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Abstract A measurement of W boson production in lead-
lead collisions at

√
sNN = 2.76 TeV is presented. It is based

on the analysis of data collected with the ATLAS detector at
the LHC in 2011 corresponding to an integrated luminosity
of 0.14 nb−1 and 0.15 nb−1 in the muon and electron decay
channels, respectively. The differential production yields and
lepton charge asymmetry are each measured as a function
of the average number of participating nucleons 〈Npart〉 and
absolute pseudorapidity of the charged lepton. The results
are compared to predictions based on next-to-leading-order
QCD calculations. These measurements are, in principle,
sensitive to possible nuclear modifications to the parton dis-
tribution functions and also provide information on scaling
of W boson production in multi-nucleon systems.

1 Introduction

Studies of particle production in the high-density medium
created in ultra-relativistic heavy-ion collisions have been
previously conducted at the Relativistic Heavy Ion Collider
(RHIC) at Brookhaven National Laboratory [1–4] and have
been extended to larger centre-of-mass energies at the Large
Hadron Collider (LHC) at CERN [5,6]. These collisions pro-
vide access to a phase of nuclear matter at high temperature
and low baryon density called quark–gluon plasma (QGP),
in which the relevant degrees of freedom are quarks and glu-
ons [7–11]. In a QGP, high-energy partons transfer energy to
the medium through multiple interactions and gluon radia-
tion, resulting in a modification of the parton shower of jets
(jet-quenching). This effect is consistent with the measure-
ments of high transverse momentum (pT) charged hadron
yields [12–16], inclusive jets [17] and dijets with asymmet-
ric transverse energies (ET) [18–20].

Electroweak bosons (V = γ, W, Z ) provide additional
ways to study partonic energy loss in heavy-ion collisions.

⋆ e-mail: atlas.publications@cern.ch

They do not interact strongly with the medium, thus offer-
ing a means to calibrate the energy of jets in V -jet events.
At sub-TeV centre-of-mass energies, the only viable can-
didates for playing this role are photons [21]. However at
higher energies, heavy gauge bosons (W ± and Z ) are also
produced in relatively high abundance, introducing an addi-
tional avenue for benchmarking in-medium modifications to
coloured probes. This potential has already been realised in
lead–lead (Pb+Pb) collisions in previous ATLAS [22] and
CMS [23–25] publications, where it was observed that elec-
troweak boson production rates scale linearly with the num-
ber of binary nucleon–nucleon collisions.

Moreover, in principle, electroweak bosons are an excel-
lent tool for studying modifications to parton distribu-
tion functions (PDFs) in a multi-nucleon environment. To
leading-order, W +(W −) bosons are primarily produced by
interactions between a u(d) valence quark and a d(u) sea
quark. The rapidity of the W boson is primarily determined
by the momentum fractions, x , of the incoming partons.
Therefore, information about the PDF can be extracted by
measuring the charge asymmetry as a function of the pseu-
dorapidity1 of charged leptons produced from W decays.

The charge asymmetry is defined in terms of the dif-
ferential production yields for W → ℓνℓ (ℓ = µ, e),
dNW→ℓνℓ

/dηℓ:

Aℓ(ηℓ) =
dNW+→ℓ+νℓ

/dηℓ − dNW−→ℓ−ν̄ℓ
/dηℓ

dNW+→ℓ+νℓ
/dηℓ + dNW−→ℓ−ν̄ℓ

/dηℓ

(1)

where ηℓ is the pseudorapidity of the charged lepton and the
W boson production yields are determined in the kinematic

1 The ATLAS detector uses a right-handed coordinate system with the
nominal Pb+Pb interaction point at its centre. The z-axis is along the
beam pipe. The x-axis points from the interaction point toward the
centre of the ring and the y-axis points upward. Cylindrical coordinates
(r , φ) are used in the transverse plane with φ being the azimuthal angle
around the z-axis. The pseudorapidity is defined in terms of the polar
angle θ as η = − ln(tan θ/2).
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phase space used to select W → ℓνℓ events. This observ-
able has been used to study PDFs in binary nucleon systems
such as pp collisions at the LHC [26–28] and p p̄ collisions
at the Tevatron [29,30]. However, its utility in nuclear sys-
tems has only recently been explored with a limited set of
experimental data [25].

Although the method for measuring the charge asymmetry
in Pb+Pb is essentially identical to that in pp, the distributions
themselves are not expected to be identical. In pp collisions,
the overall production rate of W + bosons is larger than that
of W − bosons as a result of the larger fraction of u valence
quarks relative to d valence quarks in the colliding system.
On the other hand, in Pb+Pb collisions, the nuclei contain 126
neutrons and 82 protons. Thus, pp interactions make up only
≈15 % of the total number of nucleon–nucleon interactions,
whereas neutron–neutron (nn) and proton–neutron (pn) com-
binations contribute ≈37 % and ≈48 %, respectively. Conse-
quently, a marked difference is expected in the lepton charge
asymmetry between Pb+Pb and pp collisions.

Prior to this analysis, the only published charge asym-
metry measurement in heavy-ion collisions was reported by
the CMS collaboration [25] with an integrated luminosity of
7.3 µb−1 using the W → µνµ channel in Pb+Pb collisions at√

sNN = 2.76 TeV. The measurement presented here uses a
dataset from 2011, which corresponds to an integrated lumi-
nosity of 0.14 and 0.15 nb−1 for the muon and electron chan-
nels, respectively. In addition, the W → eνe decay mode is
employed for the first time in a heavy-ion environment.

The paper is organised as follows: a brief overview of the
ATLAS detector and trigger is given in Sect. 2. A description
of the simulated event samples used in the analysis is pro-
vided in Sect. 3. The criteria for selecting Pb+Pb events are
presented in Sect. 4. This is followed by a description of muon
and electron reconstruction and signal candidate selection in
Sect. 5. The background estimations are presented in Sect. 6.
A discussion of the procedure for correcting the signal yields
is presented in Sect. 7. The systematic uncertainties and the
combination of the two channels are described in Sect. 8,
and the W boson production yields, measured as a func-
tion of the mean number of inelastically interacting nucleons
〈Npart〉 and |ηℓ|, are discussed in Sect. 9. A differential mea-
surement of the lepton charge asymmetry as a function of |ηℓ|
is also presented. These results are compared to predictions
at next-to-leading order (NLO) [31–33] in QCD, both with
and without nuclear corrections. The former is represented
by the EPS09 PDF [34]. Section 10 provides a brief summary
of the results.

2 The ATLAS detector

ATLAS [35], one of four large LHC experiments, is well
equipped to carry out an extensive heavy-ion program. The

inner detector (ID) comprises a precision tracking system
that covers a pseudorapidity range |η| < 2.5. The ID con-
sists of silicon pixels, silicon microstrips, and a transition
radiation tracker (TRT)2 consisting of cylindrical drift tubes
and operates within a 2 T axial magnetic field supplied by a
superconducting solenoid.

Due to the high occupancy in heavy-ion events, tracks
of charged particles are reconstructed using only the silicon
pixels and microstrips. No information from the TRT is used
in this analysis, and henceforth ID tracks will refer to those
tracks that are reconstructed without this detector component.

Outside the solenoid, highly segmented
electromagnetic (EM) and hadronic sampling calorimeters
cover the region |η| < 4.9. The EM calorimetry is based on
liquid-argon (LAr) technology and is divided into one barrel
(|η| < 1.475, EMB) and two end-cap (1.375 < |η| < 3.2,
EMEC) components. The transition region between the bar-
rel and end-cap calorimeters is located within the pseudora-
pidity range 1.37 < |η| < 1.52. The hadronic calorime-
ter is based on two different detector technologies: steel
absorber interleaved with plastic scintillator covering the bar-
rel (|η| < 1.0) and extended barrels (0.8 < |η| < 1.7)
and LAr hadronic end-cap calorimeters (HEC) located in
the region 1.5 < |η| < 3.2. A forward calorimeter (FCal)
that uses LAr as the active material is located in the region
3.1 < |η| < 4.9. On the inner face of the end-cap calorime-
ter cryostats, a minimum-bias trigger scintillator (MBTS) is
installed on each side of the ATLAS detector, covering the
pseudorapidity region 2.1 < |η| < 3.8.

The outermost sub-system of the detector is a muon spec-
trometer (MS) that is divided into a barrel region (|η| < 1.05)
and two end-cap regions (1.05 < |η| < 2.7). Precision
measurements of the track coordinates and momenta are
provided by monitored drift tubes (MDTs), cathode strip
chambers (CSCs), and three sets of air-core superconduct-
ing toroids with coils arranged in an eight-fold symmetry
that provide on average 0.5 T in the azimuthal plane.

The zero-degree calorimeters (ZDCs) [36] are located
symmetrically at z = ±140 m and cover |η| > 8.3. In Pb+Pb
collisions the ZDCs primarily measure spectator neutrons
from the colliding nuclei.

The ATLAS detector also includes a three-level trig-
ger system [37]: level one (L1) and the software-based
High Level Trigger (HLT), which is subdivided into the
Level 2 (L2) trigger and Event Filter (EF). Muon and electron
triggers are used to acquire the data analysed in this paper.

The trigger selection for muons is performed in three
steps. Information is provided to the L1 trigger system by
the fast-response resistive plate chambers (RPCs) in the bar-
rel (|η| < 1.05) and thin gap chambers (TGCs) in the end-
caps (1.05 < |η| < 2.4). Both the RPCs and TGCs are part

2 The TRT provides tracking information up to |η| < 2.
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of the MS. Information from L1 is then passed to the HLT,
which reconstructs muon tracks in the vicinity of the detector
region reported by the L1 trigger. The L2 trigger performs a
fast reconstruction of muons using a simple algorithm, which
is then further refined at the EF by utilising the full detector
information as in the offline muon reconstruction software.

The trigger selection for electrons is performed using a
L1 decision based on electromagnetic energy depositions in
trigger towers of 	φ × 	η = 0.1 × 0.1 formed by EM
calorimeter cells within the range |η| < 2.5. The electron
trigger algorithm identifies a region of interest as a trigger
tower cluster for which the transverse energy (ET) sum from
at least one of the four possible pairs of nearest neighbour
towers exceeds a specified ET threshold.

3 Monte Carlo samples

Simulated event samples are produced using the Monte
Carlo (MC) method and are used to estimate both the signal
and background components. The response of the ATLAS
detector is simulated using Geant4 [38,39]. The samples
used throughout this paper are summarised in Table 1. Each
signal process and most of the background processes are
embedded into minimum-bias (MB) heavy-ion events from
data recorded in the same run periods as the data used to anal-
yse W boson production. Events from the Z → µ+µ− chan-
nel are embedded into Hijing [40] – a widely used heavy-ion
simulation that reproduces many features of the underlying
event [17].

The production of W bosons and its decay products are
modelled with the Powheg [41] event generator, which is
interfaced to Pythia8 [42] in order to model parton show-
ering and fragmentation processes. These samples use the
CT10 [43] PDF set and are used to estimate the signal selec-

Table 1 Signal and background simulated event samples used in this
analysis. W → ℓνℓ events include all nucleon combinations, whereas
background processes use only pp simulations. The variable p̂T is the
average pT of the two outgoing partons involved in the hard-scattering
process evaluated before modifications from initial- and final-state radi-
ation. Details for each sample are given in the text

Physics process Generator PDF set

W → µνµ Powheg+Pythia8 CT10

W → eνe Powheg+Pythia8 CT10

Dijet Pythia6 MRST LO*

(17 < p̂T < 140 GeV)

Z → µ+µ−
Pythia6 MRST LO*

Z → e+e−
Powheg+Pythia8 CT10

W → τντ → µνµντ ντ Pythia6 MRST LO*

W → τντ → eνeντ ντ Powheg+Pythia8 CT10

tion efficiency and to provide predictions from theory. In
order to account for the isospin of the nucleons, separate
samples of pp, pn, and nn events are generated and combined
in proportion to their corresponding collision frequency in
Pb+Pb collisions. Only pp simulations are used to model
background processes (discussed in detail in Sect. 6) since
these channels are not sensitive to isospin effects.

