Physics Letters B 715 (2012) 66-87

Contents lists available at SciVerse ScienceDirect

PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

Study of W boson production in PbPb and pp collisions at /syy = 2.76 TeV ™

CMS Collaboration*

CERN, Switzerland

ARTICLE INFO

Article history:

Received 29 May 2012

Received in revised form 3 July 2012
Accepted 11 July 2012

Available online 17 July 2012

Editor: M. Doser

Keywords:
CMS
Physics
Heavy-ions
W bosons

ABSTRACT

A measurement is presented of W-boson production in PbPb collisions carried out at a nucleon-nucleon
(NN) centre-of-mass energy ./snn of 2.76 TeV at the LHC using the CMS detector. In data corresponding
to an integrated luminosity of 7.3 pb~!, the number of W — vy, decays is extracted in the region
of muon pseudorapidity [n#| < 2.1 and transverse momentum p‘T’“ > 25 GeV/c. Yields of muons found
per unit of pseudorapidity correspond to (159 = 10(stat.) = 12(syst.)) x 1078 W+ and (154 & 10(stat.) +
12(syst.)) x 108 W~ bosons per minimum-bias PbPb collision. The dependence of W production on
the centrality of PbPb collisions is consistent with a scaling of the yield by the number of incoherent
NN collisions. The yield of W bosons is also studied in a sample of pp interactions at /s = 2.76 TeV
corresponding to an integrated luminosity of 231 nb™!. The individual W+ and W~ yields in PbPb and
pp collisions are found to agree, once the neutron and proton content in Pb nuclei is taken into account.
Likewise, the difference observed in the dependence of the positive and negative muon production on
pseudorapidity is consistent with next-to-leading-order perturbative QCD calculations.
© 2012 CERN. Published by Elsevier B.V. Open access under CC_ BY-NC-ND license.

1. Introduction

The hot and dense matter produced in heavy-ion (AA) collisions
can be studied in a variety of ways. One approach is to compare
AA to proton-proton (pp) collisions as well as to collisions of pro-
tons or deuterons with nuclei. Another way is to compare yields of
particles whose properties are modified by the produced medium
to those of unmodified reference particles in the same AA col-
lisions. Direct photons play the reference role at the Relativistic
Heavy Ion Collider (RHIC) [1] and, more recently, also at the Large
Hadron Collider (LHC) [2,3]. However, their measurement is com-
plicated by copious background from 7% and 1 meson decays, and
by the presence of photons produced in fragmentation processes
of final-state partons that can be affected by the medium [4]. At
LHC energies, new and cleaner references such as weak bosons in
their leptonic decay modes become available [5-7]. The ATLAS and
CMS collaborations recently reported first observations of Z bosons
in heavy-ion interactions, showing that their yields per nucleon-
nucleon (NN) collision are essentially unmodified by the medium
[8,9].

Weak-boson production is recognised as an important bench-
mark process at hadron colliders. Measurements at 7 TeV centre-
of-mass (CM) energy in pp collisions at the LHC [10-17] and previ-
ously, at other hadron colliders (Tevatron [18,19], RHIC [20,21] and
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SppS [22,23]) with various collision energies, are well described by
calculations based on higher-order perturbative quantum chromo-
dynamics (QCD) using recent parton distribution functions (PDF).
In PbPb collisions, W-boson production can be affected by initial-
state conditions [5,24-26], such as the mix of protons and neu-
trons. Since the leading-order W-production processes ud — W+
and du — W~ reflect mainly interactions that take place between
valence quarks and sea antiquarks, the individual W+ and W~
rates are expected to be modified relative to pp collisions, but not
their sum. This is often referred to as the isospin effect, as it stems
from a different content of u and d quarks in the proton relative
to lead nuclei. The PDF can also be modified in nuclei, as parton
depletion (or shadowing) could change the yield of W bosons at
the LHC by as much as 15% in certain regions of kinematics [26].
Precise measurements of W production in heavy-ion collisions can
therefore constrain the nuclear PDF and, moreover, provide insight
into the PDF for neutrons.

The W — [y, decays are of particular interest, since the charged
leptons (I) lose negligible energy in the produced medium, regard-
less of its nature (partonic or hadronic) or specific properties [6,
7]. Since they are dominantly created from a left-handed valence
quark and a right-handed sea antiquark, W bosons are mostly
left-handed and emitted in the valence quark direction, thus to-
wards non-zero rapidity. The W* decays to a left-handed neutrino
and a right-handed positive lepton, which is thus boosted back
towards midrapidity, while the W~ decays to a left-handed neg-
ative lepton which is boosted towards higher rapidity. This fact
creates a difference in [T and I~ yields as a function of lepton
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pseudorapidity, 1, defined as n = —In[tan(8/2)], 6 being the po-
lar angle of a particle trajectory with respect to the direction of
the anticlockwise-circulating heavy-ion beam. This angular differ-
ence and the relative abundances of W and W~ bosons produced
in PbPb compared to pp collisions (isospin effect) manifests itself
in a lepton charge asymmetry, defined as a difference in [T and
I~ contributions divided by their sum. The measurement of this
asymmetry as a function of muon pseudorapidity is quite robust,
as it is insensitive to many systematic uncertainties. The W bosons
appear therefore to be well suited to probe the characteristics of
the initial state of PbPb collisions at LHC energies.

