to correct for the differences
between data and simulation, the muon efficiency computed from
the W% — ,uil)u MC sample is multiplied by the TnP correction
factors event-by-event. These correction factors are computed, in
bins of muon pt and 74, from the ratio of the muon efficiencies
measured in data to those calculated from simulations. The TnP
scale factors produce changes in the muon efficiency ranging from
—3% in the mid-rapidity region (|5, | < 1.0) to +5% at |n,,| = 1.4.
The TnP-corrected efficiencies vary with ngM, from (81 &+ 1)% to
(92 £ 2)%.

2.4. Systematic uncertainties

The leading source of systematic uncertainty originates from
the TnP efficiency corrections. The uncertainties on the TnP cor-
rections are determined by propagating the uncertainties on the
muon efficiencies extracted from data and simulation, derived from
the fits to the invariant mass of Z— u™u~ candidates. These un-
certainties include a statistical component due to the finite size of
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the data sample available, as well as a systematic component es-
timated from variations in the fitting procedure (different signal
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Fig. 1. The missing transverse momentum p%‘“ss distribution for W~ — p~v,
events within the —0.2 < ngM < 0.0 (top) range and for W — p*v, events within
the 1.80 < ”gm < 1.93 (bottom) range. Unbinned fits to the data (black points)
are performed with six contributions, stacked from bottom to top: tt (orange),
Z/y* — vt~ (dark blue), W* — t*v; (red), Z/y* — u+u~ (green), QCD multi-
jet (light blue) and W* — Mivu (yellow). The n@M regions are defined such that
the proton is moving towards positive pseudorapidity. Error bars represent statis-
tical uncertainties. The lower panels display the data divided by the result of the
fit.

Table 1

and background functions, and different mass range used for fit-
ting). Additionally, uncertainties are included to account for: (1)
possible differences in the reconstruction of muon tracks (0.6%),
and (2) the impact of pileup and UE activity (0.3%). Another im-
portant source of systematic uncertainty arises from the modelling
of the QCD multijet p%“iss distribution in the signal region, which
is estimated by allowing the QCD shape parameters to vary within
the root-mean-square of the extrapolated values in bins of ’7ng
and by changing the p%’iss model to that used in Ref. [13].

The uncertainty in the normalisation of the EW background is
estimated from the nPDF uncertainty in the Z over W boson in-
clusive cross sections using the CT14 proton PDF and the EPPS16
nPDF for the lead ions, the uncertainty in the W and Z boson
branching fractions to leptons [49], and the experimental uncer-
tainty in the tt cross section in pPb events [50]. The uncertainty
in the vector boson pt reweighing is derived from the difference
of the results obtained applying and not applying the boson pt
correction. The uncertainty in the binning of the pfr“iss MC tem-
plates is estimated by using a p%“iss bin size of 1 GeV/c. The
impact of EW corrections in POWHEG is estimated from the dif-
ference in the efficiency when computed using POWHEG without
EW corrections [51]. The uncertainty in the p%‘iss recoil correction
is determined by changing the model used to fit the hadronic re-
coil distribution and the profile of the recoil mean and resolution
as a function of p%. Finally, the mismodelling of the UE activity
in the simulation is estimated by reweighing the distribution of
the track multiplicity instead of the energy deposited in the HF
calorimeters. The integrated luminosity measurement uncertainty
(3.5%) [27] only affects the W boson differential cross sections
and cancels out in the asymmetry measurements. The maximum
relative uncertainty of the differential cross sections and absolute
uncertainties on the asymmetries are presented for each source of
systematic uncertainty in Table 1.

3. Results

The W* boson differential production cross sections are com-
puted as functions of nfy,. The differential W= — p*v, cross
sections are determined from

dO.Wi—uLiUM

dngM

wy_ Nu (ngM)
(1em) 7[,An/CLM , (1)

where N, (né‘M) is the efficiency-corrected muon yield in bins of
nhy L is the recorded integrated luminosity, and Anfy, is the
width of the measured bin.