Background samples are generated for muons with
Pythia6 using the MRST LO* PDF set [44] and for elec-
trons with Powheg using the CT10 PDF set. At the level
of the precision of the background estimation, no significant
difference is expected between the Pythia6 and Powheg

generators. The background contribution to the muon chan-
nel from heavy-flavour is modelled using simulated dijet
samples with average final-state parton energies p̂T in the
range 17–140 GeV. Tau decays from W → τντ events are
treated using either Tauola [45] or Pythia8 for final states
involving muons or electrons, respectively. Final-state radi-
ation from QED processes is simulated by Photos [46].

4 Event selection

4.1 Centrality definition

Pb+Pb collision events are selected by imposing basic
requirements on the beam conditions and the performance
of each sub-detector. In order to select MB hadronic Pb+Pb
collisions, a hit on each side of the MBTS system with a
time coincidence within 3 ns is required for each collision.
In addition, each event is required to have a reconstructed
vertex with at least three associated high-quality tracks [47]
compatible with the beam-spot position. These requirements
select MB hadronic Pb+Pb collisions in the data with an effi-
ciency of (98±2) % with respect to the total non-Coulombic
inelastic cross-section [5]. After accounting for the selection
efficiency and prescale factors imposed by the trigger system
during data taking [48], approximately 1.03 × 109 Pb+Pb
events are sampled (denoted by Nevents hereafter).

Each event is categorised into a specific centrality class
defined by selections on FCal �ET, the total transverse
energy deposited in the FCal and calibrated to the EM energy
scale [47]. Centrality classes in heavy-ion events represent
the percentiles of the total inelastic non-Coulombic Pb+Pb
cross-section. This reflects the overlap volume between the
colliding nuclei and allows for selection of various collision
geometries in the initial state.

The FCal �ET is closely related to the mean num-
ber of inelastically interacting nucleons 〈Npart〉 and mean
number of binary collisions 〈Ncoll〉 through the Glauber
formalism [49]. 〈Npart〉 and 〈Ncoll〉 are monotonic functions
of the collision impact parameter and are correlated with
the FCal �ET of each Pb+Pb collision [5]. 〈Ncoll〉 can also
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Table 2 Average number of participating nucleons 〈Npart〉 and binary
collisions 〈Ncoll〉 for the centrality classes used in this analysis alongside
their relative uncertainties

Centrality [%] 〈Npart〉 δ〈Npart〉 [%] 〈Ncoll〉 δ〈Ncoll〉 [%]

0–5 382 0.5 1683 7.7

5–10 330 0.9 1318 7.5

10–20 261 1.4 923 7.4

20–40 158 2.6 441 7.3

40–80 46 6.0 78 9.4

0–80 140 4.7 452 8.5

be expressed as the product of the average nuclear thick-
ness function 〈TAA〉 and the total inelastic pp cross-section
(64 ± 5 mb at

√
s = 2.76 TeV [50]). In this paper, events

are separated into five centrality classes: 0–5 %, 5–10 %, 10–
20 %, 20–40 %, and 40–80 % with the most central interval
(0–5 %) corresponding to the 5 % of events with the largest
FCal �ET. The 〈Ncoll〉 estimation in the 80–100 % class suf-
fers from high experimental uncertainties, and therefore, this
centrality class is not considered in the analysis. Table 2
presents 〈Npart〉 and 〈Ncoll〉 for each centrality class along
with their relative systematic uncertainties (see Sect. 8).
Since a single participant can interact inelastically with sev-
eral nucleons in a collision, the uncertainty in 〈Npart〉 is less
than that of the corresponding 〈Ncoll〉 in each centrality class.

4.2 Trigger selection

W → µνµ candidates are selected using single muon triggers
with a requirement on the minimum transverse momentum
of 10 GeV in the HLT. Two types of single muon triggers are
used: one that requires a muon in coincidence with a total
event transverse energy – measured in the calorimeter at L1
– above 10 GeV and another which requires a muon in coin-
cidence with a neutral particle at |η| > 8.3 in the ZDCs. This
combination of triggers maximises the efficiency for events
across all centrality classes. The muon trigger efficiencies
are evaluated using high-quality single muons reconstructed
from MB events and range from 89.3 % to 99.6 %, depending
on |ηµ| and the centrality of the event from which the muon
originated.

Candidate events for W → eνe are selected using only
the hardware-based L1 trigger, i.e. without use of the HLT.
The L1 calorimeter trigger selects photon and electron candi-
dates in events where the transverse energy in an EM cluster
of trigger towers exceeds 14 GeV. The efficiency is evalu-
ated using a tag-and-probe method that utilises Z → e+e−

events selected using the criteria from Ref. [22]. This gives
an efficiency of 99.6 % for electrons with ET > 25 GeV and
|η| < 2.47 – excluding the transition region – with a negli-
gible centrality dependence.

4.3 Transverse momentum imbalance, pmiss
T

Previous W boson analyses in ATLAS [26] have used the
event momentum imbalance in the plane transverse to the
beam axis (Emiss

T ) as a proxy for the true neutrino pT. Tra-
ditionally, these analyses reconstruct the Emiss

T using contri-
butions from energy deposits in the calorimeters and muons
reconstructed in the MS [51]. In minimum bias events, no
genuine missing energy is expected, and the resolution of
the two Emiss

T components (σmiss
x , σmiss

y ) is measured directly
from reconstructed quantities in the data by assuming the true
Emiss

x and Emiss
y are zero. The resolution is estimated from

the width of the Emiss
x and Emiss

y distributions. In heavy-ion
collisions, soft particle production is much higher than in
pp collisions, thereby resulting in an increased number of
particles that do not reach the calorimeter or seed a topoclus-
ter. Consequently, the resolution in the Emiss

T observed in
the data using calorimeter cells is at the level of 45 GeV in
the most central heavy-ion events. Therefore, this analysis
employs a track-based calculation proposed in Ref. [25] that
provides a four-fold improvement in resolution relative to the
calorimeter-based method. The event momentum imbalance
using this approach is defined as the negative vector sum of
all high-quality ID tracks [47] with pT > 3 GeV:

pmiss = −
Ntracks
∑

i=1

ptrack
i , (2)

where ptrack
i is the momentum vector of the i th ID track,

and Ntracks represents the total number of ID tracks in the
event. The magnitude of the transverse component pmiss

T and
azimuthal angle φmiss are calculated from the transverse com-
ponents (pmiss

x and pmiss
y ) of the resultant vector. The lower

track pT threshold is chosen based on that which gives the
best resolution in the pmiss

T while still including a sufficient
number of tracks in the vector summation.

The transverse mass of the charged lepton and neutrino
system is defined as

mT =
√

2pℓ
T pmiss

T (1 − cos 	φℓ,pmiss
T

), (3)

where 	φℓ,pmiss
T

is the difference between the direction of the

charged lepton and pmiss
T vector in the azimuthal plane.

5 Signal candidate reconstruction and selection

5.1 Muon reconstruction

Muon reconstruction in ATLAS consists of separate track-
ing in the ID and MS. In this analysis, tracks reconstructed
in each sub-system are combined using the χ2-minimisation
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procedure described in Ref. [52]. These combined muons are
required to satisfy selection criteria that closely follow those
used in the Z boson analysis in Pb+Pb data [22]. To sum-
marise, these criteria include a set of ID hit requirements in
the pixel and SCT layers of the ID, a selection on the trans-
verse and longitudinal impact parameters (|d0| and |z0|), and
a minimum requirement on the quality of the muon track fit.
Additional selection criteria specific to W bosons are dis-
cussed below.

Decays-in-flight from pions and kaons contribute a small
background fraction in this analysis. They are reduced by
requiring the difference between the ID and MS muon pT

measurements (corrected for the mean energy loss due to
interactions with the material between the ID and MS) to be
less than 50 % of the pT measured in the ID. Decays-in-flight
are further reduced by locating changes in the direction of
the muon track trajectory. This is performed using a least-
squares track fit that includes scattering angle parameters
accounting for multiple scattering between the muon and
detector material. Scattering centers are allocated along the
muon track trajectory from the ID to MS, and decays are
identified by scattering angle measurements much greater
than the expectation value due to multiple scattering [53].

In order to reduce the multi-jet contribution, a track-based
isolation of the muon is imposed. The tracks are taken from
a cone radius 	R =

√

(	η)2 + (	φ)2 = 0.2 around the
direction of the muon. The muon is considered isolated if the
sum of the transverse momenta of ID tracks (

∑

pID
T ) with

pT > 3 GeV – excluding the muon pT itself – is less than
10 % of the muon pT. In this paper, the quantity

∑

pID
T /pT is

referred to as the muon isolation ratio. Based on MC studies,
the isolation requirement is estimated to reject 50–70 % of
muons in QCD multi-jet events, depending on the centrality
class, while retaining at least 95 % of signal candidates.

5.2 Electron reconstruction

In order to reconstruct electrons in the environment of heavy-
ion collisions, the energy deposits from soft particle produc-
tion due to the underlying event (UE) must be subtracted,
as they distort calorimeter-based observables. The two-step
subtraction procedure, described in detail in Ref. [17], is
applied. It involves calculating a per-event average UE energy
density that excludes contributions from jets and EM clus-
ters and accounts for effects from elliptic flow modulation
on the UE. The residual deposited energies stem primarily
from three sources: photons/electrons, jets and UE fluctua-
tions (including higher-order flow harmonics). After the UE
background subtraction, a standard ATLAS electron recon-
struction and identification algorithm [54,55] for heavy-ions
is used – the only difference between this algorithm and
the one used in pp collisions is that the TRT is not used.
The algorithm is designed to provide various levels of back-

ground rejection and high identification efficiencies over the
full acceptance of the ID system.

The electron identification selections are based on criteria
that use calorimeter and tracking information and are opti-
mised in bins of η and ET. Patterns of energy deposits in the
first layer of the EM calorimeter, track quality variables, and
a cluster-track matching criterion are used to select electrons.
Selection criteria based on shower shape information from
the second layer of the EM calorimeter and energy leakage
into the hadronic calorimeters are used as well. Background
from charged hadrons and secondary electrons from conver-
sions are reduced by imposing a requirement on the ratio of
cluster energy to track momentum. Electrons from conver-
sions are further reduced by requiring at least one hit in the
first layer of the pixel detector.

A calorimeter-based isolation variable is also imposed.
Calorimeter clusters are taken within 	R = 0.25 around
the candidate electron cluster. An electron is considered iso-
lated if the total transverse energy of calorimeter clusters –
excluding the candidate electron cluster – is less than 20 %
of the electron ET. In this paper, the quantity

∑

Ecalo
T /ET

is referred to as the electron isolation ratio. The isolation
requirement was studied in each centrality class and retains,
on average, 92 % of signal candidates while rejecting 42 %
of electrons from QCD multi-jet events.

5.3 W boson candidate selection

W boson production yields are measured in a fiducial region
defined by:

W → µνµ: p
µ
T > 25 GeV, 0.1 < |ηµ| < 2.4,

pν
T > 25 GeV, mT > 40 GeV;

W → eνe: pe
T > 25 GeV, |ηe| < 2.47,

excluding 1.37 < |ηe| < 1.52,
pν

T > 25 GeV, mT > 40 GeV.

