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1 Introduction

The vector and axial-vector couplings in the neutral current annihilation process qq̄ →
Z/γ∗ → `+`− lead to a forward-backward asymmetry AFB in the polar angle distribution

of the final state lepton `− with respect to the quark direction in the rest frame of the

dilepton system. This paper presents measurements of the forward-backward asymmetry

in electron and muon pairs from Z/γ∗ boson decays and the extraction of the weak mixing

angle by the ATLAS experiment. The results are based on the full set of pp collision data

collected in 2011 at the LHC at a centre-of-mass energy of
√
s = 7 TeV, corresponding to

an integrated luminosity of 4.8 fb−1.

The differential cross section for the annihilation process can be written at leading

order as
dσ

d(cos θ)
=

4πα2

3ŝ

[
3

8
A(1 + cos2 θ) +B cos θ

]
, (1.1)

where α is the fine-structure constant,
√
ŝ is the centre-of-mass energy of the quark and

anti-quark, and θ is the angle between the lepton and the quark in the rest frame of the
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dilepton system. The coefficients A and B are functions of
√
ŝ and of the electroweak

vector and axial-vector couplings. In the case that the dilepton system has non-vanishing

transverse momentum, pT, the four-momentum of the incoming (anti-)quark is not known,

as it is no longer collinear with the incoming beams. The impact of this effect on the

asymmetry measurement is minimized by choosing a particular rest frame of the dilepton

system, the Collins-Soper (CS) frame [1], in which the angle between the lepton and the

quark, θ∗CS, is calculated. The sign of cos θ∗CS is defined with respect to the direction of the

quark, which is, however, ambiguous in pp collisions. It is therefore chosen by measuring the

longitudinal boost of the final-state dilepton system in the laboratory frame, and assuming

that this is in the same direction as that of the quark in the initial state. This assumption

leads to a fraction of events with wrongly assigned quark direction, which causes a dilution

of the observed asymmetry. The probability of correct quark direction assignment increases

with the boost of the dilepton system, thus reducing the dilution for dileptons produced at

large rapidities. With this assumption, cos θ∗CS can be written as a function of the lepton

momenta in the laboratory frame,

cos θ∗CS =
pz,``

|pz,``|
2(p+

1 p
−
2 − p

−
1 p

+
2 )

m``

√
m2
`` + p2

T,``

(1.2)

with

p±i =
1√
2

(Ei ± pz,i),

where E is the energy and pz the longitudinal momentum of the lepton (i = 1) and anti-

lepton (i = 2). The variables pz,``, m``, and pT,`` denote the longitudinal momentum,

invariant mass and transverse momentum of the dilepton system, respectively. The first

factor in eq. 1.2 defines the sign of cos θ∗CS according to the longitudinal direction of flight

of the dilepton system, as discussed above. The events with cos θ∗CS ≥ 0 are classified as

forward (F), while those having cos θ∗CS < 0 are classified as backward (B). The asymmetry

AFB is then defined as

AFB =
σF − σB

σF + σB
, (1.3)

where σF and σB are the cross sections for the respective forward and backward configura-

tions. At leading order, the second term in eq. 1.1, B cos θ, describes the asymmetry AFB.

This analysis measures AFB as a function of the invariant mass of the dilepton system.

The results, which are presented in section 5, include the detector-level values, as well as

the corrections needed to take into account detector effects and dilution.

Several Standard Model parameters can be extracted from the dependence of the

AFB values on the invariant dilepton mass. One of these is the electroweak mixing angle

sin2 θW, which is defined at tree level as 1 −m2
W /m

2
Z . Depending on the renormalisation

scheme, higher-order loop corrections may modify this relation. This analysis extracts the

effective leptonic weak mixing angle sin2 θ lept
eff [2, 3] at the mZ scale from the detector-level

AFB values.

The effective weak mixing angle is related to the electroweak vector coupling ḡfV via

ḡfV =
√
ρf
(
T 3
f − 2Qf sin2 θeff

)
, with sin2 θeff = κf sin2 θW ,
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where the electroweak radiative corrections to the tree-level couplings are absorbed into

the fermion-dependent factors κf and ρf , T 3
f is the third component of the weak isospin

and Qf the electric charge of the fermion f . Using this definition of the effective weak

mixing angle, the coupling retains its tree-level form multiplied by the additional factor
√
ρf . The relationship between the leptonic and quark sin2 θeff can be approximated as

a flavour-dependent shift in the leptonic sin2 θeff [3]. Although the sin2 θeff value from b-

quarks differs the most from the one from leptons, only a few percent of the events in this

analysis come from initial-state b-quarks. In particular, the effect of the quark sin2 θeff on

the measured AFB is an order of magnitude smaller than the effect of the leptonic sin2 θeff .

This analysis therefore measures the leptonic sin2 θeff , denoted by sin2 θ lept
eff in the following.

Its value is extracted from the measured AFB as a function of the invariant mass of the

dilepton system by comparing it to MC predictions produced with varying values of the

weak mixing angle. Details are given in section 6.

The most precise measurement of sin2 θ lept
eff comes from the combination of results from

the LEP and SLD experiments [3]. Those studies yield an average leptonic sin2 θ lept
eff =

0.23153 ± 0.00016. The two most precise single measurements are extracted from the

forward-backward asymmetry in b-quark final states, A0,b
FB, at LEP (sin2 θ lept

eff = 0.23221±
0.00029) and from the leptonic left-right polarization asymmetry, ALR, at SLD (sin2 θ lept

eff =

0.23098 ± 0.00026). These two values differ by approximately three standard deviations.