This Letter reports the observation of W-boson production in
a minimum bias (MB) sample of Nyg = 55.7 x 10% events from
PbPb collisions collected with the Compact Muon Solenoid (CMS)
detector at the CM energy for colliding nucleon pairs of /SNy =
2.76 TeV. This sample corresponds to an integrated luminosity of
(7.3 +£0.3) pb~'. These data were recorded during the first PbPb
LHC data taking period at the end of 2010. In addition, we present
results of a comparison analysis of W production in pp interactions
in data obtained at the same ,/syy for an integrated luminosity of
(231 14) nb™!, which is of a similar size to the nucleon-nucleon
equivalent luminosity of the PbPb data.

The Letter is organised as follows: the CMS detector is briefly
described in Section 2, followed by the description of the experi-
mental methods used for online and offline data selection in the
PbPb and pp collected samples of events. The Monte Carlo (MC)
simulations and the acceptance and efficiency correction factors
derived from them are described there as well. The results and
their discussion, together with comparison with theoretical predic-
tions, are presented in Section 3. Finally the conclusions of this
study are summarised in Section 4.

2. Experimental methods

A detailed description of the CMS detector can be found in
Ref. [27]. In brief, a silicon pixel and strip tracker is located within
a superconducting solenoid of 6 m internal diameter that provides
a magnetic field of 3.8 T. The tracker consists of 66 million pixel
and 10 million strip-detector channels, used to measure charged-
particle trajectories for || < 2.5. It provides a vertex resolution of
~15 pm in the transverse plane. Located within the solenoid, but
outside of the tracker, are a crystal electromagnetic calorimeter
and a brass/scintillator hadron calorimeter. Muons are measured
within |7] < 2.4 in gaseous detector planes embedded in the steel
return yoke of the magnet. A matching of outer muon trajectories
to the tracks measured in the silicon tracker provides a transverse
momentum (pr) resolution between 1 and 2%, for pr values up
to 100 GeV/c. In addition, CMS has extensive forward calorime-
try, in particular, two steel/quartz-fibre Cherenkov, forward hadron
calorimeters (HF), on each side of the collision point, covering
29<|n| <5.2.

The centrality of PbPb collisions reflects the geometric overlap
(impact parameter) of the incoming nuclei, and is related to the
energy released in these collisions and the effective number of NN
interactions. CMS defines the centrality of a PbPb collision through
bins that correspond to fractions of the total hadronic inelastic
cross section, as observed in the distribution of the sum of the
energy deposited in the HF [28,29]. The five bins in centrality used
in this analysis, ordered from the smallest to the largest energy
deposited in the HF, range from the most peripheral, 50-100%, 30-
50%, 20-30%, 10-20%, to the most central, 0-10%, collisions. These
bins can be related through a Glauber model [30] to the number
of nucleon-nucleon collisions per event.

In this analysis, W bosons are measured through their W —
vy decays. Muons can be cleanly identified and reconstructed,

despite the high-multiplicity environment of heavy-ion collisions,
a fact that makes this channel particularly suitable for measuring
W production. The muon charge and transverse momentum vector
are evaluated from the curvature of the track in the silicon tracker.
The neutrino is not detected, but a large imbalance in the vector
sum of the transverse momenta of all charged particles measured
in the tracker is used to signal its presence.

A sample of MB events is selected that have a reconstructed
primary vertex based on at least two tracks, and an offline-
determined coincidence of energy depositions in both HF calorime-
ters, with at least three towers, each above 3 GeV. These criteria
reduce contributions from single-beam interactions with the envi-
ronment (e.g. beam-gas and beam-halo collisions within the beam
pipe), ultra-peripheral electromagnetic collisions and cosmic-ray
muons. The acceptance of this selection corresponds to (97 & 3)%
of the hadronic PbPb inelastic cross section [28].

Events for this analysis are selected using the two-level trigger
of CMS. At the first (hardware) level, one muon candidate with a
pr of at least 3 GeV/c is required in the muon detectors. At the
software-based higher level, one reconstructed track with a more
precisely determined pt > 3 GeV/c is again required in the muon
detectors. For muons from W-boson decays, the single-muon trig-
ger efficiency is estimated as (97.0 £ 2.3)%.