In the MS, a gap in chamber coverage is located at
|ηµ| < 0.1 that allows for services to the solenoid magnet,
calorimeters, and ID, and therefore, this region is excluded.
The most forward bin boundary is determined by the accep-
tance of the muon trigger chambers. In the electron analysis,
the calorimeter transition region at 1.37 < |ηe| < 1.52 is
excluded. The lower limit on the mT is imposed to further
suppress background events that satisfy the lepton pT and
pmiss

T requirements.
In the muon channel, the background contribution from

Z → µ+µ− decays is suppressed by rejecting muons from
opposite-charge pairs that have an invariant mass greater than
66 GeV. These events are selected by requiring that one muon
in the pair has pT > 25 GeV and passes the quality require-
ments in Sect. 5.1 and the other muon in the pair satisfies
a lower pT threshold of 20 GeV. In principle, this method
allows for the possibility of accepting events with more than
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one W boson. However, only one event in the data was found
where two muons satisfy all signal selection requirements.
This selection vetoes 86 % of muons produced from Z bosons
while retaining over 99 % of W boson candidates. The 14 %
of background muons that satisfy the selection criteria is
attributable to instances where the second muon from the
Z boson decay is produced outside the ID acceptance or has
pT < 20 GeV.

In the electron channel, the Z → e+e− background con-
tribution is suppressed by rejecting events with more than
one electron satisfying the identification requirements from
Sect. 5.2. This selection retains over 99 % of signal events
while rejecting 23 % of Z boson candidates. Events surviving
the selection are attributable to instances where the second
electron from the Z boson decay is either produced outside
the ID acceptance (26 %) or does not pass the relatively tight
electron identification requirements (74 %).

After applying all selection criteria, 3348 W + and 3185
W − candidates are detected in the muon channel. In the
electron channel, 2893 W + and 2791 W − candidates are
observed.

6 Background estimation

The main backgrounds to the W → ℓνℓ channel arise from
lepton production in electroweak processes and semileptonic
heavy-flavour decays in multi-jet events. The former include
W → τντ → ℓνℓντντ events and Z → ℓ+ℓ− events, where
one lepton from the Z boson is emitted outside the ID accep-
tance and produces spurious pmiss

T . Other sources of back-
ground that are considered include Z → ττ events, in which
at least one tau decays into a muon or electron, and t t̄ events,
in which at least one top quark decays semileptonically into
a muon or electron. These two background sources are negli-
gible (<0.5 %) and are not taken into account in this analysis.

6.1 W → µνµ channel

In the muon channel, the total number of background events
from QCD multi-jet processes is estimated using a partially
data-driven method. The dijet muon yields per Pb+Pb event
in the MC simulation are normalised to the pp cross-section
and scaled by the number of binary collisions and Pb+Pb
events in the data. The resulting distribution is represented
by the shaded histogram in Fig. 1. To take into account jet
energy-loss in the medium, the MC distribution is rescaled
to the data in a control region dominated by QCD multi-jet
events in the range 10 < p

µ
T < 20 GeV (solid histogram).

This scale factor is on average 0.4 over all |ηµ| intervals and
centrality classes. As a cross-check, the shape of the rescaled
QCD multi-jet background distribution was compared to that
of a control sample consisting of anti-isolated muons from the
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Fig. 1 Muon transverse momentum distribution in the data (points)
before applying the signal selection requirements. The pT distribution
of QCD multi-jet processes from the MC simulation is also shown
in the same figure. The shaded histogram is scaled to 〈Ncoll〉 and the
solid histogram is rescaled to match the data in a control region 10 <

p
µ
T < 20 GeV. The background fraction from QCD multi-jet processes

is determined from the number of muons in the MC surviving the final
selection criteria

data. They are found to agree well, confirming that the distri-
butions in Fig. 1 are an accurate representation of the multi-
jet background in the data. The number of expected QCD
multi-jet events is determined by extrapolating the rescaled
MC distribution from the control region to the signal p

µ
T

region above 25 GeV. The fraction of background events in
the data is then calculated from the ratio of the number of
QCD multi-jet events surviving final selection in the MC and
the number of W candidates in the data. This is performed
as function of ηµ and centrality. The background fraction is
also determined separately for µ+ and µ−, and no charge
dependence is observed. The multi-jet background fraction
is estimated to be on average 3.7 % of the total number of W ±

boson candidates, varying from 2.0 % to 5.4 % as a function
of ηµ and centrality.

The estimated number of background events from
electroweak processes is determined separately for the
Z → µ+µ− and W → τντ channels. The background from
Z → µ+µ− events is determined in each ηµ interval from
MC simulation and scaled to reproduce the actual number of
Z → µ+µ− events observed in the data [22] in each central-
ity class. This contribution is on average 2.4 % relative to the
total number of W boson candidates and ranges from 1.0 %
at central |ηµ| to 3.2 % in the forward region. Background
events originating from W → τντ → µνµντντ decays are
estimated by calculating the ratio of the number of W →
τντ → µνµντντ and W → µνµ events that satisfy the anal-
ysis selection in the simulation. This fraction is on average
1.5 % in each |ηµ| interval and centrality class and is applied
to the number of observed signal candidates. Variations
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Fig. 2 Measured muon absolute pseudorapidity (top) and transverse
momentum (bottom) distributions for W + → µ+νµ (left) and W − →
µ−ν̄µ (right) candidates after applying the complete set of selec-
tion requirements in the fiducial region, p

µ
T > 25 GeV, pmiss

T >

25 GeV, mT > 40 GeV and 0.1 < |ηµ| < 2.4. The contributions from

electroweak and QCD multi-jet processes are normalised according to
their expected number of events. The W → µνµ MC events are nor-
malised to the number of background-subtracted events in the data. The
background and signal predictions are added sequentially

between bins are at the level of 1.3–1.8 %. The expected back-
ground from all sources in the W → µνµ channel amounts
to 7.6 % of the total number of W boson candidates.

Figure 2 shows the |ηµ| and p
µ
T distributions for posi-

tively and negatively charged muons after final event selec-
tion. Figure 3 presents the event pmiss

T and mT distributions.
In each figure, the data are compared to signal and back-
ground distributions from MC simulation in the same phase
space. The background distributions are normalised to the
expected number of events, whereas the signal MC distribu-
tion is normalised to the number of background-subtracted
events in the data. The background and signal predictions
in Figs. 2 and 3 are added sequentially, beginning with the
contribution from W → τντ .

6.2 W → eνe channel

A partially data-driven method is used to estimate the
QCD multi-jet background observed in W → eνe candidate

events. This method involves using a control sample from the
data to construct a QCD background template and simulated
W → eνe events to construct a signal template. The control
sample is selected by employing looser electron identifica-
tion criteria based solely on shower shape information and
inverting the isolation requirement. In addition, if the event
contains a jet reconstructed at EM scale with ET > 25 GeV,
the difference between the azimuthal angle of the jet and
pmiss

T is required to be greater than π/2. This condition sup-
presses events with spurious pmiss

T originating from miscal-
ibration of a jet [54]. The nominal pmiss

T and mT criteria are
also applied to the control sample. The background and sig-
nal templates are fit to the data as a function of pe

T in the signal
region after electroweak background subtraction. A result of
the fit is shown in Fig. 4. The fit result slightly underestimates
the data at pe

T ≃ 60 GeV, but this difference is within the total
uncertainty of the fit. A significant contribution to this uncer-
tainty comes from the limited number of events available for
determining the QCD multi-jet background. The fitting is
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Fig. 3 Measured missing transverse momentum (top) and transverse
mass (bottom) distributions for W + → µ+νµ (left) and W − → µ−ν̄µ

(right) candidates after applying the complete set of selection require-
ments in the fiducial region, p

µ
T > 25 GeV, pmiss

T > 25 GeV, mT >

40 GeV and 0.1 < |ηµ| < 2.4. The contributions from electroweak and

QCD multi-jet processes are normalised according to their expected
number of events and added sequentially. The W → µνµ MC events
are normalised to the number of background-subtracted events in the
data. The background and signal predictions are added sequentially

performed in all centrality bins and results in a total back-
ground estimation of 16.7 % of W → eνe candidate events
in the 0–80 % centrality class. As in the muon channel, this
background fraction is charge-independent.

The background from electroweak processes with elec-
trons in the final state is estimated from the MC samples
listed in Table 1. The nominal selection criteria of this anal-
ysis are imposed on each MC sample. The absolute normal-
isation is derived from the W and Z Powheg cross-sections
in pp collisions. These cross-sections are scaled by 〈Ncoll〉
in each centrality bin and normalised to the integrated lumi-
nosity of the Pb+Pb data sample. This method gives a valid
estimate of the electroweak background in this analysis since
ATLAS has recently demonstrated that the Z → e+e− yields
in Pb+Pb collisions at

√
sNN = 2.76 TeV are consistent with

the pp expectation scaled by 〈TAA〉 to within 3 % [22]. The
Z → e+e− background is the dominant electroweak back-

ground in this analysis and amounts to 6.5 % of the total
W → eνe candidate events. The background from W → τντ

contributes an additional 2.5 %. Electrons from Z → ττ

and t t̄ are found to be <0.3 % and <0.1 %, respectively. As
with the muon channel, the latter two background sources
are considered negligible.

Figure 5 shows the |ηe| and pe
T distributions for positively

and negatively charged electrons after final event selection.
Figure 6 presents the event pmiss

T and mT distributions. In
each figure, the data are compared to signal and background
distributions from MC simulation in the same phase space.
The background distributions are normalised to the expected
number of events, whereas the signal MC distribution is nor-
malised to the number of background-subtracted events in
the data. The background and signal predictions in Figs. 5
and 6 are added sequentially, beginning with the contribution
from W → τντ .
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Fig. 4 Electron transverse momentum distribution in the data (points).
The pT distribution of multi-jet events from a data control sam-
ple (see text) and of simulated electroweak processes (W → τντ and
Z → e+e−) are also shown. The total uncertainties from the fit are
shown as solid grey bands

7 Yield correction procedure

In order to correct the data for losses attributable to the trigger,
reconstruction, and selection efficiencies, a correction factor
is applied to the measured yields after background subtrac-
tion. This correction factor CW± is defined by the following
ratio:

CW± =
N rec

W

N
gen,fid
W

, (4)

where N rec
W represents the number of W → ℓνℓ events recon-

structed in the fiducial region and satisfying final selection
criteria, and N

gen,fid
W signifies the number of W → ℓνℓ events

in the same phase space at the generator-level. This is calcu-
lated separately for each charge, |ηℓ| interval, and centrality
class. The denominator in Eq. (4) is evaluated directly from
the boson decay i.e. Born level; this way of constructing the
correction factor accounts for effects due to migration and
QED radiation in the final state. Corrections for reconstruc-
tion and selection are derived solely from the signal MC sim-
ulation, whereas the trigger efficiencies are obtained from the
data in each |ηℓ| interval and centrality class.

In both the muon and electron channels, the CW± signifi-
cantly depends on the event centrality and |ηℓ|. In the muon
channel, the integrated CW± is (67.4 ± 0.2) %, ranging from
32 % in the most central events in the highest |ηµ| region to
85 % in the most peripheral events at mid-pseudorapidity. In
the electron channel, the integrated CW± is (39.2 ± 0.3) %,
ranging from 34 % in the most central events to 51 % in the
most peripheral centrality class. The large variations in the

CW± are attributable to two main factors: areas of the detec-
tor with limited coverage and the centrality dependence of
the isolation efficiency and pmiss

T resolution.
The differential W boson production yields in the fiducial

region are computed as:

NW±(|ηℓ|, centrality) =
N obs

W± − N bkg

CW±
, (5)

where N obs
W± signifies the number of candidate events observed

in the data and N bkg the number of background events in a
given |ηℓ| and centrality class.