More recently, the CDF [4] and D0 [5] experiments at the Tevatron and the CMS [6, 7]

experiment at the LHC have also measured sin2 θ lept
eff . The CDF (D0) measurement was

performed using Z → µµ (Z → ee) events from pp̄ collisions, and the CMS measurements

were performed using Z → µµ events from pp collisions. These results are compared to

those from this analysis in section 6.

The value of AFB at the peak of the Z/γ∗ resonance (m`` = mZ), A0,`
FB, can be written

as a function of the asymmetry parameters A` and Aq,

A0,`
FB =

3

4
AqA`, (1.4)

with ` (q) denoting the leptons (quarks) in the final (initial) state. The parameters A` and

Aq are directly related to the electroweak vector and axial-vector couplings, as described

in section 6.3. The most precise measurements of the electron and muon asymmetry

parameters were performed by SLD [3], yielding Ae = 0.15138± 0.00216 and Aµ = 0.142±
0.015. The precision of the Aµ measurement is dominated by the statistical uncertainty,

thus making it an interesting parameter to measure with the large number of Z → µµ events

produced at the LHC. The Aµ result from this analysis is presented in section 6.3. The

determination of Aµ in the LEP/SLD results is entirely based on asymmetry measurements

in electron and muon final states without any assumptions on the involved Af . In contrast,

the determination of Aµ presented here uses the Standard Model prediction of Aq.

2 The ATLAS detector

The ATLAS detector [8] is a general-purpose detector installed at the LHC [9] at CERN.

The detector subsystem closest to the interaction point, the inner detector (ID), provides
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precise position and momentum measurements of charged particle trajectories. It covers

the pseudorapidity range1 |η| < 2.5 and provides full azimuthal coverage. The ID consists of

three subdetectors arranged in a coaxial geometry around the beam axis: the silicon pixel

detector, the semiconductor microstrip detector and the straw-tube transition-radiation

tracker. A solenoidal magnet generates a 2 T magnetic field in which the ID is immersed.

Electromagnetic calorimetry in the region |η| < 3.2 is based on a high-granularity,

lead/liquid-argon (LAr) sampling technology. Hadronic calorimetry uses a scintillator-

tile/steel detector in the region |η| < 1.7 and a copper/LAr detector in the region 1.5 <

|η| < 3.2. The most forward region of the detector (3.1 < |η| < 4.9) is equipped with

a forward calorimeter, measuring both the electromagnetic and hadronic energies using

copper/LAr and tungsten/LAr modules.

A large muon spectrometer (MS) constitutes the outermost part of the detector. It

consists of three large air-core superconducting toroidal magnet systems (each with eight

coils): one barrel providing a field of about 0.5 T and two endcaps each providing a field

of about 1 T. The deflection of the muon trajectories in the magnetic field is measured in

three layers of precision drift tube chambers for |η| < 2. In higher |η| regions (2.0 < |η| <
2.7), two layers of drift tube chambers are used in combination with one layer of cathode

strip chambers in the innermost endcap wheels of the MS. Three layers of resistive plate

chambers in the barrel (|η| < 1.05) and three layers of thin gap chambers in the endcaps

(1.05 < |η| < 2.4) provide the muon trigger and also measure the muon trajectory in the

non-bending plane.

A three-level trigger system is used to select events in real time. A hardware-based

Level-1 trigger uses a subset of detector information to reduce the event rate to a design

value of at most 75 kHz. The rate of accepted events is then reduced to about 300 Hz by

two software-based trigger levels, Level-2 and the Event Filter.

3 Signal and background modelling

Monte Carlo (MC) simulated event samples used to model signal and background pro-

cesses are generated and passed through the ATLAS detector simulation [10], based on

the GEANT4 toolkit [11]. Simulated events acquire weights such that the resulting dis-

tributions match the ones observed in the data for the following variables: the average

number of interactions per bunch crossing, the z coordinate of the interaction vertex, the

lepton energy/momentum scale and resolution, and the trigger, identification and recon-

struction efficiencies.

The Z/γ∗ production is detected by the emission of charged lepton pairs, ee or µµ.

The contribution from Z/γ∗ → ττ followed by τ decays to electrons or muons is consid-

ered as background and subtracted from the signal. Signal samples are generated with

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in

the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre

of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r,φ) are used in the transverse

plane, φ being the azimuthal angle around the beam pipe. The pseudorapidity is defined in terms of the

polar angle θ as η = − ln tan(θ/2).
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PYTHIAv6.4 [12] with the MSTW2008LO [13] parton distribution functions (PDFs) and

a value of sin2 θ lept
eff = 0.232 for the effective weak mixing angle. Final-state radiation from

QED is taken into account using PHOTOS [14] in the exponentiated mode with multi-

photon emission. For the sin2 θ lept
eff measurement, where sensitivity to PDFs is expected to

be significant, additional PDF sets are also used, including one specifically prepared for this

analysis, based on the ATLAS-epWZ12 PDFs [15]. Details are given in section 6. The cross

section is calculated at next-to-next-to-leading order (NNLO) in the strong coupling using

PHOZPR [16] with MSTW2008 NNLO PDFs. The ratio of this cross section to the leading-

order (LO) cross section is the m``-dependent K-factor, applied to the generated signal

for all plots shown in the following. However, the main observable described here (AFB) is

not affected by this LO-to-NNLO rescaling. The impact of higher-order corrections in αs

and αem on AFB and on sin2 θ lept
eff is assessed using the HORACEv3.1 [17], MCFMv6.6 [18]

and POWHEGv1 [19] generators, as described in section 5. The POWHEG simulation is

combined with PYTHIA 6.4 for showering and hadronization.