Muon offline reconstruction has ~99% efficiency to find tracks
when hits in the muon detectors are taken as seeds. These tracks
(called stand-alone muons) are matched to tracks reconstructed in
the silicon tracker by means of an algorithm optimised for the
heavy-ion environment [29,31]. For a muon from W decays, the
silicon-tracking efficiency is ~85%, which is less than for pp col-
lisions, as track reconstruction in the PbPb environment requires
more pixel hits to reduce the number of possible combinations
resulting from large particle multiplicities. Combined fits of the
stand-alone muon and tracker trajectories (called global muons)
are used in extracting the results of this analysis. Muon pseudo-
rapidities are restricted to |n*| < 2.1, which provides uniform and
good resolution both at the trigger stage and in offline reconstruc-
tion.

A Z-boson veto is applied to reject events that contain a sec-
ond muon of opposite charge with pt > 10 GeV/c that forms a
dimuon invariant mass of 60 < my, < 120 GeV/c?. Background
muons from cosmic rays and heavy-quark semileptonic decays are
rejected by requiring a transverse impact parameter of less than
0.3 mm relative to the measured vertex. No muon isolation criteria
are required. The single-muon pt spectrum following this selection
is shown in Fig. 1(a) with red-filled circles. The enhancement in
the number of muons with pt > 25 GeV/c, expected from the de-
cay of W bosons (green-hatched histogram), is evident. Details on
the fit to the data are given below.

To further characterise events with muons arising from W de-
cays, the imbalance (Jt) in the sum of the charged-particle trans-
verse momenta with pr > 3 GeV/c is computed for each event.
The mean value of this transverse-momentum imbalance as a func-
tion of centrality of the PbPb collision is presented in Fig. 1(b)
for data (black-filled squares) selected with the two-level muon
trigger described above. The presence of significant pr in central
events is expected as these events contain many particles that are
not included in the sum, such as neutrals or charged particles pro-
duced at low transverse momentum or at large pseudorapidity. For
peripheral collisions, the net pr tends to be quite small. Once a
high-pt muon is required in the data (red-filled circles), the (pt)
shifts to higher values of ~40 GeV/c, and is far less dependent on
the centrality of the collision. This agrees with expectations (green
triangles) for pr values of undetected neutrinos originating from
W decay. To enhance the contribution from the W signal, events
are therefore required to have pé‘ > 25 GeV/c and pr > 20 GeV/c.
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Fig. 1. (a) Single-muon transverse-momentum spectrum for [p*| < 2.1 in PbPb data
(red-filled circles). Signal (green-hatched histogram) and background (blue-dashed
histogram) contributions are fitted (black solid line) to the data. (b) Mean value
of pr for charged tracks as a function of centrality, before any event selection
is applied on the muon-triggered data (black squares) and after it (red-filled cir-
cles), together with predictions from the PyTHIA + HYDJET samples (green triangles).
(c) Transverse mass distribution for selected events in PbPb (red-filled circles) and
pp (blue open squares) data, compared to simulation (green-hatched histogram).
The error bars represent statistical uncertainties. (See the text for more details).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this Letter.)

The distribution in transverse mass (mr) for the w and pr sys-

tem, computed as mr = ,/ZpﬁjT(] — cos¢), where ¢ is the az-

imuth between the p.’rl and the pr vectors, is presented in Fig. 1(c)
(red-filled circles), together with the expectation from a sample
of simulated W events (green-hatched histogram) generated with
PYTHIA Vv.6.4 [32] that are passed through a detailed simulation of
the CMS detector based on GEANT4 [33]. The effect of larger back-
ground from the underlying event in PbPb collisions is taken into
account by embedding detector-level signals from the simulated
W+ and W~ decays into PbPb events generated with HYDJET [34]
(referred to as PYTHIA + HYDJET samples in the rest of the Letter).
The mt spectrum of Fig. 1(c) is expected to have a sharp falling
edge at the mass of the W boson, which is smeared by experi-
mental resolution. The region of mr > 40 GeV/c? is used to define
the W signal. Following this final selection, a total of 275 ™ and
264 .~ events remain in the data sample.