The combination of the results from each channel are
reported both as an integrated result in each centrality class
and as a differential measurement as a function of |ηℓ|. The
integrated result requires the extrapolation of each measure-
ment to the full pseudorapidity region, |ηℓ| < 2.5 – this
includes the excluded regions discussed above. Correction
factors for this extrapolation are derived from the signal MC
simulation and increase the integrated yield for muons by
7.5 % and electrons by 6.6 %. In the differential measure-
ment as a function of |ηℓ|, the extrapolation is performed
only in the most forward bin up to |ηℓ| = 2.5. The correction
increases the number of signal candidates in this bin by 28 %
in the muon channel and 7 % in the electron channel.

8 Systematic uncertainties

The systematic uncertainties are studied separately for each
charge, |ηℓ|, and centrality class. The magnitude by which
each uncertainty is correlated from bin-to-bin is determined
from the change in the corrected yields as a function of
|ηℓ| and centrality after applying a systematic variation. The
sources of uncertainty considered fully correlated between
bins are as follows: the pmiss

T resolution, electroweak and
QCD multi-jet background estimations, lepton isolation effi-
ciencies, lepton and track reconstruction efficiencies, lepton
energy/momentum scales and resolutions, extrapolation cor-
rections and 〈Ncoll〉. The dominant systematic uncertainty in
both channels originates from the missing transverse momen-
tum resolution. In the asymmetry and charge ratio measure-
ments, uncertainties correlated between charges largely can-
cel. This correlation is determined for each source of system-
atic uncertainty from the variation in the charge ratio mea-
surements with respect to the nominal values.

8.1 Muon channel

The resolution on the pmiss
T (described in Sect. 4) worsens

with an increasing soft particle contribution to the vector
sum of Eq. (2). This in turn depends on the lower track pT

threshold. The variation in the resolution with lower track pT
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Fig. 5 Measured electron absolute pseudorapidity (top) and trans-
verse momentum (bottom) distributions for W + → e+νe (left) and
W − → e−ν̄e (right) candidates after applying the complete set of
selection requirements in the fiducial region, pe

T > 25 GeV, pmiss
T >

25 GeV, mT > 40 GeV and |ηe| < 2.47 excluding the transition region

(1.37 < |ηe| < 1.52). The contributions from electroweak and QCD
multi-jet processes are normalised according to their expected number
of events. The W → eνe MC events are normalised to the number of
background-subtracted events in the data. The background and signal
predictions are added sequentially

threshold is attributable to sources of spurious pmiss
T – e.g.

undetected tracks, limited detector coverage, inactive mate-
rial, finite detector resolution. These sources become ampli-
fied when a larger number of tracks are considered in the
vector sum. A larger σmiss in the pmiss

T distribution implies
a larger uncertainty of the true neutrino pT. However, set-
ting a lower track pT threshold too high can also introduce
sources of fake pmiss

T by vetoing tracks required to balance
the transverse energy of the event. Therefore, to optimise
the pmiss

T calculation, several lower track pT thresholds were
studied in MB events and 3 GeV is considered optimal. To
quantify the uncertainty on the optimisation, the pT thresh-
old of the tracks used in Eq. (2) is varied in both data and
MC simulation by ±1 GeV relative to the nominal track pT

threshold. All background sources, correction factors, and
signal yields are recalculated during this procedure, result-
ing in an estimated uncertainty in the signal yield of 2.0–
4.0 %.

The uncertainty in the QCD multi-jet background estima-
tion arises primarily from the extrapolation procedure. There
are two contributing factors: how well the MC simulation
represents the shape of the QCD multi-jet muon pT distri-
bution – particularly in the high-pT region – and to what
degree this distribution is altered by jet energy-loss in the
medium. Both contributions may be accounted for by scal-
ing the muon pT distribution from simulated QCD multi-jet
events by a pT-dependent nuclear modification factor. The
scale factors are calculated according to the procedure from
Ref. [15] and are defined as the ratio of the inclusive charged
hadron yield per binary collision in a heavy-ion event and the
charged hadron yield in a pp collision. This is performed for
each centrality class. Since there is little difference between
the nuclear modification factor between heavy-flavour muons
and inclusive charged hadrons [15,56], this scaling procedure
is a valid estimation of the extrapolation uncertainty. Apply-
ing this factor to each muon pT bin results in a maximum
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Fig. 6 Measured missing transverse momentum (top) and transverse
mass (bottom) distributions for W + → e+νe (left) and W − → e−ν̄e

(right) candidates after applying the complete set of selection require-
ments in the fiducial region, pe

T > 25 GeV, pmiss
T > 25 GeV, mT >

40 GeV and |ηe| < 2.47 excluding the transition region (1.37 <

|ηe| < 1.52). The contributions from electroweak and QCD multi-jet
processes are normalised according to their expected number of events.
The W → eνe MC events are normalised to the number of background-
subtracted events in the data. The background and signal predictions are
added sequentially

uncertainty in the QCD multi-jet background of 50 % and
variations in the final signal yields from 0.4 % to 2.0 %.

The electroweak background uncertainty is estimated sep-
arately for Z → µ+µ− and W → τντ . The uncertainty in
the Z boson background estimation is determined by scal-
ing the number of Z events in each ηµ interval to the
number of events estimated from the MC simulation rather
than those observed in the data in each centrality class.
The variation in the number of W → µνµ events in each
|ηµ| or centrality class with respect to the nominal yields
is < 0.1 %. The systematic error in the τ background
estimation is evaluated by assuming that the muon selec-
tion efficiencies for the pmiss

T and mT requirements in the
W → τντ → µνµντντ sample are identical to those
in the W → µνµ sample for muons with p

µ
T > 25 GeV.

Estimating the τ background with these efficiencies from
the W → µνµ sample results in a variation in the signal
yields no larger than 0.1 % of the nominal number of sig-

nal events in the data. Other sources of background from
Z → ττ and t t̄ events are also included as a system-
atic uncertainty and result in a signal variation of less
than 0.2 %.

A systematic uncertainty attributable to the modelling
accuracy of the isolation in the MC simulation is assessed
by varying the 	R and

∑

pID
T requirements in both data and

simulation. This uncertainty is estimated by re-evaluating the
yields either with a larger 	R or a larger

∑

pID
T . The 	R

around the muon momentum direction is increased from 0.2
to 0.3, and the requirement on the

∑

pID
T is increased from

10 % to 20 % of the muon pT. This results in a yield variation
of 1–2 % in each centrality, |ηµ|, or charge class.

Systematic uncertainties related to the CW± correction
originate from uncertainties in the muon pT resolution,
reconstruction efficiency, and trigger efficiency. These uncer-
tainties were previously evaluated for the 2011 heavy-ion
data-taking period in Ref. [22]. A short summary of the
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methodology used in estimating these uncertainties and their
respective contributions to the W analysis is provided below.
An uncertainty in the muon pT resolution due to differences
in the detector performance in simulation relative to actual
data-taking conditions is estimated by additionally smearing
the pT of muons in the MC simulation in the range allowed
by the systematic uncertainties in Ref. [57]. The correction
factors are then re-evaluated, and the yield variation is used as
the systematic uncertainty. The relative uncertainty from this
procedure results in a variation of less than 1.0 % in the num-
ber of signal events in each ηµ, centrality, and charge class.
Uncertainties in the muon reconstruction efficiency are also
estimated from Z → µ+µ− events. To estimate this uncer-
tainty, Z → µ+µ− MC events are re-weighted such that the
ratio of the number of muon pairs reconstructed using both
the ID and MS components and muon pairs reconstructed
using only the MS component – with no restriction on the
ID component – agree in data and the MC simulation. The
reconstruction efficiencies in the MC simulation are then
recalculated and result in an additional 1.0 % uncertainty in
the number of W → µνµ events. Uncertainties in the muon
trigger efficiency are determined from differences in the effi-
ciencies calculated using single muons from MB events and a
tag-and-probe method applied to a Z → µ+µ− sample. This
results in yield variations of 0.4 %.

Scaling uncertainties in 〈Ncoll〉 are also applied when
reporting the yields per binary collision. These were shown
in Table 2 and arise from possible contamination due to pho-
tonuclear events and diffractive processes. The procedure
for calculating these uncertainties is described in detail in
Ref. [49]. This uncertainty is largest in the most peripheral
events and amounts to 9.4 %. Integrated over all events the
〈Ncoll〉 uncertainty is around 8.5 %.

The extrapolation of the yields over |ηµ| < 2.5 also
introduces a source of systematic uncertainty. This uncer-
tainty is mainly attributable to the PDF uncertainty, which
has been studied extensively in pp collisions at the LHC by
ATLAS [26] using the same PDF set that this analysis uses
to correct the data. The uncertainties are derived from dif-
ferences in the correction factor using various PDF sets, dif-
ferences due to the parton-shower modelling, and the PDF
error eigenvectors. These individual contributions are added
in quadrature and result in uncertainties at the 0.2 % level.
An uncertainty of 0.3 % is associated with the differential
production measurement in the highest |ηµ| bin.

Table 3 presents a summary of the maximum values for all
systematic uncertainties included in the muon channel. Sys-
tematic uncertainties correlated between different centrality
or |ηµ| intervals are 3–5 %. The bin-uncorrelated systematic
uncertainties, which are comprised of statistical uncertain-
ties from the background estimation, trigger efficiency, and
correction factors, are 1–3 %. These are also included at the
bottom of Table 3.

Table 3 Maximum values of the relative systematic uncertainties in the
W → µνµ channel on the measured event yield in each |ηµ| interval and
centrality class. Correlated uncertainties represent those that are corre-
lated as a function of centrality or |ηµ|. Bin-uncorrelated uncertainties
represent statistical uncertainties in the background estimation, trigger
efficiencies, and yield correction factors

Source Uncertainty [%]

pmiss
T resolution 4.0

QCD multi-jet background 2.0

Electroweak + t t̄ backgrounds 0.2

Muon isolation 2.0

Muon reconstruction 1.0

Muon pT resolution 1.0

Muon trigger efficiency 0.4

Extrapolation correction 0.3

Total bin-correlated 5.2

〈Ncoll〉 determination 9.4

Total bin-uncorrelated 3.0

8.2 Electron channel

In the electron channel, the contribution due to the missing
transverse momentum resolution is evaluated using the same
procedure as in the muon channel. The yield variation is on
average 2–5 % with a maximum deviation of 10 %.

The uncertainty in the QCD multi-jet background estima-
tion arises from the choice of control region used to model
the pT spectrum of fake electrons from QCD multi-jet pro-
cesses. This uncertainty is assessed by modifying the back-
ground composition of the control region in order to test the
stability in the fitting procedure under shape changes. In addi-
tion, the constraint on the azimuthal separation between a jet
– reconstructed at the EM scale with ET > 25 GeV – and
the pmiss

T vector is loosened or tightened [54]. After applying
these modifications, the altered background fractions result
in signal yield variations below 5 %.

The systematic contribution associated with the electron
isolation is evaluated by varying the isolation ratio from 0.2
to 0.3. This results in an average corrected yield variation of
2 % with a maximum variation of 4 %.

Systematic uncertainties in the electroweak background
estimations are obtained from the 5 % theoretical uncertainty
on each of the W and Z boson production cross-sections.
These uncertainties are treated as fully correlated among var-
ious W and Z boson production processes. The resulting rel-
ative systematic uncertainty is approximately 0.2 % with the
largest deviation at the level of 0.5 %.