Background contributions containing prompt isolated electron or muon pairs are es-

timated using Monte Carlo simulation normalized using the best available cross sec-

tion prediction at (N)NLO. The background from Z/γ∗ → ττ is also generated us-

ing PYTHIAv6.4. Diboson (WW, WZ, and ZZ) samples are generated with HER-

WIGv6.510 [20, 21] using the MRSTMCal PDFs [22]. Pair-production of top quarks is

generated with MC@NLOv4.01 [23, 24] using the CTQE6L1 PDFs [25], combined with

HERWIG for showering and hadronization.

The contributions from multi-jet and W+jets background events containing non-

isolated leptons from heavy-flavour decays and hadrons misidentified as leptons are es-

timated using data-driven techniques, as described in section 4.3. Since the contribution

from W+jets is found to be a small fraction of the multi-jet background over the whole

invariant mass range, the term ‘multi-jet background’ is used in the following to denote

the sum of these contributions.

4 Event reconstruction and selection

The analysis uses pp data collected in 2011, corresponding to an integrated luminosity of

4.8 fb−1 for the electron channels and 4.6 fb−1 for the muon channel. All events analysed

were acquired under good operating conditions of the ATLAS detector. Events in the

electron channels passed the single electron trigger, with an electron ET > 20 or 22 GeV

(depending on the instantaneous luminosity). Events in the muon channel passed the single

muon trigger with a muon pT threshold of 18 GeV. The presence of a reconstructed collision

vertex with at least three tracks with pT > 400 MeV is required. For the muon channel,

there is an additional requirement that the longitudinal position of this vertex be within

200 mm of the nominal interaction point.

4.1 Electron reconstruction

This analysis uses electrons in two distinct regions of the detector: the central

region (|η| < 2.47) where tracking information is available, and the forward region
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(2.5 < |η| < 4.9), where the electron reconstruction relies only on information from the

calorimeter. The inclusion of electrons in the forward region allows the reconstruction of

events where the Z/γ∗ candidates are emitted at large rapidity, thus reducing the effect of

dilution due to the imperfect knowledge of the direction of the initial state quark.

For both the central and forward electrons, the reconstruction begins with identify-

ing energy deposits in the calorimeters consistent with electromagnetic showers. Electron

candidates in the central region are matched to a track reconstructed in the ID. A trans-

verse energy requirement, ET > 25 GeV, is applied to both the central and forward candi-

dates. Electron candidates in transition regions between the barrel and endcap calorimeters

(1.37 < |η| < 1.52) and between the endcap and forward calorimeters (3.16 < |η| < 3.35)

are excluded from this analysis.

The central candidates must satisfy either ‘medium’ or ‘tight’ identification criteria,

based on shower shape and track quality variables [26] optimized for the 2011 data [27].

Forward electron candidates must satisfy similar medium quality criteria optimized specif-

ically for forward electrons. When combining one central and one forward electron there

is an additional requirement that the central electron be isolated. It is implemented by

requiring that the transverse energy deposition in the calorimeter within a cone defined

by ∆R =
√

(∆φ)2 + (∆η)2 = 0.2 around the electron candidate be less than 5 GeV, ex-

cluding the electron candidate itself. The reconstruction efficiencies in simulated events

are corrected to match the measured efficiencies [27]. Selected events consist of either two

medium candidates in the central region (central-central, referred to as CC) or one tight

central electron candidate and one medium forward electron candidate (central-forward,

referred to as CF). In the CC electron channel, the electrons are required to have opposite

charges. This requirement is not applicable in the CF electron channel, since the forward

electron has no charge information. The effect of charge misidentification is found to be

negligible in both the CC and CF electron channels [27].

4.2 Muon reconstruction

Muons identified as ‘combined muons’ by the reconstruction and identification algo-

rithms [28, 29] are used in this analysis. They are reconstructed by associating and

combining two independently reconstructed tracks, one in the ID and one in the MS.

Combined muons are required to have transverse momentum pT > 20 GeV, and must lie

within |η| < 2.4. The ID tracks associated with the muons must satisfy quality require-

ments on the number of hits recorded by each subdetector [28]. To reject muons from

cosmic rays, the longitudinal coordinate of the point of closest approach of the track to

the beamline is required to be within 10 mm of the collision vertex (see section 4.3). Re-

jection of multi-jet background is improved by requiring the muons to be isolated. The

isolation parameter is the relative momentum isolation, defined as the sum of the pT of all

other tracks within a cone of ∆R = 0.2 around the muon track, divided by the muon pT:∑
ptrack

T /pµT < 0.1. The kinematic variables of the muons are measured by the ID, in order

to minimize the impact of residual misalignments between the ID and the MS. This choice

also reduces the impact of muon bremsstrahlung in the calorimeter on the measurement.

Charge misidentification for muons is very low, with negligible effect on this analysis.
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4.3 Event selection and background estimation

Events must contain two oppositely charged leptons in the muon and CC electron channels

or one central electron and one forward electron in the CF electron channel. In the muon

and CC electron channels, dilepton pairs with invariant masses up to 1000 GeV are used.

In the CF electron channel, the AFB measurement is performed only for dilepton masses

up to 250 GeV, because the background dominates at larger masses, leading to sizeable

systematic uncertainties.