Residual contributions from Z bosons with a misidentified
muon or a muon emitted in an insensitive region of the detector,
as well as contributions from W — tv; processes, where the t
decays into vy, vy, are estimated using pp events simulated with
PYTHIA at the corresponding CM energy. A total estimated back-
ground contamination of 2.1% of the selected sample, based on the
pp MC simulation, is subtracted from the data, as such electroweak
processes are expected to scale with the number of elementary
nucleon-nucleon collisions [30]. Remaining contaminations from a
variety of QCD processes (mainly from semileptonic heavy-quark
decays) in both pp and PbPb data, are estimated by extrapolating
the mr distribution for both isolated and non-isolated, muon-
enriched samples into the regions of signal. The estimate from
pp data provides an upper limit on possible contamination of
the PbPb sample, since parton energy loss (jet quenching) [28]
in heavy-ion collisions can only lower the yields relative to pp
production. As a cross-check, the same method is applied to PbPb
data. In both cases, upper limits on the contamination from QCD
processes of 1% of the total selected PbPb sample are established,
and no additional correction is applied for residual background,
but a 1% systematic uncertainty is attributed to these sources of
background.

A cross-check on the contributions from signal and background
to the selected sample is obtained by fitting the muon pr spec-
trum in Fig. 1(a) to two components: one arising from W — uv,
signal (a template is taken from PyYTHIA-simulated pp events), and
another used for the background, modelled by a modified Rayleigh
function [10] with 3 parameters. The best fit, shown in Fig. 1(a),
gives W boson yields that are in agreement to within 3% with the
number of events found in the main analysis.

Muon detector acceptance is evaluated with a sample of W
events generated with pyTHIA and CTEQ6L [35] PDF, that con-
tains a weighted mixture of proton-proton, neutron-neutron and
neutron-proton interactions, representing the nucleon content of
Pb nuclei.

Efficiencies for triggering, reconstructing, and selecting events
are estimated using the PYTHIA + HYDJET samples previously dis-
cussed. Such embedded events, after being processed through full
CMS trigger emulation and event reconstruction, reveal that track
characteristics, such as the number of hits and the 2 for the fit
of the hits to muon trajectories, have similar distributions in data
and in simulation. The efficiency is evaluated separately for events
with positive and negative muons.

The acceptance parameter « is defined as the fraction of W
bosons generated in the total phase space that decay into a muon
with |p#*| < 2.1 and pé‘ > 25 GeV/c. For W+ decays, « is esti-
mated as 63%, compared to 49% for W™~ events. The difference in
the correction factors has its origin in the different angular distri-
butions of the positive and negative muons from the W decays, as
discussed in the Introduction. Within this acceptance, the overall
trigger, reconstruction, and selection efficiency ¢, including the pr
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Table 1

Sources of systematic uncertainties in the analyses of PbPb and pp data. The last
line of the table contains the uncertainty in luminosity for pp data, and the anal-
ogous uncertainty in the value of Taa for MB events in PbPb data, as described in
Section 3.

Sources PbPb (%) pp (%)
MB trigger 3.0 -
Muon trigger 2.3 2.0
Tracking efficiency 4.9 -
p} calibration 0.2 0.2
Isolation - 1.3
pr 4.0 2.0
Background 1.0 1.0
Total experimental 7.4 3.5
Acceptance 3.5 2.8
Lumi (or equivalent) 5.7 6.0

and mr criteria, averages to (73 £ 8)%, where the variations with
the centrality of the event are considered in the uncertainty. To
account for possible detector effects, efficiency corrections are ap-
plied as a function of muon pseudorapidity, separately for events
with positive and negative muons.

The individual components of muon efficiency are also esti-
mated using data by means of a tag-and-probe method, discussed
in Refs. [9,10], which entails counting Z candidates both with
and without applying a probe requirement on one of the muons
in Z— utu~ decays, to estimate: (i) the stand-alone muon-
reconstruction efficiency, which is probed using charged tracks
from the silicon tracker, (ii) the reconstruction efficiency of the sil-
icon tracker, probed using stand-alone muons, and (iii) the trigger
efficiency, probed by measuring the trigger response to the second
muon in events triggered by a single-muon requirement. The lat-
ter is also checked with high-quality reconstructed muons found
in minimum-bias events. In all cases, these efficiencies, estimated
with data, agree within the statistical uncertainties with those ob-
tained from simulation.