The main uncertainty associated with the CW± correc-
tion stems from possible discrepancies between data and MC
simulation. In general, there are two contributions to this dis-
crepancy: differences in the detector performance description
and shortcomings in the physics model of the MC simulation
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that lead to distortions in the CW± correction given the finite
binning used. To account for the first contribution, a result
obtained in pp collisions [54] is used. There it was found that
the electron identification efficiencies in the data are consis-
tent with those from the MC simulation within a 3 % total
relative uncertainty, which is applied as a systematic uncer-
tainty for this analysis. The second contribution is estimated
by re-weighting the signal MC sample such that the |ηe| dis-
tribution in the simulation matches the one measured in the
data. This systematic variation results in an average relative
systematic uncertainty below 1 %.

The electron trigger efficiency obtained from the data
using a tag-and-probe method is compared to the efficiency
from MC simulation. The efficiencies from both samples are
consistent within their statistical uncertainties. The statistical
errors in the data are propagated as uncertainties on the event
yield, introducing a 0.2 % uncertainty.

The systematic uncertainty due to the extrapolation of the
yields in the region |ηe| < 2.5 is attributed to the same factors
as in the muon channel (i.e. PDF uncertainties). This intro-
duces an additional 0.2 % uncertainty in the yields from the
extrapolated |ηe| regions. A 0.1 % uncertainty is associated
with the differential production measurement in the highest
|ηe| bin.

The charge of leptons from W → eνe decays may be
misidentified, resulting in possible misrepresentations of
charge-dependent observables. The charge misidentification
probability is determined from the signal MC sample. It is
below 0.2 % for |ηe| < 1.37 and between 1–3 % in the high-
est |ηe| region. These values are consistent with data-driven
measurements [55] except in the highest |ηe| bin, where a
disagreement at the level of 50 % is found. This percentage
is propagated as an uncertainty in the difference between the
correction factors of each charge, resulting in a systematic
uncertainty of 1.5 % and 2.0 % in the number of W − and W +

boson yields, respectively, in the highest |ηe| bin. In all other
|ηe| regions, the average relative systematic uncertainty is
below 1 %. The uncertainty in the charge asymmetry mea-
surement is determined by varying the W − and W + boson
yields by their respective uncertainties in opposite directions.

Table 4 presents a summary of the maximum values for all
systematic uncertainties considered in the electron channel.
The bin-correlated systematic uncertainties among different
centrality or |ηe| bins are 4.0–10.5 %. The bin-uncorrelated
systematic uncertainties, which are comprised of statistical
uncertainties from the background estimation, trigger effi-
ciency, and correction factors, are 3.0–5.8 %. These are sum-
marised at the bottom of Table 4.

8.3 Channel combination

The results from the W → µνµ and W → eνe channels
are combined in order to increase the precision of the mea-

Table 4 Maximum values of the relative systematic uncertainties in
the W → eνe channel on the measured event yield in each |ηe| interval
and centrality class. Correlated uncertainties represent those that are
correlated as a function of centrality or |ηe|. Uncorrelated uncertainties
represent statistical uncertainties in the background estimation, trigger
efficiencies, and yield correction factors

Source Uncertainty [%]

pmiss
T resolution 10.0

QCD multi-jet background 5.0

Electroweak backgrounds 0.5

Electron isolation 4.0

Electron reconstruction 3.2

Electron trigger efficiency 0.2

Charge misidentification 2.0

Extrapolation correction 0.2

Total bin-correlated 10.5

〈Ncoll〉 determination 9.4

Total bin-uncorrelated 5.8

surement. Although the two channels share a common kine-
matic phase space, differences in their geometrical accep-
tances must be considered in the combination procedure.
After verifying that the results are compatible, the two chan-
nels are combined using an averaging method with weights
proportional to the inverse square of the individual uncer-
tainties. Uncertainties treated as fully correlated between the
muon and electron channels include the pmiss

T resolution,
electroweak background subtraction, and 〈Ncoll〉. All other
sources are treated as uncorrelated.

8.4 Theoretical predictions

Uncertainties inherent in the PDF and EPS09 nuclear correc-
tions are evaluated using the Hessian method to quantify the
relative differences between current experimental uncertain-
ties and central values of the PDF [58]. PDF uncertainties
in the Pb nucleus are obtained from the weighted average
of free proton and neutron PDF uncertainties. In addition,
uncertainties in the renormalisation and factorisation scales
are also taken into account by increasing and decreasing each
scale by a factor of two and using the maximum variation as
the uncertainty in each bin.

9 Results

The total number of background-subtracted and efficiency-
corrected events in the fiducial phase space (pℓ

T > 25 GeV,
pmiss

T > 25 GeV, mT > 40 GeV) and after extrapolation to
|ηℓ| < 2.5 is presented in Table 5 along with the ratio of W +

and W − boson production.
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Table 5 Summary of the number of background-subtracted and
efficiency-corrected events for W → µνµ and W → eνe events. The
yields are defined in a fiducial region pℓ

T > 25 GeV, pmiss
T > 25 GeV,

mT > 40 GeV and are extrapolated to |ηℓ| < 2.5

W → µνµ

W + 5870 ± 100 (stat.) ± 90 (syst.)

W − 5680 ± 100 (stat.) ± 80 (syst.)

W +/W − 1.03 ± 0.03 (stat.) ± 0.02 (syst.)

W → eνe

W + 5760 ± 150 (stat.) ± 90 (syst.)

W − 5650 ± 150 (stat.) ± 110 (syst.)

W +/W − 1.02 ± 0.04 (stat.) ± 0.01 (syst.)
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Fig. 7 Ratio of W + and W − candidates (from W → ℓνℓ) as a function
of 〈Npart〉. The kinematic requirements are pℓ

T > 25 GeV, pmiss
T >

25 GeV, mT > 40 GeV, and |ηℓ| < 2.5. Also shown is a QCD NLO
prediction from Powheg. Statistical uncertainties are shown as black

bars. The filled grey boxes represent statistical and bin-uncorrelated
systematic uncertainties added in quadrature, whereas the grey-hatched

boxes represent bin-correlated uncertainties and are offset for clarity

The corrected yields from each channel are consistent.
Moreover, the contributions from nn and pn collisions are evi-
dent. Proton-proton collisions alone would result in a ratio of
W + and W − bosons significantly above unity, but in Pb+Pb
collisions, the larger number of d valence quarks in the neu-
tron increases W − production, driving the ratio closer to one.
This is supported by Fig. 7, which presents the fiducial charge
ratio as a function of 〈Npart〉 for the combined muon and elec-
tron channels.

Figure 8 shows a comparison between the differential pro-
duction yields per binary collision for the muon and electron
channels, separately, as a function of |ηℓ| for W + and W −.
A good agreement is found between the two decay modes.
In both decay channels, the distribution from W + bosons
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Fig. 8 Differential production yields per binary collision for W + (top)
and W − (bottom) events from electron and muon channels. Due to
acceptance the first bin in the muon channel and the seventh bin in the
electron channel are not covered. Muon points are shifted horizontally
for visibility. The kinematic requirements are pℓ

T > 25 GeV, pmiss
T >

25 GeV, and mT > 40 GeV. Statistical errors are shown as black bars,
whereas bin-uncorrelated systematic and statistical uncertainties added
in quadrature are shown as the filled error box. Bin-correlated uncer-
tainties are shown as the hatched boxes. These include uncertainties
from 〈Ncoll〉

steeply falls at large |ηℓ|, whereas this is not the case for W −

events. This behaviour is understood and is further discussed
below in connection to the charge asymmetry.

Figure 9 presents the W boson production yield per binary
collision for each charge separately as well as inclusively as
a function of 〈Npart〉 for the combined data. Also shown are
comparisons to QCD NLO predictions. The NLO predictions
are consistent with the data for both the charge ratio, as shown
in Fig. 7, and production yields in Fig. 9.

As with other heavy-ion electroweak boson measure-
ments, W boson production yields per binary nucleon–
nucleon collision are independent of centrality. This suggests
that the W boson can be used for benchmarking energy-loss
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Fig. 9 W boson production yield per binary collision as a function of
the mean number of participants 〈Npart〉 for W +, W −, and W ± bosons
for combined muon and electron channels. The kinematic requirements
are pℓ

T > 25 GeV, pmiss
T > 25 GeV, mT > 40 GeV, and |ηℓ| < 2.5.

Statistical errors are shown as black bars, whereas bin-uncorrelated
systematic and statistical uncertainties added in quadrature are shown
as the filled error box. Bin-correlated uncertainties are shown as the
hatched boxes and are offset for clarity. These include uncertainties
from 〈Ncoll〉. Also shown is an NLO QCD prediction

processes in a QGP. Thus, when produced in association with
jets, W boson production introduces an additional avenue
for exploring in-medium modifications – energy loss due to
multiple scattering and gluon radiation – to energetic partons
traversing the heavy-ion medium.

Nuclear modifications to the PDF are explored in Figs. 10
and 11, which present the differential W → ℓνℓ production
yields per binary nucleon–nucleon collision and the lepton
charge asymmetry, respectively, as a function of |ηℓ|. Each
figure includes NLO predictions with the CT10 PDF set,
both with and without EPS09 nuclear corrections. The EPS09
corrections incorporate modifications to the PDF that account
for contributions from shadowing, anti-shadowing, the EMC-
effect, and Fermi-motion [34].

Both the CT10 and CT10+EPS09 predictions in Figs. 10
and 11 describe the data well. Therefore, at the current
level of theoretical and experimental precision, this mea-
surement is insensitive to nuclear modifications to the PDF.
Fig. 11 also exhibits a sign-change of the charge asymmetry
at |ηℓ| ≈ 1.5, behaviour hitherto only observed at |ηℓ| > 3 in
pp measurements at 7 TeV [26,59]. The negative asymmetry
is attributable to the V − A structure of W boson decays, in
which the decay angle of the charged lepton is anisotropic and
a larger fraction of negatively charged leptons are produced
at forward |ηℓ|. The larger fraction of W − → ℓ−ν̄ℓ events
in Pb+Pb compared to pp collisions results in a sign-change
of the asymmetry that can be observed within the |ηℓ| accep-
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Fig. 10 Differential production yield per binary collision for W +

(top) and W − (bottom) events integrated over all centralities and com-
pared to NLO QCD theoretical predictions with (CT10+EPS09) and
without (CT10) nuclear corrections. The kinematic requirements are
pℓ

T > 25 GeV, pmiss
T > 25 GeV, and mT > 40 GeV. Statistical errors

are shown as black bars, whereas bin-uncorrelated systematic and sta-
tistical uncertainties added in quadrature are shown as the filled error

box. Bin-correlated uncertainties are shown as the hatched boxes. These
include uncertainties from 〈Ncoll〉. The PDF uncertainties in both the
CT10+EPS09 and CT10 predictions are derived from the PDF error
eigensets. The total theoretical uncertainty also includes uncertainties
in the renormalisation and factorisation scales used in the cross-section
calculations

tance of the measurement. This behaviour is in accordance
with the NLO QCD predictions.

10 Summary and conclusions

The measurements of W ± boson production in Pb+Pb col-
lisions at

√
sNN = 2.76 TeV are presented using data cor-

responding to an integrated luminosity of 0.14–0.15 nb−1

collected with the ATLAS detector at the LHC. The W ±
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Fig. 11 The lepton charge asymmetry Aℓ from W ± bosons as a func-
tion of absolute pseudorapidity compared to theoretical predictions from
the CT10 and CT10+EPS09 NLO PDF sets. The kinematic require-
ments are pℓ

T > 25 GeV, pmiss
T > 25 GeV, and mT > 40 GeV. Statis-

tical uncertainties are shown as black bars, whereas bin-uncorrelated
systematic and statistical uncertainties added in quadrature are shown
as the filled error box. Correlated scaling uncertainties are shown as the
hatched boxes and are offset for clarity. The PDF uncertainties in both
the CT10+EPS09 and CT10 predictions are derived from the PDF error
eigensets. The total theoretical uncertainty also includes uncertainties
in the renormalisation and factorisation scales used in the cross-section
calculations

boson candidates are selected using muons or electrons in
the final state in the fiducial region defined by pℓ

T > 25 GeV,
pmiss

T > 25 GeV, mT > 40 GeV and 0.1 < |ηµ| <

2.4 for muons and |ηe| < 2.47, excluding the transition
region, for electrons. After background subtraction, correc-
tion, and extrapolation to a pseudorapidity coverage of |ηℓ| <

2.5, the numbers of events reported in each channel are
consistent.