Contributions of different background sources are estimated using either simulation or

data-driven techniques. For dibosons (ZZ, WZ, WW ), Z/γ∗ → ττ and tt̄, contributions

are estimated using simulation. The dominant background for the muon and CC electron

channels, across the whole invariant mass range, is that due to tt̄ events. Background from

Z/γ∗ → ττ production (followed by τ → `ν) populates the low end of the dilepton invariant

mass distribution. For the electron channels, the multi-jet background is estimated using a

combination of data-driven techniques. In the CC electron channel, the reverse identifica-

tion method [30] is used for dilepton invariant masses below 125 GeV, while the fake-factor

method [31], is employed for higher invariant masses. An overlap region is defined between

110 and 200 GeV, where the estimates from both methods are compared and a scale factor

for the reverse identification estimate is determined using the fake-factor result. Since the

CF electron channel only extends to a dilepton invariant mass of 250 GeV, only the reverse

identification method is used. In the muon channel, the multi-jet background is estimated

from data in a control region defined by inverting the muon isolation cut. The numbers

of events in the control and signal regions observed in MC simulation are then used to

transfer the data distribution from the control region to the signal region.

Figures 1 and 2 show the m`` and cos θ∗CS distributions of events in the three channels.

The total numbers of selected events are 1.2×106, 0.35×106 and 1.7×106 for the CC elec-

tron, CF electron and muon channels respectively. In the region close to the Z peak, the

background contamination is estimated to be less than 1% for the muon and CC electron

channels, and about 5% for the CF electron channel. The background contributions in the

muon and CC electron channels increase to about 5% and 16% in the low- and high-mass

regions, respectively. The CF electron channel has a background contamination of about

30% in the low-mass region. Agreement between data and simulation is observed within

the uncertainties over the whole invariant mass range and also in the cos θ∗CS distributions.

These uncertainties contain both the statistical and systematic components and include

the effects of multiple pp collisions occurring in the same or in neighbouring bunch crossing

(pileup), energy/momentum scale and resolution, trigger efficiency, misalignment of the in-

ner detectors, data-driven background estimates, and PDFs. Details are given in section 5.

Figure 2(c) highlights the cos θ∗CS distribution for the CF electron channel to better

illustrate the reduced impact of dilution: the forward-backward asymmetry is large enough

to be observed directly from the plot. Some differences between data and simulation are

observed in the lowest and highest bins in cos θ∗CS. As a cross check, the analysis was

repeated excluding the bins in question and the impact on the AFB and sin2 θ lept
eff results

was found to be negligible.

– 7 –



J
H
E
P
0
9
(
2
0
1
5
)
0
4
9

 [GeV]ee
CCm

70 210 210×2 310

E
v
e

n
ts

 /
 G

e
V

1−10

1

10

210

310

410

510
 -1 = 7 TeV, 4.8 fb  s

Data 2011

 ee→* γZ/

Other backgrounds

Multijets
ATLAS

CC electron

 > 25 GeV
T

p

| < 2.47η|

(a)

 [GeV]ee
CFm

70 80 90 210 210×2

E
v
e

n
ts

 /
 G

e
V

210

310

410

510  -1 = 7 TeV, 4.8 fb  s

Data 2011

 ee→* γZ/

Other backgrounds

Multijets

ATLAS

CF electron

 > 25 GeV
T

p

| < 2.47
C

η|

| < 4.9
F

η2.5 < | 

(b)

 [GeV]µµm

70 210 210×2 310

E
v
e

n
ts

 /
 G

e
V

1−10

1

10

210

310

410

510

610

ATLAS

 -1 = 7 TeV, 4.6 fb  s

muons

 > 20 GeV
T

p

| < 2.4η|

Data 2011

µµ →*γZ/

Other backgrounds

Multijet

(c)

Figure 1. Dilepton invariant mass distributions obtained from the event selections described in the

text, for the (a) CC electron, (b) CF electron and (c) muon channels. Data are shown by open circles

and the total expectation is shown as a line with a band representing the total uncertainty (statistical

and systematic added in quadrature). The data-driven estimate for the multi-jet background and

the simulation-based estimates for all other backgrounds are shown by the shaded areas.

5 Measurement of AFB

For each invariant mass bin, the AFB value is obtained from the corresponding cos θ∗CS

distribution by measuring the numbers of forward and backward events:

AFB =
Ncos θ∗CS≥0 −Ncos θ∗CS<0

Ncos θ∗CS≥0 +Ncos θ∗CS<0
.

For comparison, expected AFB values are calculated from both the PYTHIA and POWHEG

samples described in section 3. Background contributions are subtracted from the number

of forward and backward events measured at detector-level. Some background contri-
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Figure 2. Distributions of the cosine of the polar angle in the Collins-Soper frame (cos θ∗CS)

obtained from the event selections described in the text, for the (a) CC electron and (b) muon

channels. The corresponding distribution for the CF electron channel is shown using both (c) a

linear and (d) a logarithmic scale. Data are shown by open circles and the total expectation is

shown as a line with a band representing the total uncertainty (statistical and systematic added

in quadrature). The data-driven estimate for the multi-jet background and the simulation-based

estimates for all other backgrounds are shown by the shaded areas.

butions, such as multi-jet events, display no asymmetry and hence dilute the measured

asymmetry. Other background contributions, such as tt̄, display an asymmetry. The

detector-level asymmetry values after background subtraction (Ameas
FB ) in the electron and

muon channels are shown in figure 3 as a function of the invariant mass of the lepton

pair.2 Good agreement between data and simulation is observed. Figure 4 shows the same

information in a narrower mass range around the Z pole.