The total systematic uncertainty on the yield of W bosons is es-
timated as 7.4%, and is defined by summing separate contributions
in quadrature as follows. The largest uncertainty is associated with
tracking efficiency, and corresponds to 4.9% accuracy obtained for
the tag-and-probe determination of efficiency from data. Similarly,
the uncertainty associated with the muon trigger is estimated as
2.3%. As indicated previously, the 1% maximum contribution from
unsubtracted background sources is taken as a systematic uncer-
tainty. The procedure used to estimate pr has a 4% uncertainty,
obtained by examining the impact of changing the threshold, from
1 to 10 GeV/c, on the pr of tracks used to calculate the pr im-
balance. The contribution from uncertainties on the calibration and
resolution of the pr of muons is 0.2%. The probability of misidenti-
fying muon charge is negligible (=~10~*) and is ignored. The trigger
efficiency for minimum-bias events is known to 3% accuracy. The
measurement of W production is performed in the region of phase
space defined by [n#| < 2.1 and pé‘ > 25 GeV/c, but when the
results are extrapolated to a larger region of phase space, using
the acceptance corrections detailed above, the total systematic un-
certainty rises to 8.2%. This is due to the 3.5% precision on the
correction for acceptance that arises from uncertainties on the pa-
rameters of the assumed model (pPYTHIA) and the choice of PDF
(CTEQ6L) used to create the weighted mixture of NN interactions,
as well as uncertainties from higher-order QCD effects, ignored
higher-order electroweak corrections, and the changes introduced
in the underlying kinematics (y, pr) of muons with the modifica-
tions made in the associated parameters. Table 1 presents a sum-
mary of the different sources contributing to the total systematic
uncertainty in the analysis of PbPb data.

The analysis of pp events follows a similar procedure to that
described for the PbPb data. Triggered events require the presence
of a muon with a minimal value of pr, and those containing a
muon reconstructed offline with p¥ > 25 GeV/c and |n*| < 2.1
are accepted, based on the same identification and quality crite-
ria as for PbPb data. In addition, muon isolation is implemented
by requiring the scalar sum of the transverse energies deposited
in the calorimeters and of the transverse momenta of tracks (ex-
cluding the muon candidate) around the axis of the muon, within
a cone of radius AR =/(A¢)2 + (An)2 = 0.3, to be below 0.1p%".

Unlike the transverse momentum imbalance based on charged
tracks, used in PbPb events, the pr in pp events is calculated
using a particle-flow (PF) technique [36] that combines track-
ing and calorimetric information, with the requirement on pr of
>20 GeV/c implemented for the signal region. The resulting mr
distribution for the muon and pr system is shown in Fig. 1(c)
(open blue squares), where reasonable agreement is observed with
the signal reconstructed in PbPb data. The apparently-better reso-
lution for pp relative to PbPb events can be attributed to the more
powerful PF technique for measuring the pr variable and, in gen-
eral, to fewer particles from the underlying event. After applying
the same criteria as used in the PbPb analysis, a total of 301 u*
and 165 w~ events remain in the pp data.

As in the PbPb analysis, the acceptance («) and efficiency (&)
for the inclusive pp — WX — v, X processes are evaluated us-
ing a sample of reconstructed W events in pp collisions at /s =
2.76 TeV, simulated with PYTHIA and processed through the CMS
detector simulation. The mean values for acceptance are o = 61%
for Wt and a = 54% for W~ events, and refer to W bosons
produced in the entire phase space for W — pv,, decays, with
[n*] < 2.1 and pé‘ > 25 GeV/c. The average efficiency for selection
within this acceptance is &€ = 89%.

The 3% background estimated in the selected pp sample is
based on the same methods used in the PbPb analysis, and, as in
the treatment of PbPb collisions, the contribution from electroweak
background (2.1%) is also subtracted from pp data.

The systematic uncertainty on the evaluation of the pp cross
section is estimated to be 7.0%, and, as before, obtained by sum-
ming in quadrature the uncertainty on luminosity (6%) and on the
efficiency-corrected yield (3.5%), which is affected by sources sim-
ilar to those discussed in the PbPb analysis: muon identification
and trigger efficiencies (2%), isolation efficiency (1.3%), calibration
and resolution of muon pt (0.2%), residual background (1%), and
the calculation of pr (2%). Uncertainties on « correspond to 2.8%.
Table 1 presents a summary of the different sources contributing
to the total systematic uncertainty.

3. Results

Unless stated otherwise, all results reported in this section are
evaluated in the restricted region of phase space defined by |n#| <
2.1 and py > 25 GeV/c.

The yield (Nw) of muons from W decays per MB event in
PbPb collisions, per unit of muon pseudorapidity, is defined as
Nw/An = (N5¢' — Ng,)/(eNusAn), where NS¢ is the number of
selected events, NB, is the estimated background from other elec-
troweak processes, Nyg = 55.7 x 108 is the number of MB events,
corrected for trigger efficiency, and estimated with an accuracy of
3%, ¢ is the overall efficiency for W events, and An =4.2 is the
pseudorapidity range used in the analysis. This yields Ny+/An =
(1594+10+12) x 1078 and Ny-/An = (1544+10412) x 1078, for
W™ and W~ events, respectively, where the first uncertainty is sta-
tistical and the second is systematic. Extrapolating these measure-
ments to the total W phase space using the acceptance corrections
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Table 2

The selected number of events with u* (fol) and pu~ (fol) and the normalised cross sections (1/Taa)(Nw/An) as a function of centrality in PbPb data. The last row

provides the selected number of events with u+ (foi'pp) and pu~ (N:ff'pp) in pp data, and the cross sections derived from them (see text), divided by An. All values are

reported for |n#| < 2.1 and p# > 25 GeV/c.