The W boson production yields are presented as a func-
tion of 〈Npart〉 and |ηℓ|. These yields, scaled by 1/〈Ncoll〉,
are independent of centrality and in agreement with NLO
QCD predictions. The lepton charge asymmetry from W ±

boson decays differs from measurements in pp collisions.
This is expected since in Pb+Pb collisions there is an addi-
tional neutron component contributing to W boson produc-
tion. The lepton charge asymmetry agrees well with theo-
retical predictions using QCD at NLO with CT10 PDF sets
with and without EPS09 nuclear corrections. The nuclear
corrections account for modifications that are not present in
the PDF of free nucleons. However, further improvements
in the experimental precision and uncertainties in the theory
are needed to establish the existence of nuclear effects. The
results presented here clearly indicate that in events associ-
ated with a jet, W bosons are an excellent tool for evaluat-
ing jet energy-loss in a QGP. Moreover, it was demonstrated
that W bosons can be used to study PDFs in multi-nucleon

systems. With improved statistical and systematic precision,
along with additional data from different colliding systems
such as p+Pb, it will be possible to decisively evaluate the
extent of nuclear effects on PDFs and to further test theoret-
ical predictions.

Acknowledgments We thank CERN for the very successful oper-
ation of the LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently. We acknowl-
edge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC,
Australia; BMWFW and FWF, Austria; ANAS, Azerbaijan; SSTC,
Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and CFI, Canada;
CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIEN-
CIAS, Colombia; MSMT CR, MPO CR and VSC CR, Czech Repub-
lic; DNRF, DNSRC and Lundbeck Foundation, Denmark; EPLANET,
ERC and NSRF, European Union; IN2P3-CNRS, CEA-DSM/IRFU,
France; GNSF, Georgia; BMBF, DFG, HGF, MPG and AvH Foun-
dation, Germany; GSRT and NSRF, Greece; ISF, MINERVA, GIF, I-
CORE and Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS,
Japan; CNRST, Morocco; FOM and NWO, Netherlands; BRF and
RCN, Norway; MNiSW and NCN, Poland; GRICES and FCT, Por-
tugal; MNE/IFA, Romania; MES of Russia and ROSATOM, Russian
Federation; JINR; MSTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ,
Slovenia; DST/NRF, South Africa; MINECO, Spain; SRC and Wallen-
berg Foundation, Sweden; SER, SNSF and Cantons of Bern and Geneva,
Switzerland; NSC, Taiwan; TAEK, Turkey; STFC, the Royal Society
and Leverhulme Trust, United Kingdom; DOE and NSF, United States
of America. The crucial computing support from all WLCG partners is
acknowledged gratefully, in particular from CERN and the ATLAS Tier-
1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden),
CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy),
NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) and
BNL (USA) and in the Tier-2 facilities worldwide.

Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.
Funded by SCOAP3 / License Version CC BY 4.0.

References

1. I. Arsene et al. [BRAHMS Collaboration], Nucl. Phys. A 757, 1
(2005). arXiv:nucl-ex/0410020

2. B.B. Back et al. [PHOBOS Collaboration], Nucl. Phys. A 757, 28
(2005). arXiv:nucl-ex/0410022

3. J. Adams et al. [STAR Collaboration], Nucl. Phys. A 757, 102
(2005). arXiv:nucl-ex/0501009

4. K. Adcox et al. [PHENIX Collaboration], Nucl. Phys. A 757, 184
(2005). arXiv:nucl-ex/0410003

5. ATLAS Collaboration, Phys. Lett. B 710, 363 (2012).
arXiv:1108.6027

6. CMS Collaboration, JHEP 1108, 141 (2011). arXiv:1107.4800
7. M.J. Tannenbaum, Rep. Prog. Phys. 69, 2005 (2006).

arXiv:nucl-ex/0603003
8. B. Mohanty, Nucl. Phys. A830, 899C (2009). arXiv:0907.4476
9. K. Fukushima, T. Hatsuda, Rep. Prog. Phys. 74, 014001 (2011).

arXiv:1005.4814
10. B. Mohanty, New J. Phys. 13, 065031 (2011). arXiv:1102.2495
11. B. Muller, J. Schukraft, B. Wyslouch, Ann. Rev. Nucl. Part. Sci.

62, 361 (2012). arXiv:1202.3233

123

http://arxiv.org/abs/0410020
http://arxiv.org/abs/0410022
http://arxiv.org/abs/0501009
http://arxiv.org/abs/0410003
http://arxiv.org/abs/1108.6027
http://arxiv.org/abs/1107.4800
http://arxiv.org/abs/0603003
http://arxiv.org/abs/0907.4476
http://arxiv.org/abs/1005.4814
http://arxiv.org/abs/1102.2495
http://arxiv.org/abs/1202.3233


Eur. Phys. J. C (2015) 75 :23 Page 17 of 30 23

12. S.S. Adler et al. [PHENIX Collaboration], Phys. Rev. Lett. 91,
072301 (2003). arXiv:nucl-ex/0304022

13. J. Adams et al. [STAR Collaboration], Phys. Rev. Lett. 91, 172302
(2003). arXiv:nucl-ex/0305015

14. K. Aamodt et al. [ALICE Collaboration], Phys. Lett. B 696, 30
(2011). arXiv:1012.1004

15. CMS Collaboration, Eur. Phys. J. C 72, 1945 (2012).
arXiv:1202.2554

16. ATLAS Collaboration (2014). arXiv:1406.2979
17. ATLAS Collaboration, Phys. Lett. B 719, 220 (2013).

arXiv:1208.1967
18. ATLAS Collaboration, Phys. Rev. Lett. 105, 252303 (2010).

arXiv:1011.6182
19. CMS Collaboration, Phys. Rev. C 84, 024906 (2011).

arXiv:1102.1957
20. CMS Collaboration, Phys. Lett. B 712, 176 (2012).

arXiv:1202.5022
21. S. Afanasiev et al. [PHENIX Collaboration], Phys. Rev. Lett. 109,

152302 (2012). arXiv:1205.5759
22. ATLAS Collaboration, Phys. Rev. Lett. 110, 022301 (2013).

arXiv:1210.6486
23. CMS Collaboration, Phys. Rev. Lett. 106, 212301 (2011).

arXiv:1102.5435
24. CMS Collaboration, Phys. Lett. B 710, 256 (2012).

arXiv:1201.3093
25. CMS Collaboration, Phys. Lett. B 715, 66 (2012). arXiv:1205.6334
26. ATLAS Collaboration, Phys. Rev. D 85, 072004 (2012).

arXiv:1109.5141
27. CMS Collaboration, Phys. Rev. Lett. 109, 111806 (2012).

arXiv:1206.2598
28. CMS Collaboration, Phys. Rev. D (2013). arXiv:1312.6283
29. T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 102,

181801 (2009). arXiv:0901.2169
30. V. Abazov et al. [D0 Collaboration], Phys. Rev. D 88, 091102

(2013). arXiv:1309.2591
31. G. Altarelli, R.K. Ellis, G. Martinelli, Nucl. Phys. B 157, 461

(1979). doi:10.1016/0550-3213(79)90116-0
32. J. Kubar-Andre, F.E. Paige, Phys. Rev. 19, 221 (1979). doi:10.1103/

PhysRevD.19.221
33. J. Kubar, M. Le Bellac, J. Meunier, G. Plaut, Nucl. Phys. B 175,

251 (1980). doi:10.1016/0550-3213(80)90053-X
34. H. Paukkunen, C.A. Salgado, JHEP 1103, 071 (2011). We

thank the authors for providing us with their EPS09 predictions.
arXiv:1010.5392

35. ATLAS Collaboration, JINST 3, S08003 (2008)

36. ATLAS Collaboration, LHCC-I-016. CERN-LHCC-2007-001.
http://cds.cern.ch/record/1009649

37. ATLAS Collaboration, Eur. Phys. J. C 72, 1849 (2012).
arXiv:1110.1530

38. S. Agostinelli et al., Nucl. Instrum. Meth. A 506, 250 (2003)
39. ATLAS Collaboration, Eur. Phys. J. C 70, 823 (2010).

arXiv:1005.4568
40. X.N. Wang, M. Gyulassy, Phys. Rev. D 44, 3501 (1991)
41. S. Alioli, P. Nason, C. Oleari, E. Re, JHEP 0807, 060 (2008).

arXiv:0805.4802
42. T. Sjostrand, S. Mrenna, P.Z. Skands, Comput. Phys. Commun.

178, 852 (2008). arXiv:0710.3820
43. H.-L. Lai et al., Phys. Rev. D 82, 074024 (2010). arXiv:1007.2241
44. A. Sherstnev, R. Thorne, Eur. Phys. J. C 55, 553 (2008).

arXiv:0711.2473
45. S. Jadach, J.H. Kuhn, Z. Was, Comput. Phys. Commun. 64, 275

(1990)
46. P. Golonka, Z. Was, Eur. Phys. J. C 45, 97 (2006).

arXiv:hep-ph/0506026
47. ATLAS Collaboration, Phys. Lett. B 707, 330 (2012).

arXiv:1108.6018
48. ATLAS Collaboration, ATLAS-CONF-2012-122. http://cds.cern.

ch/record/1473425
49. M.L. Miller, K. Reygers, S.J. Sanders, P. Steinberg, Ann. Rev. Nucl.

Part. Sci. 57, 205 (2007). arXiv:nucl-ex/0701025
50. J. Beringer et al., Particle Data Group, Phys. Rev. D 86, 010001

(2012). http://pdg.lbl.gov/2013/reviews/contents_sports.html
51. ATLAS Collaboration, ATLAS-CONF-2012-101. http://cds.cern.

ch/record/1463915
52. ATLAS Collaboration, ATLAS-CONF-2010-036. http://cds.cern.

ch/record/1277675
53. ATLAS Collaboration, ATLAS-CONF-2011-003. http://cds.cern.

ch/record/1326960
54. ATLAS Collaboration, Eur. Phys. J. C 72, 1909 (2012).

arXiv:1110.3174
55. ATLAS Collaboration Eur. Phys. J. C (2014). arXiv:1404.2240
56. B. Abelev et al. [ALICE Collaboration], Phys. Rev. Lett. 109,

112301 (2012). arXiv:1205.6443
57. ATLAS Collaboration, ATLAS-CONF-2013-088. http://cds.cern.

ch/record/1580207
58. K. Eskola, H. Paukkunen, C. Salgado, JHEP 0904, 065 (2009).