The cross sections for the W — pv, decays for Wt and
W~ bosons are compared in Fig. 2 with NLO perturbative QCD
predictions calculated with the MC program McFM v8.0 [52]

Maximum uncertainty in the measured observables among the ngM bins determined for each source. The uncertainties in the cross sections are relative, whereas those for
the asymmetries are absolute. The global integrated luminosity uncertainty of £3.5% is not included in the total systematic uncertainty in the cross sections.

N
Source W gde g W o (] W Reg W+ Reg WReg zTHZE
Boson pt reweighing 0.5 0.4 0.001 0.001 0.001 0.001
EW background 04 0.3 0.002 0.001 0.001 0.000
POWHEG EW correction 0.9 0.5 0.007 0.004 0.006 0.003
Efficiency 3.0 3.2 0.026 0.037 0.030 0.011
Event activity reweighing 0.6 0.4 0.002 0.002 0.001 0.002
p‘T11i55 template binning 0.1 0.1 0.002 0.001 0.001 0.001
QCD background 12 0.7 0.016 0.007 0.009 0.006
Hadronic recoil correction 0.2 0.3 0.002 0.004 0.002 0.002
Total systematic uncertainty 33 33 0.030 0.038 0.031 0.013
Statistical uncertainty 24 2.0 0.026 0.029 0.019 0.015
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Fig. 2. Differential production cross sections for W+ — ;ﬁvﬂ (top) and W~ —
4~V (bottom), as a function of the muon pseudorapidity in the centre-of-mass
frame. The small horizontal lines represent the statistical and systematic uncertain-
ties summed in quadrature, whereas the error bars show the statistical uncertainties
only. The global integrated luminosity uncertainty of +3.5% is not shown. The NLO
calculations with CT14 PDF, and CT14+EPPS16 and CT14+nCTEQ15 nPDFs, are also
displayed, including their 68% confidence interval PDF uncertainty bands. The bot-
tom panels show the ratio of data, CT14+EPPS16 and CT14+nCTEQ15 with respect
to CT14.

using the CT14 [2] proton PDE. Also shown are two calcu-
lations that include nuclear modifications in the PDF, based
on the nCTEQ15 [28] and EPPS16 [25] nPDF sets (labelled as
CT14+nCTEQ15 and CT14+EPPS16, respectively). Both EPPS16 and
nCTEQ15 are Hessian NLO nPDF sets, but the former includes more
measurements in the fit (containing LHC EW boson [13,23,24] and
dijet [53] data), as well as more free parameters (20 for EPPS16,
17 for nCTEQ15). In addition, nuclear modifications of valence
and sea quarks are allowed to be different in EPPS16 for up and
down quarks, while nCTEQ15 assumes flavour independence for
the sea quarks. The nPDF uncertainties are propagated using the
PDF4LHC recommendations for Hessian nPDF sets as prescribed in
Ref. [1]. As can be seen in Fig. 2, the predicted CT14+nCTEQ15
and CT14+EPPS16 cross sections are systematically below the cal-
culation using CT14 PDF at large positive muon rapidities be-
cause of the depletion of the antiquark PDF in nuclei at small
X = (Mw/+/sNN) exp(—yw) = (Mw/~/5nn) exp(—Tjg) ~ 1073, Con-
versely, the predicted cross sections from calculations including
nPDF modifications are above those using CT14 PDF in the nega-
tive rapidity region, because of the slight quark antishadowing at

large x ~ 0.1. When compared to data, all theoretical calculations
reproduce the measurement at backward rapidity within uncer-
tainties, while at forward rapidity the calculations including nPDF
effects appear to be favoured.

The muon forward-backward ratios, defined as Nﬁ(""?gm)/

Nﬁ(—ngM) for both positive and negative muons, are compared
in the upper panel of Fig. 3 to the CT14 PDF, and CT14+EPPS16
and CT14+nCTEQ15 nPDF calculations. These observables probe the
ratio of the nuclear modifications of the quark PDFs in the Pb nu-
cleus from small to large x values. The results for muons of both
charges favour the predictions including nuclear modifications over
the free-proton PDF calculations. Based on the precision of the ex-
perimental results, the measurements provide constraints on both
the CT14+EPPS16 and CT14+nCTEQ15 nPDF sets, especially in the
proton-going region (small x).