2Numerical values of all results are available in HepData [32].
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Figure 3. Detector-level forward-backward asymmetry (Ameas
FB ) values as a function of the dilepton

invariant mass for the (a) CC electron, (b) CF electron and (c) muon channels, after background

subtraction. For the data, the black inner error bars represent the statistical component and

the lighter outer error bars the total error (statistical and systematic added in quadrature). The

boxed shaded regions for the MC expectations represent only the statistical uncertainty; theoretical

uncertainties for MC are included in the systematic uncertainties on the data. The lower panel of

each plot shows the pull value (∆/σ) for each mass bin, where ∆ is the difference between data and

simulation and σ is the sum in quadrature of the data and simulation uncertainties.

The asymmetry values Ameas
FB are unfolded from detector level to particle level (Aobs

FB),

to allow comparisons with theoretical predictions. The unfolding procedure corrects for

effects collectively referred to as ‘mass-bin migration’ (MBM) as described below.

• Detector effects : the finite resolution of the detector, as well as lepton reconstruction

efficiencies, deform the measured Z/γ∗ line shape and the dependence of the asym-

metry values on the dilepton mass with respect to what one would measure with an

ideal apparatus covering the same kinematic range.
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Figure 4. Detector-level forward-backward asymmetry (Ameas
FB ) values as a function of the dilepton

invariant mass for the (a) CC electron, (b) CF electron and (c) muon channels in a narrow region

around the Z pole, after background subtraction. For the data, the black inner error bars represent

the statistical component and the lighter outer error bars the total error (statistical and systematic

added in quadrature). The boxed shaded regions for the MC expectations represent only the

statistical uncertainty; theoretical uncertainties for MC are included in the systematic uncertainties

on the data. The lower panel of each plot shows the pull values (∆/σ, as defined for figure 3).

• QED radiative corrections : radiative corrections [33], or real photon emission in the

final-state (FSR), deform the shape of the dilepton invariant mass distribution. This

deformation is particularly pronounced below the Z peak. The events are moved

from the Z peak (i.e. expected AFB positive and small) towards smaller values of

invariant mass, significantly reducing the magnitude of the observed AFB in the region

66 GeV< m`` < mZ . In the high-mass region (m`` > mZ), the deformation due to

radiative corrections is still present, but is reduced in magnitude. To account for these

corrections, dileptons are unfolded to the pre-FSR state, referred to as ‘Born level’.
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The unfolding procedure is carried out using an iterative Bayesian unfolding

method [34], as implemented in the RooUnfold toolkit [35]. The response matrices are

built from the PYTHIA signal sample and the number of iterations (ten) is chosen in such

a way as to optimize the result of closure tests on simulated samples. Additional checks are

performed to ensure that the use of the PYTHIA LO generator for the unfolding does not

bias the result. Since FSR is a significant correction, an alternative real-photon emission

generator is investigated, using a simulated sample generated with SHERPA [36], which

uses a module called PHOTONS++ [37] for higher-order QED corrections. The impact of

NLO electroweak (EWK) corrections on the response matrix are estimated by reweighting

the PYTHIA simulation to the prediction from the HORACE MC event generator and

redoing the unfolding. In order to estimate NLO QCD effects on the Aobs
FB values, a test

is performed using a simulated POWHEG sample as pseudo-data and unfolding the asym-

metry values using the PYTHIA-derived response matrices. These studies all show that

any biases are much smaller than the present statistical uncertainties of the measurement.

The systematic uncertainties on Aobs
FB have contributions from the sources discussed in

the following.

• Unfolding uncertainty : estimated using a partially data-driven method. A set of

weights is derived as a function of m`` and cos θ∗CS to reweight the Ameas
FB values from

simulation to the one observed in data. These weights are applied to the generator-

level asymmetry values. The response matrix used in the unfolding is applied to

the resulting values to fold and subsequently unfold them. Particular care is taken

to make the matrices used for the folding and the unfolding statistically indepen-

dent. The generator-level AFB dependence on m`` is compared before and after the

fold-unfold operation, and the difference is taken as an estimate of the uncertainty

introduced by the unfolding.

• Uncertainty due to finite size of the simulated event samples : the statistical uncer-

tainty on the response matrices is propagated through the unfolding procedure.

• Multi-jet background modelling : in the CC electron channel, the difference between

the two background estimation methods described in section 4.3 is taken as the sys-

tematic uncertainty and is found to be negligible with respect to other uncertainties.

In the CF electron channel, this uncertainty is estimated by comparing templates

based on different electron isolation requirements. For the muon channel, the impact

of this background (and its uncertainty) is negligible.

• Other experimental systematic uncertainties : these include the impact of pileup and

of detector alignment, as well as energy/momentum scale and resolution, and trigger

and reconstruction efficiencies. The associated systematic uncertainties are estimated

following the prescriptions in refs. [26, 28, 38]. The uncertainties related to energy

scaling and resolution are among the largest contributions to the total error in all

three channels, since they result in both a shifting and a broadening of the invariant

mass peak, causing events to migrate between mass bins.
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CC electrons

Uncertainty 66–70 GeV 70–250 GeV 250–1000 GeV

Unfolding ∼1×10−2 (2–5)×10−3 ∼4×10−4

Energy scale/resolution ∼7×10−3 (0.5–2)×10−3 ∼2×10−2

MC statistics ∼5×10−3 (0.1–1)×10−3 (3–20)×10−3

PDF ∼2×10−3 (1–8)×10−4 (0.7–3)×10−3

Other ∼1×10−3 (0.1–2)×10−3 (5–9)×10−3

CF electrons

Uncertainty 66–70 GeV 70–250 GeV 250–1000 GeV

Unfolding ∼2×10−2 (0.5–2)×10−2 —

Energy scale/resolution ∼1×10−2 (0.5–7)×10−2 —

MC statistics ∼1×10−2 (1–7)×10−3 —

Background ∼3×10−2 (0.5–1)×10−2 —

PDF ∼4×10−3 (2–6)×10−4 —

Other ∼1×10−3 (1–5)×10−4 —

Muons

Uncertainty 66–70 GeV 70–250 GeV 250–1000 GeV

Unfolding ∼1×10−2 (1–4)×10−3 ∼5×10−4

Energy scale/resolution ∼8×10−3 (3–6)×10−3 ∼5×10−3

MC statistics ∼5×10−3 (0.1–1)×10−3 (2–30)×10−3

PDF ∼2×10−3 (1–8)×10−4 (0.3–3)×10−3

Other ∼1×10−3 (0.5–1)×10−3 (3–10)×10−3

Table 1. Absolute systematic uncertainties on the Aobs
FB values, after unfolding for mass-bin migra-