arXiv:0902.4154
59. LHCb Collaboration, JHEP 1206, 058 (2012). doi:10.1007/

JHEP06(2012)058. arXiv:1204.1620

123

http://arxiv.org/abs/0304022
http://arxiv.org/abs/0305015
http://arxiv.org/abs/1012.1004
http://arxiv.org/abs/1202.2554
http://arxiv.org/abs/1406.2979
http://arxiv.org/abs/1208.1967
http://arxiv.org/abs/1011.6182
http://arxiv.org/abs/1102.1957
http://arxiv.org/abs/1202.5022
http://arxiv.org/abs/1205.5759
http://arxiv.org/abs/1210.6486
http://arxiv.org/abs/1102.5435
http://arxiv.org/abs/1201.3093
http://arxiv.org/abs/1205.6334
http://arxiv.org/abs/1109.5141
http://arxiv.org/abs/1206.2598
http://arxiv.org/abs/1312.6283
http://arxiv.org/abs/0901.2169
http://arxiv.org/abs/1309.2591
http://dx.doi.org/10.1016/0550-3213(79)90116-0
http://dx.doi.org/10.1103/PhysRevD.19.221
http://dx.doi.org/10.1103/PhysRevD.19.221
http://dx.doi.org/10.1016/0550-3213(80)90053-X
http://arxiv.org/abs/1010.5392
http://cds.cern.ch/record/1009649
http://arxiv.org/abs/1110.1530
http://arxiv.org/abs/1005.4568
http://arxiv.org/abs/0805.4802
http://arxiv.org/abs/0710.3820
http://arxiv.org/abs/1007.2241
http://arxiv.org/abs/0711.2473
http://arxiv.org/abs/hep-ph/0506026
http://arxiv.org/abs/1108.6018
http://cds.cern.ch/record/1473425
http://cds.cern.ch/record/1473425
http://pdg.lbl.gov/2013/reviews/contents_sports.html
http://cds.cern.ch/record/1463915
http://cds.cern.ch/record/1463915
http://cds.cern.ch/record/1277675
http://cds.cern.ch/record/1277675
http://cds.cern.ch/record/1326960
http://cds.cern.ch/record/1326960
http://arxiv.org/abs/1110.3174
http://arxiv.org/abs/1404.2240
http://arxiv.org/abs/1205.6443
http://cds.cern.ch/record/1580207
http://cds.cern.ch/record/1580207
http://arxiv.org/abs/0902.4154
http://dx.doi.org/10.1007/JHEP06(2012)058
http://dx.doi.org/10.1007/JHEP06(2012)058
http://arxiv.org/abs/1204.1620


23 Page 18 of 30 Eur. Phys. J. C (2015) 75 :23

ATLAS Collaboration

G. Aad84, B. Abbott112, J. Abdallah152, S. Abdel Khalek116, O. Abdinov11, R. Aben106, B. Abi113, M. Abolins89,
O. S. AbouZeid159, H. Abramowicz154, H. Abreu153, R. Abreu30, Y. Abulaiti147a,147b, B. S. Acharya165a,165b,a,
L. Adamczyk38a, D. L. Adams25, J. Adelman177, S. Adomeit99, T. Adye130, T. Agatonovic-Jovin13a,
J. A. Aguilar-Saavedra125a,125f, M. Agustoni17, S. P. Ahlen22, F. Ahmadov64,b, G. Aielli134a,134b, H. Akerstedt147a,147b,
T. P. A. Åkesson80, G. Akimoto156, A. V. Akimov95, G. L. Alberghi20a,20b, J. Albert170, S. Albrand55,
M. J. Alconada Verzini70, M. Aleksa30, I. N. Aleksandrov64, C. Alexa26a, G. Alexander154, G. Alexandre49,
T. Alexopoulos10, M. Alhroob165a,165c, G. Alimonti90a, L. Alio84, J. Alison31, B. M. M. Allbrooke18, L. J. Allison71,
P. P. Allport73, J. Almond83, A. Aloisio103a,103b, A. Alonso36, F. Alonso70, C. Alpigiani75, A. Altheimer35,
B. Alvarez Gonzalez89, M. G. Alviggi103a,103b, K. Amako65, Y. Amaral Coutinho24a, C. Amelung23, D. Amidei88,
S. P. Amor Dos Santos125a,125c, A. Amorim125a,125b, S. Amoroso48, N. Amram154, G. Amundsen23, C. Anastopoulos140,
L. S. Ancu49, N. Andari30, T. Andeen35, C. F. Anders58b, G. Anders30, K. J. Anderson31, A. Andreazza90a,90b,
V. Andrei58a, X. S. Anduaga70, S. Angelidakis9, I. Angelozzi106, P. Anger44, A. Angerami35, F. Anghinolfi30,
A. V. Anisenkov108, N. Anjos125a, A. Annovi47, A. Antonaki9, M. Antonelli47, A. Antonov97, J. Antos145b, F. Anulli133a,
M. Aoki65, L. Aperio Bella18, R. Apolle119,c, G. Arabidze89, I. Aracena144, Y. Arai65, J. P. Araque125a, A. T. H. Arce45,
J-F. Arguin94, S. Argyropoulos42, M. Arik19a, A. J. Armbruster30, O. Arnaez30, V. Arnal81, H. Arnold48, M. Arratia28,
O. Arslan21, A. Artamonov96, G. Artoni23, S. Asai156, N. Asbah42, A. Ashkenazi154, B. Åsman147a,147b, L. Asquith6,
K. Assamagan25, R. Astalos145a, M. Atkinson166, N. B. Atlay142, B. Auerbach6, K. Augsten127, M. Aurousseau146b,
G. Avolio30, G. Azuelos94,d, Y. Azuma156, M. A. Baak30, A. Baas58a, C. Bacci135a,135b, H. Bachacou137, K. Bachas155,
M. Backes30, M. Backhaus30, J. Backus Mayes144, E. Badescu26a, P. Bagiacchi133a,133b, P. Bagnaia133a,133b, Y. Bai33a,
T. Bain35, J. T. Baines130, O. K. Baker177, P. Balek128, T. Balestri149, F. Balli137, E. Banas39, Sw. Banerjee174 ,
A. A. E. Bannoura176, V. Bansal170, H. S. Bansil18, L. Barak173, S. P. Baranov95, E. L. Barberio87, D. Barberis50a,50b,
M. Barbero84, T. Barillari100, M. Barisonzi176, T. Barklow144, N. Barlow28, B. M. Barnett130, R. M. Barnett15,
Z. Barnovska5, A. Baroncelli135a, G. Barone49, A. J. Barr119, F. Barreiro81, J. Barreiro Guimarães da Costa57,
R. Bartoldus144, A. E. Barton71, P. Bartos145a, V. Bartsch150, A. Bassalat116, A. Basye166, R. L. Bates53, J. R. Batley28,
M. Battaglia138, M. Battistin30, F. Bauer137, H. S. Bawa144,e, M. D. Beattie71, T. Beau79, P. H. Beauchemin162,
R. Beccherle123a,123b, P. Bechtle21, H. P. Beck17, K. Becker176, S. Becker99, M. Beckingham171, C. Becot116,
A. J. Beddall19c, A. Beddall19c, S. Bedikian177, V. A. Bednyakov64, C. P. Bee149, L. J. Beemster106, T. A. Beermann176,
M. Begel25, K. Behr119, C. Belanger-Champagne86, P. J. Bell49, W. H. Bell49, G. Bella154, L. Bellagamba20a,
A. Bellerive29, M. Bellomo85, K. Belotskiy97, O. Beltramello30, O. Benary154, D. Benchekroun136a, K. Bendtz147a,147b,
N. Benekos166, Y. Benhammou154, E. Benhar Noccioli49, J. A. Benitez Garcia160b, D. P. Benjamin45, J. R. Bensinger23,
K. Benslama131, S. Bentvelsen106, D. Berge106, E. Bergeaas Kuutmann16, N. Berger5, F. Berghaus170, J. Beringer15,
C. Bernard22, P. Bernat77, C. Bernius78, F. U. Bernlochner170, T. Berry76, P. Berta128, C. Bertella84, G. Bertoli147a,147b,
F. Bertolucci123a,123b, C. Bertsche112, D. Bertsche112, M. I. Besana90a, G. J. Besjes105, O. Bessidskaia147a,147b,
M. Bessner42, N. Besson137, C. Betancourt48, S. Bethke100, W. Bhimji46, R. M. Bianchi124, L. Bianchini23, M. Bianco30,
O. Biebel99, S. P. Bieniek77, K. Bierwagen54, J. Biesiada15, M. Biglietti135a, J. Bilbao De Mendizabal49, H. Bilokon47,
M. Bindi54, S. Binet116, A. Bingul19c, C. Bini133a,133b, C. W. Black151, J. E. Black144, K. M. Black22, D. Blackburn139,
R. E. Blair6, J.-B. Blanchard137, T. Blazek145a, I. Bloch42, C. Blocker23, W. Blum82,*, U. Blumenschein54, G. J. Bobbink106,
V. S. Bobrovnikov108, S. S. Bocchetta80, A. Bocci45, C. Bock99, C. R. Boddy119, M. Boehler48, T. T. Boek176,
J. A. Bogaerts30, A. G. Bogdanchikov108, A. Bogouch91,*, C. Bohm147a, J. Bohm126, V. Boisvert76, T. Bold38a, V. Boldea26a,
A. S. Boldyrev98, M. Bomben79, M. Bona75, M. Boonekamp137, A. Borisov129, G. Borissov71, M. Borri83, S. Borroni42,
J. Bortfeldt99, V. Bortolotto135a,135b, K. Bos106, D. Boscherini20a, M. Bosman12, H. Boterenbrood106, J. Boudreau124,
J. Bouffard2, E. V. Bouhova-Thacker71, D. Boumediene34, C. Bourdarios116, N. Bousson113, S. Boutouil136d, A. Boveia31,
J. Boyd30, I. R. Boyko64, J. Bracinik18, A. Brandt8, G. Brandt15, O. Brandt58a, U. Bratzler157, B. Brau85, J. E. Brau115,
H. M. Braun176,*, S. F. Brazzale165a,165c, B. Brelier159, K. Brendlinger121, A. J. Brennan87, R. Brenner167, S. Bressler173,
K. Bristow146c, T. M. Bristow46, D. Britton53, F. M. Brochu28, I. Brock21, R. Brock89, C. Bromberg89, J. Bronner100,
G. Brooijmans35, T. Brooks76, W. K. Brooks32b, J. Brosamer15, E. Brost115, J. Brown55, P. A. Bruckman de Renstrom39,
D. Bruncko145b, R. Bruneliere48, S. Brunet60, A. Bruni20a, G. Bruni20a, M. Bruschi20a, L. Bryngemark80, T. Buanes14,
Q. Buat143, F. Bucci49, P. Buchholz142, R. M. Buckingham119, A. G. Buckley53, S. I. Buda26a, I. A. Budagov64,
F. Buehrer48, L. Bugge118, M. K. Bugge118, O. Bulekov97, A. C. Bundock73, H. Burckhart30, S. Burdin73, B. Burghgrave107,
S. Burke130, I. Burmeister43, E. Busato34, D. Büscher48, V. Büscher82, P. Bussey53, C. P. Buszello167, B. Butler57,
J. M. Butler22, A. I. Butt3, C. M. Buttar53, J. M. Butterworth77, P. Butti106, W. Buttinger28, A. Buzatu53, M. Byszewski10,