The yields of positively and negatively charged muons are fur-
ther combined to measure the forward-backward ratio for all
muons Ny, (+n5y)/Nu(—nky,)- This observable has a couple of ad-
vantages compared to Nﬁ(—m’c‘M)/N}f(—n’C‘M): it is less sensitive
to the quark content in the proton and nuclei, and it has bet-
ter statistical precision. The results for this asymmetry are pre-
sented in the right panel of Fig. 3, and they strongly deviate
from the CT14 PDF predictions, favouring the CT14+nCTEQ15 and
CT14+EPPS16 nPDF sets. Moreover, the experimental uncertainties
are significantly smaller than the theoretical nPDF uncertainties.
Consequently, these measurements could constrain the quark and
antiquark distributions in nuclei, and will be valuable inputs for
global fits to the data.

The muon charge asymmetry, defined as A= (N}, —N,)/(N}} +
N, reflects the differences in the production of W and W~
bosons. Fig. 4 shows the measurement of the muon charge asym-
metry as a function of né‘M compared to the McFm [52] predictions
calculated using CT14 PDF alone and including nuclear modifica-
tions described by the EPPS16 and nCTEQ15 nPDFs. All calculations
reproduce the present measurements within uncertainties in the
entire muon 7 range, including when the CT14 proton PDF set is
used, because nuclear modifications of the PDFs mostly cancel in
this quantity.

The tension between data and theoretical calculations reported
at negative muon 7 in pPb collisions at /syy = 5.02 TeV [13] is
not observed in the present measurements. The present use of the
CT14 proton PDF set decreases the value of the charge asymmetry
compared to the predictions based on CT10 in Ref. [13]. Moreover,
the theoretical uncertainties are also enlarged in the EPPS16 nPDF
sets and the theoretical calculations using the CT14+EPPS16 nPDF
sets agree better with the measurements at +/syy = 5.02 TeV,
as compared to the EPS09 nPDF sets used in the analysis at
J/SNN = 5.02 TeV. It has been shown in Ref. [54] that the mea-
surements of the lepton charge asymmetry at different collision
energies (+/s') are simply related by a shift in the lepton pseudo-
rapidity, A1, v/s') = A(1ref, /5), Where nrer = 11 + In(y/5/v/5') if
N >0 and Ner=1n — ln(ﬁ/\/?) if n; < 0. The result of this shift
is shown in Fig. 5, demonstrating that the present results and the
measurements performed at /syy = 5.02 TeV [13] obey this scal-
ing property.

The agreement between data and theoretical calculations is
quantified through a x?2 test performed for each observable taking
into account both experimental (including luminosity) and theo-
retical uncertainties and their bin-to-bin correlations, obtained fol-
lowing the prescription for Hessian PDF sets [55] and rescaled to
68% confidence intervals. The results of the x?2 test and the dof
of each observable are shown in Table 2. The CT14+EPPS16 and
CT14+nCTEQ15 nPDF predictions prove compatible with the data,
while the CT14 PDF calculations do not describe the measurements
well. These experimental results thus provide for the first time
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Fig. 3. Forward-backward ratios, N§(+né‘M) /Nli; (ﬂng), for the positively (left) and negatively (middle) charged muons, and the forward-backward ratio for muons of both

signs, N,L(+n‘c‘M)/N,L(7né‘M) (right), as a function of né‘M. The small horizontal lines represent the statistical and systematic uncertainties summed in quadrature, whereas
the error bars show the statistical uncertainties only. The NLO calculations with CT14 PDF, CT14+EPPS16 nPDF, and CT14+nCTEQ15 nPDF, are also displayed, including their

68% confidence interval PDF uncertainty bands.

clear evidence of the nuclear modification of quark PDFs from the
measurements of EW boson production in nuclear collisions. Bin-
to-bin correlations have been found to have a large impact on the
obtained x? values, especially from nPDF uncertainties in the NLO
calculations, which are strongly correlated inside each of the shad-
owing (positive n%,) and antishadowing (negative 1,,) regions,
and anticorrelated between these two regions.