tion. Approximate values in three invariant mass intervals are given.

• PDF uncertainties : the CT10 PDF set [39], which provides a reliable uncertainty

estimate and is widely used in ATLAS, is also used here to estimate the PDF un-

certainty. Its eigenvectors are used and the result quoted at 68% confidence level.

For each error set, the MC signal sample is reweighted, the response matrices are

recalculated and the unfolding is repeated. This contribution is found to be small

when unfolding only mass-bin migration effects.

The magnitudes of the systematic uncertainties on the Aobs
FB values are summarized in

table 1, for three invariant mass regions. Figure 5 shows the Aobs
FB values obtained from

leptons unfolded to Born level for all three channels. Expectations from PYTHIA and

POWHEG are in good agreement with the measured values, as illustrated in the pull

distribution at the bottom of each plot.
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5.1 Correcting for dilution

A similar unfolding procedure is used to further correct the Aobs
FB values to remove dilution

effects, which occur when the wrong choice is made for the direction of the quark. The

unfolding for dilution and the extrapolation from the detector acceptance to the full phase

space are performed using the PYTHIA signal sample, where the description of the initial

state allows a straightforward definition of the polar angle of the lepton with respect to the

quark. The fully corrected asymmetry values for dileptons at the Born level Acor
FB are shown

in figure 6. The magnitude of the correction is larger than in the previous unfolding step.

In addition, the contribution from the PDFs becomes the dominant systematic uncertainty.

Good agreement is observed in general between the measured and predicted values. The

muon channel measurement exhibits a discrepancy with respect to the PYTHIA prediction

for masses above the Z boson mass, where the measured asymmetry is consistently larger

than the prediction. This effect could not be explained by the analysis procedure and

might be a feature of the simulation.

6 Measurement of sin2 θ lept
eff

The extraction of the effective weak mixing angle (sin2 θ lept
eff ) from the detector-level asym-

metry values (Ameas
FB ) is presented here.

Within the region of interest (0.218 ≤ sin2 θ lept
eff ≤ 0.236) 17 MC simulated samples

were generated with varying values of sin2 θ lept
eff . The generator used for the templates is

PYTHIA, which allows the value of sin2 θ lept
eff to be tuned without changing mZ . Within

the range of the sin2 θ lept
eff variations, the Z boson line shape remains unchanged in the

generated samples. From the generator-level information in the samples, weights are cal-

culated, in bins of m`` and cos θ∗CS, to transform the Ameas
FB values to the ones expected

(ArewFB ) for a different value of sin2 θ lept
eff . The reweighting technique is validated on simu-

lated samples. For each channel, the ArewFB values obtained from the reweighted datasets

are compared to those obtained from the data, using a χ2 test over the mass range 70–

250 GeV, taking statistical and systematic uncertainties into account. The mass range has

been optimized for the maximum sensitivity and stability of the measurement. A parabola

is fitted to the resulting distributions of χ2 values for each channel independently. The

minimum of the parabola yields the sin2 θ lept
eff result. The χ2/ndf value at the minimum

is 22.4/16 for the CC electron channel, 21.9/16 for the CF electron channel and 22.6/16

for the muon channel. The fit results are found to be stable with respect to the invariant

mass range over which the template comparisons are performed, as well as with respect to

the sin2 θ lept
eff range over which the χ2 is minimized.

As discussed in section 5, the use of a LO generator and a specific implementation

of the real photon emission in the final state does not bias the unfolded Ameas
FB values. In

order to assess the impact of these potential sources of systematic effects on the templates

used to extract the sin2 θ lept
eff value, additional tests are performed. Effects related to the

modelling of the real photon emission are tested with SHERPA, and are found to be neg-

ligible. The effects of NLO QCD corrections are investigated further in the context of the
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Figure 5. Forward-backward asymmetry (Aobs
FB ) values as a function of the dilepton invariant mass

for the (a) CC electron, (b) CF electron and (c) muon channels. Leptons are unfolded to Born level

to account for mass bin migration, and the results are compared to truth-level MC information. For

the data, the black inner error bars represent the statistical component and the lighter outer error

bars the total error (statistical and systematic added in quadrature). The boxed shaded regions

for the MC expectations represent only the statistical uncertainty; theoretical uncertainties are

included in the systematic uncertainties on the data. The lower panel of each plot shows the pull

values (∆/σ, as defined for figure 3).

sin2 θ lept
eff measurement by comparing LO and NLO predictions of the AFB vs. mass distri-

butions calculated with MCFM [18]. Differences are propagated through the extraction of

sin2 θ lept
eff and the resulting variation of the weak mixing angle is treated as an additional

systematic error. The effects of NLO EWK corrections are found to be small compared to

the rest of the uncertainties, but are accounted for as an additional systematic uncertainty

on the final result.