123



Eur. Phys. J. C (2015) 75 :23 Page 19 of 30 23

S. Cabrera Urbán168, D. Caforio20a,20b, O. Cakir4a, P. Calafiura15, A. Calandri137, G. Calderini79, P. Calfayan99,
R. Calkins107, L. P. Caloba24a, D. Calvet34, S. Calvet34, R. Camacho Toro49, S. Camarda42, D. Cameron118,
L. M. Caminada15, R. Caminal Armadans12, S. Campana30, M. Campanelli77, A. Campoverde149, V. Canale103a,103b,
A. Canepa160a, M. Cano Bret75, J. Cantero81, R. Cantrill125a, T. Cao40, M. D. M. Capeans Garrido30, I. Caprini26a,
M. Caprini26a, M. Capua37a,37b, R. Caputo82, R. Cardarelli134a, T. Carli30, G. Carlino103a, L. Carminati90a,90b, S. Caron105,
E. Carquin32a, G. D. Carrillo-Montoya146c, J. R. Carter28, J. Carvalho125a,125c, D. Casadei77, M. P. Casado12, M. Casolino12,
E. Castaneda-Miranda146b, A. Castelli106, V. Castillo Gimenez168, N. F. Castro125a, P. Catastini57, A. Catinaccio30,
J. R. Catmore118, A. Cattai30, G. Cattani134a,134b, S. Caughron89, V. Cavaliere166, D. Cavalli90a, M. Cavalli-Sforza12,
V. Cavasinni123a,123b, F. Ceradini135a,135b, B. Cerio45, K. Cerny128, A. S. Cerqueira24b, A. Cerri150, L. Cerrito75, F. Cerutti15,
M. Cerv30, A. Cervelli17, S. A. Cetin19b, A. Chafaq136a, D. Chakraborty107, I. Chalupkova128, P. Chang166, B. Chapleau86,
J. D. Chapman28, D. Charfeddine116, D. G. Charlton18, C. C. Chau159, C. A. Chavez Barajas150, S. Cheatham86,
A. Chegwidden89, S. Chekanov6, S. V. Chekulaev160a, G. A. Chelkov64,f, M. A. Chelstowska88, C. Chen63, H. Chen25,
K. Chen149, L. Chen33d,g, S. Chen33c, X. Chen146c, Y. Chen66, Y. Chen35, H. C. Cheng88, Y. Cheng31, A. Cheplakov64,
R. Cherkaoui El Moursli136e, V. Chernyatin25,*, E. Cheu7, L. Chevalier137, V. Chiarella47, G. Chiefari103a,103b,
J. T. Childers6, A. Chilingarov71, G. Chiodini72a, A. S. Chisholm18, R. T. Chislett77, A. Chitan26a, M. V. Chizhov64,
S. Chouridou9, B. K. B. Chow99, D. Chromek-Burckhart30, M. L. Chu152, J. Chudoba126, J. J. Chwastowski39,
L. Chytka114, G. Ciapetti133a,133b, A. K. Ciftci4a, R. Ciftci4a, D. Cinca53, V. Cindro74, A. Ciocio15, P. Cirkovic13b,
Z. H. Citron173, M. Citterio90a, M. Ciubancan26a, A. Clark49, P. J. Clark46, R. N. Clarke15, W. Cleland124, J. C. Clemens84,
C. Clement147a,147b, Y. Coadou84, M. Cobal165a,165c, A. Coccaro139, J. Cochran63, L. Coffey23, J. G. Cogan144,
J. Coggeshall166, B. Cole35, S. Cole107, A. P. Colijn106, J. Collot55, T. Colombo58c, G. Colon85, G. Compostella100,
P. Conde Muiño125a,125b, E. Coniavitis48, M. C. Conidi12, S. H. Connell146b, I. A. Connelly76, S. M. Consonni90a,90b,
V. Consorti48, S. Constantinescu26a, C. Conta120a,120b, G. Conti57, F. Conventi103a,h, M. Cooke15, B. D. Cooper77,
A. M. Cooper-Sarkar119, N. J. Cooper-Smith76, K. Copic15, T. Cornelissen176, M. Corradi20a, F. Corriveau86,i,
A. Corso-Radu164, A. Cortes-Gonzalez12, G. Cortiana100, G. Costa90a, M. J. Costa168, D. Costanzo140, D. Côté8,
G. Cottin28, G. Cowan76, B. E. Cox83, K. Cranmer109, G. Cree29, S. Crépé-Renaudin55, F. Crescioli79, W. A. Cribbs147a,147b,
M. Crispin Ortuzar119, M. Cristinziani21, V. Croft105, G. Crosetti37a,37b, C.-M. Cuciuc26a, T. Cuhadar Donszelmann140,
J. Cummings177, M. Curatolo47, C. Cuthbert151, H. Czirr142, P. Czodrowski3, Z. Czyczula177, S. D’Auria53,
M. D’Onofrio73, M. J. Da Cunha Sargedas De Sousa125a,125b, C. Da Via83, W. Dabrowski38a, A. Dafinca119, T. Dai88,
O. Dale14, F. Dallaire94, C. Dallapiccola85, M. Dam36, A. C. Daniells18, M. Dano Hoffmann137, V. Dao48, G. Darbo50a,
S. Darmora8, J. A. Dassoulas42, A. Dattagupta60, W. Davey21, C. David170, T. Davidek128, E. Davies119,c, M. Davies154,
O. Davignon79, A. R. Davison77, P. Davison77, Y. Davygora58a, E. Dawe143, I. Dawson140, R. K. Daya-Ishmukhametova85,
K. De8, R. de Asmundis103a, S. De Castro20a,20b, S. De Cecco79, N. De Groot105, P. de Jong106, H. De la Torre81,
F. De Lorenzi63, L. De Nooij106, D. De Pedis133a, A. De Salvo133a, U. De Sanctis165a,165b, A. De Santo150,
J. B. De Vivie De Regie116, W. J. Dearnaley71, R. Debbe25, C. Debenedetti138, B. Dechenaux55, D. V. Dedovich64,
I. Deigaard106, J. Del Peso81, T. Del Prete123a,123b, F. Deliot137, C. M. Delitzsch49, M. Deliyergiyev74, A. Dell’Acqua30,
L. Dell’Asta22, M. Dell’Orso123a,123b, M. Della Pietra103a,h, D. della Volpe49, M. Delmastro5, P. A. Delsart55, C. Deluca106,
S. Demers177, M. Demichev64, A. Demilly79, S. P. Denisov129, D. Derendarz39, J. E. Derkaoui136d, F. Derue79,
P. Dervan73, K. Desch21, C. Deterre42, P. O. Deviveiros106, A. Dewhurst130, S. Dhaliwal106, A. Di Ciaccio134a,134b,
L. Di Ciaccio5, A. Di Domenico133a,133b, C. Di Donato103a,103b, A. Di Girolamo30, B. Di Girolamo30, A. Di Mattia153,
B. Di Micco135a,135b, R. Di Nardo47, A. Di Simone48, R. Di Sipio20a,20b, D. Di Valentino29, F. A. Dias46, M. A. Diaz32a,
E. B. Diehl88, J. Dietrich42, T. A. Dietzsch58a, S. Diglio84, A. Dimitrievska13a, J. Dingfelder21, C. Dionisi133a,133b,
P. Dita26a, S. Dita26a, F. Dittus30, F. Djama84, T. Djobava51b, M. A. B. do Vale24c, A. Do Valle Wemans125a,125g,
T. K. O. Doan5, D. Dobos30, C. Doglioni49, T. Doherty53, T. Dohmae156, J. Dolejsi128, Z. Dolezal128, B. A. Dolgoshein97,*,
M. Donadelli24d, S. Donati123a,123b, P. Dondero120a,120b, J. Donini34, J. Dopke130, A. Doria103a, M. T. Dova70,
A. T. Doyle53, M. Dris10, J. Dubbert88, S. Dube15, E. Dubreuil34, E. Duchovni173, G. Duckeck99, O. A. Ducu26a,
D. Duda176, A. Dudarev30, F. Dudziak63, L. Duflot116, L. Duguid76, M. Dührssen30, M. Dunford58a, H. Duran Yildiz4a,
M. Düren52, A. Durglishvili51b, M. Dwuznik38a, M. Dyndal38a, J. Ebke99, W. Edson2, N. C. Edwards46, W. Ehrenfeld21,
T. Eifert144, G. Eigen14, K. Einsweiler15, T. Ekelof167, M. El Kacimi136c, M. Ellert167, S. Elles5, F. Ellinghaus82,
N. Ellis30, J. Elmsheuser99, M. Elsing30, D. Emeliyanov130, Y. Enari156, O. C. Endner82, M. Endo117, R. Engelmann149,
J. Erdmann177, A. Ereditato17, D. Eriksson147a, G. Ernis176, J. Ernst2, M. Ernst25, J. Ernwein137, D. Errede166, S. Errede166,
E. Ertel82, M. Escalier116, H. Esch43, C. Escobar124, B. Esposito47, A. I. Etienvre137, E. Etzion154, H. Evans60,
A. Ezhilov122, L. Fabbri20a,20b, G. Facini31, R. M. Fakhrutdinov129, S. Falciano133a, R. J. Falla77, J. Faltova128, Y. Fang33a,
M. Fanti90a,90b, A. Farbin8, A. Farilla135a, T. Farooque12, S. Farrell15, S. M. Farrington171, P. Farthouat30, F. Fassi136e,

123



23 Page 20 of 30 Eur. Phys. J. C (2015) 75 :23

P. Fassnacht30, D. Fassouliotis9, A. Favareto50a,50b, L. Fayard116, P. Federic145a, O. L. Fedin122,j, W. Fedorko169,
M. Fehling-Kaschek48, S. Feigl30, L. Feligioni84, C. Feng33d, E. J. Feng6, H. Feng88, A. B. Fenyuk129, S. Fernandez Perez30,
S. Ferrag53, J. Ferrando53, A. Ferrari167, P. Ferrari106, R. Ferrari120a, D. E. Ferreira de Lima53, A. Ferrer168, D. Ferrere49,
C. Ferretti88, A. Ferretto Parodi50a,50b, M. Fiascaris31, F. Fiedler82, A. Filipčič74, M. Filipuzzi42, F. Filthaut105,
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L. Mandelli90a, I. Mandić74, R. Mandrysch62, J. Maneira125a,125b, A. Manfredini100, L. Manhaes de Andrade Filho24b,
J. A. Manjarres Ramos160b, A. Mann99, P. M. Manning138, A. Manousakis-Katsikakis9, B. Mansoulie137, R. Mantifel86,
L. Mapelli30, L. March168, J. F. Marchand29, G. Marchiori79, M. Marcisovsky126, C. P. Marino170, M. Marjanovic13a,
C. N. Marques125a, F. Marroquim24a, S. P. Marsden83, Z. Marshall15, L. F. Marti17, S. Marti-Garcia168, B. Martin30,
B. Martin89, T. A. Martin171, V. J. Martin46, B. Martin dit Latour14, H. Martinez137, M. Martinez12,n, S. Martin-Haugh130,
A. C. Martyniuk77, M. Marx139, F. Marzano133a, A. Marzin30, L. Masetti82, T. Mashimo156, R. Mashinistov95, J. Masik83,
A. L. Maslennikov108, I. Massa20a,20b, L. Massa20a,20b, N. Massol5, P. Mastrandrea149, A. Mastroberardino37a,37b,
T. Masubuchi156, P. Mättig176, J. Mattmann82, J. Maurer26a, S. J. Maxfield73, D. A. Maximov108,t, R. Mazini152,
L. Mazzaferro134a,134b, G. Mc Goldrick159, S. P. Mc Kee88, A. McCarn88, R. L. McCarthy149, T. G. McCarthy29,
N. A. McCubbin130, K. W. McFarlane56,*, J. A. Mcfayden77, G. Mchedlidze54, S. J. McMahon130, R. A. McPherson170,i,
A. Meade85, J. Mechnich106, M. Medinnis42, S. Meehan31, S. Mehlhase99, A. Mehta73, K. Meier58a, C. Meineck99,
B. Meirose80, C. Melachrinos31, B. R. Mellado Garcia146c, F. Meloni17, A. Mengarelli20a,20b, S. Menke100, E. Meoni162,
K. M. Mercurio57, S. Mergelmeyer21, N. Meric137, P. Mermod49, L. Merola103a,103b, C. Meroni90a, F. S. Merritt31,
H. Merritt110, A. Messina30,z, J. Metcalfe25, A. S. Mete164, C. Meyer82, C. Meyer121, J-P. Meyer137, J. Meyer30,
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