Centrality (%) fol Normalised cross section fo' Normalised cross section
(W*) [nbl/An (W™) [nbl/An
(50-100) 11 0.24 + 0.07 + 0.04 10 0.22 + 0.07 + 0.04
(30-50) 45 0.30 £ 0.04 + 0.04 43 0.28 + 0.04 + 0.04
(20-30) 48 0.32 £ 0.05 + 0.03 46 0.30 & 0.04 + 0.03
(10-20) 66 0.27 + 0.03 + 0.02 72 0.28 + 0.03 + 0.02
(0-10) 105 0.27 + 0.03 + 0.02 93 0.26 & 0.03 + 0.02
(0-100) 275 0.28 £ 0.02 + 0.02 264 0.27 £ 0.02 + 0.02
pp 301 0.34 + 0.02 + 0.02 165 0.18 + 0.01 + 0.01
reported above, provides the total yields per MB event of N(W) = 5 1000F p
-8 + -8 ! E CMS L (PoPb) = 7.3 ub
(1057 63 +88) x 10™° for WT, and (1317 £80 + 108) x 10 % 900
for W, '_< E \s =2.76 TeV L (pp) = 231 nb'!
The above analysis is repeated after subdividing the data into g 800" [s0-1001%  [30-501% [20-30]%  [10-20]% [0-10]%
the five bins of event centrality (defined in Section 2) and six bins & 700
in muon |7n|. The total systematic uncertainty does not depend sig- 600E"° {
nificantly on these variables, and is considered to be constant and §§ § } 1
uncorrelated between bins. 500~ [0-100[%
The yields of muons from W decays per MB event and per unit 400
of muon pseudorapidity, Nw/An, in PbPb collisions can be turned 300 EJE ﬁ
into the inclusive W cross sections per unit of muon pseudora- E i Hiﬁ ﬁ il
pidity, normalised to the number of binary collisions occurring in 200F% . MB PbPb pp
PbPb interactions, when divided by the scaling factor Taa, that is, 100E- pT>h2]f’| G;V/c o e oW
. C <cz.
(1/Tpaa)(Nw/An). This factor represents the nuclear-overlap func- & ‘ ‘ | | | i oW
tion, namely the number of elementary binary NN collisions di- 0% 50 100 150 200 250 300 _ 350

vided by the elementary NN cross section, and can be interpreted
as the NN-equivalent integrated luminosity per AA collision for
a given centrality. In units of collisions per mb, the average Taa
corresponds to 0.47 +0.07, 3.9 + 0.4, 8.8 £ 0.6, 14.5 £ 0.8, and
23.2 £ 1.0, for event centralities of 50-100%, 30-50%, 20-30%, 10-
20% and 0-10%, respectively, and to 5.66 £ 0.32 for MB events, as
computed using a Glauber model [30], with the parameters given
in Ref. [28]. The quoted uncertainties are obtained by changing the
parameters of the model and the MB trigger and selection efficien-
cies by their respective uncertainties.

Fig. 2 shows the centrality dependence of the separate W
(violet-filled squares) and W~ (green-filled stars) normalised (NN-
equivalent) cross sections and their sum (red-filled circles). The
abscissa represents the average number of participating nucleons
that undergo inelastic hadronic interactions (Npayt) for the selected
centrality intervals and computed using the same Glauber model.
The open symbols at Npat A~ 120 correspond to MB events. For
clarity, both W+ and W~ points are slightly shifted relative to
each other on the horizontal axis. Within present uncertainties, the
normalised cross sections of W bosons in terms of the number of
elementary nucleon-nucleon collisions are consistent with being
independent of centrality of the PbPb collision, as can be seen by
the results shown in Fig. 2 and Table 2.

The W-production cross sections for pp collisions at the same
/s are determined in a similar manner, according to op, =
o(pp — WX) - BW — pvy) = (N,Sfl""’ — NB,)/(eppL), where B is

the W boson leptonic decay branching fraction, fol_pp is the num-

ber of selected events from the pp data sample, &y, the overall
efficiency for W bosons, and £ the total integrated pp luminosity
of 231 nb~!. The corresponding values, divided by the muon pseu-
dorapidity interval of An =4.2, are displayed at Npax =2 in Fig. 2
as open diamonds, and with the same colour code as for the PbPb
data. The numerical values are given in Table 2. The impact of the
neutron content in Pb nuclei is observed in the enhancement of

part

Fig. 2. Centrality dependence of normalised W — v, cross sections
(1/Taa)(Nw/An) in PbPb collisions, for all W candidates (red-filled points)
and, separated by charge, W+ (violet-filled squares) and W~ (green-filled stars).
The open symbols at Npart A~ 120 represent the MB events. At Npart = 2, the cor-
responding cross sections are displayed for pp collisions divided by An, for the
same +/s. For clarity, both W+ and W~ points are slightly shifted on the horizon-
tal axis. The cross sections are given for the phase space region |p#| < 2.1 and
p# > 25 GeV/c. The error bars represent the statistical, and the horizontal lines
the systematic, uncertainties. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this Letter.)