The systematic uncertainties already described for the Ameas
FB values are also esti-

mated for the sin2 θ lept
eff measurement. As the background is small in all channels of the
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Figure 6. Forward-backward asymmetry (Acor
FB) values as a function of the dilepton invariant mass

for the (a) CC electron, (b) CF electron and (c) muon channels. Leptons are unfolded to Born

level to account for mass bin migration and dilution effects are corrected. The measurement is

extrapolated to the full phase space, and the results are compared to truth-level MC information.

For the data, the black inner error bars represent the statistical component and the lighter outer

error bars the total error (statistical and systematic added in quadrature). The boxed shaded

regions for the MC expectations represent only the statistical uncertainty; theoretical uncertainties

are included in the data systematic uncertainties. The lower panel of each plot shows the pull values

(∆/σ, as defined for figure 3).

sin2 θ lept
eff extraction, a simple, but slightly conservative, approach is used to obtain its

uncertainty. The sin2 θ lept
eff measurement is repeated without the subtraction of the back-

ground, and the result is compared to the baseline measurement, which has the background

subtracted. The uncertainty on sin2 θ lept
eff from the background is taken to be 10% of the

observed difference, to take into account the uncertainties on the cross sections of the

background components known with least precision [40].
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6.1 Impact of PDFs on the sin2 θ lept
eff measurement

This measurement is sensitive to the PDFs describing the flavour composition of the initial

state, since the AFB values depend on the flavour and charge of the initial partons. In

addition, the uv and dv valence quark distributions have an impact on the measurement

due to differences in the weak couplings, while dilution effects introduce a dependence on

the sea-to-valence quark ratio within the accessible Bjorken-x range.

The ATLAS measurements of inclusive W and Z boson production [41] are sensitive

to the same effects and indicate that some of the existing PDF sets may not provide a good

description of the data.

For this measurement of sin2 θ lept
eff a LO version of the ATLAS-epWZ NNLO and

NLO fits was prepared. In the following, the PDFs extracted from these fits are called

ATLAS-epWZ12 LO PDFs. These fits include inclusive W+, W− and Z production data

at
√
s = 7 TeV [41], together with the combined HERA data on inclusive neutral- and

charged-current interactions from e+p and e−p scattering [42]. The settings for the fit

are kept the same as those for the NLO and NNLO fits as much as possible. The main

differences between the LO fit and the higher-order fits are that the gluon PDF distribution

has a simple parameterization which requires it to be positive definite at all scales, and

that the value of the strong coupling constant αs(mZ) is set to be higher than the one for

the NLO or NNLO fits. A value of αs(mZ) of 0.130 is chosen with a scanning procedure,

such that it yields the best level of agreement (χ2) between data and the fit result. This

value is consistent with that used by other LO PDF sets. These PDFs are available in

LHgrid formats [43].

6.2 Results for sin2 θ lept
eff

The measured values of the weak mixing angle obtained with ATLAS-epWZ12 LO PDF are

shown in table 2. Of the three channels, the CF electron channel has the lowest statistical

uncertainty, despite having the fewest selected events, as detailed in section 4.3. This is

because the Ameas
FB values in this channel are less affected by dilution due to the larger

average rapidity of the dilepton system compared to the other two channels. Details of the

main sources of systematic uncertainty on the result in each channel are given in table 3.

The sin2 θ lept
eff measurements from all three channels are combined. Given the total

covariance matrix C, the weights assigned to the three measurements for the combina-

tion are calculated using wi =
∑

k C
−1
ik /

∑
jk C

−1
jk , with the indices i, j and k representing

the three measurements (CC electron, CF electron, muon). The total error is given by

σ2 = (WTC−1)−1W , with WT = (1, 1, 1). Uncertainties due to energy/momentum scale

and resolution are treated as completely uncorrelated across channels. Since the energy

scale and resolution for the CF electron channel is dominated by the forward calorimeter

performance, this is a good approximation for the correlation of the CC and CF elec-

tron channels. The systematic uncertainties due to the MC statistical uncertainty are

also treated as fully uncorrelated. Theory-related systematic uncertainties, such as those

associated with PDFs and higher-order EWK and QCD corrections, are treated as fully

correlated across channels. All the remaining uncertainties are treated as fully correlated
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across the channels to which they are applicable. The central value of the combination

is found to be stable when varying the magnitudes of the main correlated uncertainties.

Following this procedure, the combined (CC+CF) electron result, as well as the electron-

muon combination, is shown in table 2. The systematic uncertainty on the combined result

is dominated by the PDF uncertainty (±0.0009), which is calculated using the variations

provided in the ATLAS-epWZ12 LO PDF eigenvalue set, similar to the calculation de-

scribed in section 5. The contributions to the total systematic uncertainties on the results

are included in table 3.

The results obtained with the ATLAS-epWZ12 LO PDF set have been compared

to those obtained using other leading order PDF sets. The PDF sets ATLAS-epWZ12

LO and HERAPDF1.5LO [44] yield very similar results, the ATLAS-epWZ12 LO result

being larger by 1 × 10−4 (with a PDF uncertainty of 9 × 10−4). The MSTW2008LO set

produces a downward shift in the resulting sin2 θ lept
eff which is significant (∆ sin2 θ lept

eff =

−2 × 10−3). However, MSTW sets are known to give a poor description of the ATLAS

W and Z data [41]. The CT10 PDF set (which is NLO) was also tested, and yields a

sin2 θ lept
eff value which is smaller than, but compatible with, the results obtained with the

ATLAS-epWZ12 LO PDF (∆ sin2 θ lept
eff = −8 × 10−4). The PDF analysis of the ATLAS

data also suggests an increased strange-quark sea density (s̄/d̄ ∼ 1) compared to other

PDF sets [15]. In order to probe the sensitivity of this measurement to the enhanced

strange-quark density, a dedicated PDF set was prepared with a suppressed strange sea

corresponding to uncertainty, which indicates a low sensitivity of the measurement to this

effect. This is due to the fact that the sea composition only affects the measurement

through the dilution, which, to first approximation, does not change the position of the

minimum of the χ2 in the template fits.