Furthermore, the possible sources of differences between data
and the (n)PDFs are investigated. In the Hessian representation,
a central PDF is given along with error sets, each of which cor-
responds to an eigenvector of the covariance matrix in parameter
space [56]. The values of x2/dof corresponding to the compatibility
between the cross section measurements and the calculations us-
ing each of the individual sets of CT14, nCTEQ15, and EPPS16 (57,
33 and 41 error sets, respectively) have been determined. Fig. 6
shows the distribution of the x?2/dof values for the central and er-
ror sets. The x?2/dof values obtained are for individual sets, thus ig-
noring theoretical uncertainties and their correlations. While most
of the EPPS16 individual sets lead to a good agreement with data
(with y?2/dof around unity), only those nCTEQ15 sets that exhibit
the smaller quark shadowing at small x are more compatible with
the data, yet with x2/dof > 2. All CT14 PDF sets lead to a nar-
row distribution centred around x2/dof ~ 3, because of the strong
constraints imposed by the large experimental data sets used to
extract them. The current measurements of W= boson production
in pPb collisions will permit further constraints on the quark and
antiquark nPDFs and the amount of quark shadowing in the nuclei.

4. Summary

A study of W* boson production in pPb collisions at a nucleon-
nucleon centre-of-mass energy of /syy = 8.16 TeV is reported,
using the muon decay channel for muons with transverse mo-
menta greater than 25 GeV/c and for absolute values of the pseu-
dorapidity in the laboratory frame |r)l’;b| < 2.4. The differential
production cross sections for positively and negatively charged
W — v, decays, the muon charge asymmetry, and the muon
forward-backward ratios, are measured as functions of the muon
pseudorapidity in the centre-of-mass frame, in the range —2.86 <
Ney < 1.93.

The measurements are compared to theoretical predictions
from both proton parton distribution functions (PDFs) (CT14) and
nuclear PDF (CT14+EPPS16 , CT14+nCTEQ15) sets. The cross sec-
tions and the forward-backward asymmetries exhibit significant
deviations from the CT14 prediction, revealing nuclear modifica-
tions of the PDFs unambiguously for the first time in the pro-
duction of electroweak bosons in nuclear collisions. Both the
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Fig. 4. Muon charge asymmetry, (N;; - N;)/(N; +Nj;), as a function of the muon
pseudorapidity in the centre-of-mass frame. The small horizontal lines represent the
statistical and systematic uncertainties summed in quadrature, whereas the error
bars show the statistical uncertainties only. The NLO calculations with CT14 PDF,
CT14+EPPS16 nPDF, and CT14+nCTEQ15 nPDF, are also displayed, including their
68% confidence interval PDF uncertainty bands.

CT14+EPPS16, and the CT14+nCTEQ15 calculations show a good
overall agreement with the data, with the measurements favour-
ing the former nPDF set. In the latter case, only the individual sets
that exhibit the smallest nuclear PDF modifications at small val-
ues of x (in the shadowing region) turn out to be compatible with
experimental measurements. The small experimental uncertainties
allow for a significant reduction in the current uncertainties on the
quark and antiquark nuclear PDFs in the range 103 <x <1071,
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Table 2

Results of the X2 statistical test between the measurements and the nPDF calculations from the CT14 PDF, CT14+EPPS16 nPDF, and CT14+nCTEQ15 nPDF sets. The value of
the x2, the number of degrees of freedom (dof) and the x? probability (Prob.), are presented for the W* boson differential cross sections, the muon charge asymmetries,
the charged muon forward-backward ratios, and the forward-backward ratios of all muons, respectively.
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(Nf; =N )/(Nj: +N) 23 24 54 18 24 80 29 24 23
NE (i) /NE (=0 98 20 3x 10710 11 20 95 14 20 83
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