W~ and the reduction of W+ production in PbPb relative to pp
interactions. As can be seen, the individual W and W™ cross sec-
tions differ, while their sum agrees for PbPb and pp collisions.

Theoretical predictions for W-boson production in PbPb col-
lisions are based on the next-to-leading-order (NLO) McFM [37]
calculation and MSTW2008 PDF [38] at next-to-NLO (NNLO), in-
terfaced with the EPS09 [26] nuclear PDF that account for nuclear
modifications in collisions involving heavy ions rather than a sum
over free nucleons. The effect of this nuclear PDF package is a 4%
reduction on the total W cross section with respect to the free nu-
cleon PDF. The cross sections per NN pair, obtained in the region
of phase space studied in this analysis, are (0.97 & 0.10) nb for
W+ and (0.87 & 0.09) nb for W~ production, where the quoted
uncertainties take account of the two choices of PDF [26]. Dividing
these values by An =4.2, provides predictions of (0.23 4+0.02) nb
for WF and (0.21 4 0.02) nb for W~ production per unit of muon
pseudorapidity, values that are compatible with the experimental
results given in Table 2.

The cross sections for pp — WX — v, X given above are now
presented in the region of muon acceptance, denoted by o - B,
and are as follows:

Oace(pp = W X) - B(WF — utv,) = (1.4440.08 £ 0.10) nb;
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Oace(PP = W™ X) - B(W™ — ™) = (0.77 £ 0.06 == 0.05) nb;
Oacc(Pp = WX) - BOW — pvy,) = (2.224£0.10 £ 0.16) nb.

Predictions for W-boson production in pp collisions at /s =
2.76 GeV are obtained using the NNLO program FEwz [39] and the
NNLO MSTW2008 PDF, and correspond to cross sections of (1.32 +
0.06) nb for W+ and (0.72 4+ 0.03) nb for W~ in the same region
of study. The uncertainties are from the choice of PDF.

The experimental results extrapolated to the entire phase space
of W-boson production, using the previous acceptance corrections,
and referred to as oy - B, are:

oot (PP = W X) - B(WF — ptv,) = (2.38+0.14 £ 0.18) nb;
otot(PP—~ W™ X) - B(W™ — " 1,) = (1.45+0.11+£0.11) nb;
Otot(Pp — WX) - B(W — pvy,) = (3.83 £0.18 £ 0.29) nb.

The corresponding NNLO predictions from FEwz are (2.11 &+
0.10) nb for W* and (1.29 £ 0.05) nb for W~ production. The
experimental results are compatible with the predictions, thereby
confirming the validity of the standard model for W production at
/s =2.76 TeV.

The nuclear modification factors Raa = Nw/(Taa - 0pp), relating
the W production in PbPb and in pp collisions, are computed from
the measured yields in PbPb (Nw), the pp — WX — pv, X mea-
sured cross sections, both quantities in the region of muon accep-
tance, and the nuclear-overlap function (Taa). Although the overall
W-production cross section is found to scale with the number of
elementary collisions, the individual W+ and W~ yields show a
strong modification due to the nucleon content in Pb nuclei, as in-
dicated by the extracted Raa factors for the region of phase space
studied:

Raa(W*) =0.82+0.07 +0.09;
Raa(W™) =1.46 +0.14 £ 0.16;
Raa(W) =1.04+0.07 +0.12.

No cancellation of systematic uncertainties is assumed in com-
puting these ratios.

The difference in W+ and W~ production at LHC and their sub-
sequent leptonic decays provide a different yield of Wt — puty,
and W~ — u~ v, defined as the “charge asymmetry” and given
by A = (Nw+ — Nw-)/(Nw+ + Nw-), where Nw represents the
efficiency-corrected number of selected events with a muon from
a W decay, once the background from other electroweak processes
has been subtracted. Fig. 3 shows this difference as a function of
the muon pseudorapidity for PbPb collisions at 2.76 TeV (red-filled
circles), for the experimental region studied. The dot-dashed hor-
izontal line at zero asymmetry is drawn for reference. Although
the uncertainties are quite large, the measured asymmetry changes
from positive to negative values, which indicates an excess of W~
over W production at large |n*|. The dependence of the asymme-
try on muon pseudorapidity is in agreement with the predictions
from McFm and the MSTW2008 PDF, with small additional nuclear
effects provided through the EPS09 nuclear PDF [26], and repre-
sented by the dashed curve. The uncertainty on the prediction
associated to the use of both PDF ranges from ~3% to ~8% be-
tween small and large muon pseudorapidities.

Most of the systematic uncertainties on these measurements af-
fect u™ and p~ events equally, and tend to cancel in the ratio A.
A residual effect remains from a statistics-limited difference in effi-
ciency observed for positive and negative muons in certain regions
of pseudorapidity. The maximum difference (0.5%) is assigned as
a systematic uncertainty. The effect of a possible difference in the
calibration of muon pt or in the resolution for oppositely charged

£ o08p
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S 06k B 4 p! > 25 GeV/c
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Fig. 3. Charge asymmetry (Ny+ — Nw-)/(Nw+ + Nw-) as a function of muon pseu-
dorapidity for PbPb (red-filled circles) and pp (blue open squares) collisions at
/s = 2.76 TeV. Overlaid are predictions for pp collisions from McFMm calculations
with MSTW2008 PDF (blue solid curve), as well as expectations for PbPb collisions
from mcFM with MSTW2008 and EPS09 PDF, that include isospin and nuclear effects
(red dashed curve). Each prediction has an additional uncertainty of 5%, estimated
by the uncertainty from the choice of PDF. The experimental points have an addi-
tional 1.1% systematic uncertainty that is not shown in the figure. The dot-dashed
horizontal line is drawn only for reference. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this Letter.)

leptons is evaluated to be below 0.2%, and the impact of the sub-
traction of backgrounds from QCD processes is estimated to be of
1%. These factors amount to a common systematic uncertainty of
1.1% that affects each measured point.

Results for pp collisions at 2.76 TeV are also shown in Fig. 3
(blue open squares), together with predictions from MCFM using
the MSTW2008 PDF, represented by the solid curve. The uncer-
tainty on the theoretical prediction is ~5%, which reflects the
uncertainty from the choice of PDF. Central values obtained with
MCFM, but using other PDF (CT10, CTEQ6.6M) [40], differ by ~10%
from the result shown in Fig. 3.

Effects due to the nucleon content in Pb nuclei are clearly vis-
ible in comparing results from PbPb and pp collisions. For the
latter, the yield of u* exceeds that of w~ at all pseudorapidities,
reflecting the dominance of W+ over W~ production. The inte-
grated charge asymmetry A =0.30 £ 0.04 +0.01 is in agreement
with the McFMm prediction using MSTW2008 PDF, which yields
A =0.30 £ 0.03. Recent measurements of this quantity in pp col-
lisions at /s =7 TeV [12], for the fiducial region analysed in this
Letter, yield A =0.189 £0.002 £ 0.008, indicating a dependence of
the asymmetry on the CM energy of the interaction, which is in
agreement with expectations from W kinematics and PDF evolu-
tion [38].

4. Conclusions

The inclusive production of W bosons has been measured for
W — pv, decays in PbPb and pp collisions at ./syy = 2.76 TeV.
Decays of W bosons were identified by requiring a reconstructed
muon with |p#| < 2.1 and pé‘ > 25 GeV/c and transverse mass
mr > 40 GeV/c?2. The W yields for all PbPb collision centralities
were found to be consistent with those measured in pp colli-
sions scaled by the corresponding number of incoherent nucleon-
nucleon interactions. The individual W+ and W~ boson yields are
modified in PbPb compared to pp collisions due to the different
proton and neutron content in the nuclear beams. The differences
in the u* and w~ yields from W decays (charge asymmetries)
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have been measured as a function of muon pseudorapidity both in
PbPb and pp collisions. All measurements were found to be well
reproduced by higher-order perturbative QCD predictions. The pp
results combined with those obtained at /s = 7 TeV, exhibit the
expected dependence of the charge asymmetry on the parton den-
sities as probed at different collision energies.

The results confirm the theoretical expectation that, in the
probed ranges of parton fractional momentum and energy scale,
further modifications of the nuclear parton distribution functions
in the lead nucleus compared to the proton are small relative to
the dominant isospin effect.

These studies demonstrate the promise of W-boson measure-
ments as powerful tools in the investigation of initial and final-
state effects in nuclear collisions at the LHC. The charge asymmetry
of W-boson yields in PbPb interactions provides unique sensitivity
to the parton distribution functions for neutrons. Future analy-
ses of larger data samples will yield enhanced constraints on the
parton densities in nuclei and allow studies of W production in
association with jets.
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