As a cross-check of the measured weak mixing angle and the unfolding procedure,

sin2 θ lept
eff is extracted from the unfolded particle-level asymmetries. Similarly to the pro-

cedure described in the beginning of section 6, samples with various values of sin2 θ lept
eff ,

generated using MCFM v6.8 [18] at LO in perturbative QCD and interfaced to APPLGRID

v1.4.69 [45] using the ATLAS-epWZ12 LO PDF set, are compared to the measured particle-

level asymmetries using a χ2 test. The correlations between the systematic uncertainties

are included in the χ2 calculation. A parabolic fit to the χ2 distribution yields a value of

sin2 θ lept
eff in good agreement with the detector-level extraction.

There are several other measurements of sin2 θ lept
eff at the mZ scale. The results from

this analysis, as well as the results from the other collider experiments, are summarized in

table 4 and shown in figure 7. These include measurements from LEP, SLC, the Tevatron,

and the LHC, as well as the results of the PDG global fit [46]. Differences with respect

to the combined LEP/SLC measurements are also displayed. The combined result of

this analysis agrees within 0.1σ with the most precise leptonic asymmetry measurement,

and within 1.2σ of the sin2 θ lept
eff value extracted from the LEP A0,b

FB measurement. The

combined result is in agreement with the PDG global fit at the level of 0.6σ.

6.3 Determination of Aµ

As described in section 1, the forward-backward asymmetry around the Z pole for the muon

channel, A0,µ
FB, can be expressed in terms of the muon and quark asymmetry parameters Aµ
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sin2 θ lept
eff

CC electron 0.2302± 0.0009(stat.)± 0.0008(syst.)± 0.0010(PDF) = 0.2302± 0.0016

CF electron 0.2312± 0.0007(stat.)± 0.0008(syst.)± 0.0010(PDF) = 0.2312± 0.0014

Muon 0.2307± 0.0009(stat.)± 0.0008(syst.)± 0.0009(PDF) = 0.2307± 0.0015

El. combined 0.2308± 0.0006(stat.)± 0.0007(syst.)± 0.0010(PDF) = 0.2308± 0.0013

Combined 0.2308± 0.0005(stat.)± 0.0006(syst.)± 0.0009(PDF) = 0.2308± 0.0012

Table 2. The sin2 θ lept
eff measurement results in each of the three studied channels: electron central-

central, electron central-forward and muon. Results of the statistical combination of both electron

channels and all three channels are shown as well.

CC electrons CF electrons Muons Combined

Uncertainty source [10−4] [10−4] [10−4] [10−4]

PDF 10 10 9 9

MC statistics 5 2 5 2

Electron energy scale 4 6 — 3

Electron energy resolution 4 5 — 2

Muon energy scale — — 5 2

Higher-order corrections 3 1 3 2

Other sources 1 1 2 2

Table 3. Contributions to the systematic uncertainties on the sin2 θ lept
eff values extracted from the

three analysis channels and on the combined result. Null entries (denoted by “—”) correspond to

uncertainties that do not apply to a specific channel. Higher-order corrections include NLO QCD

and NLO EWK contributions. Other sources include the effect of pileup, background uncertainties,

lepton trigger/reconstruction/identification efficiency uncertainties, muon momentum resolution

and effects of detector misalignment.

and Aq, cf. eq. 1.4 and ref. [3]. Both are functions of the vector and axial-vector couplings

of the quark/muon,

Aq/µ =
2g
q/µ
V g

q/µ
A

(g
q/µ
V )2 + (g

q/µ
A )2

=
2g
q/µ
V /g

q/µ
A

1 + (g
q/µ
V /g

q/µ
A )2

. (6.1)

The asymmetry parameters are related to the flavour-dependent weak mixing angle

sin2 θ
q/µ
eff by

g
q/µ
V /g

q/µ
A = 1− 4|Qq/µ| sin2 θ

q/µ
eff , (6.2)

where Qq/µ is the quark (q) or muon (µ) charge. The measurement of the forward-backward

asymmetry can be interpreted as a determination of Aµ when assuming sin2 θ q
eff = sin2 θ µeff

= sin2 θ lept
eff , which is valid within an uncertainty of 1.5 × 10−4 [3]. Given the value of
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∆/σ ∆/σ

sin2 θ lept
eff (w.r.t. LEP+SLC) (w.r.t. ATLAS)

CMS [6] 0.2287± 0.0032 −0.9 −0.6

D0 [5] 0.23146± 0.00047 −0.1 0.5

CDF [4] 0.2315± 0.0010 −0.03 0.4

LEP, A0,b
FB [3] 0.23221± 0.00029 — 1.2

LEP, A0,l
FB [3] 0.23099± 0.00053 — −0.1

SLC, ALR [3] 0.23098± 0.00026 — −0.1

LEP+SLC [3] 0.23153± 0.00016 — 0.6

PDG global fit [46] 0.23146± 0.00012 −0.4 0.6

ATLAS 0.2308± 0.0012 −0.6 —

Table 4. Comparison of the results of this analysis with other published results for sin2 θ lept
eff .

The comparison includes the most precise measurements from LEP and SLC, and the results from

the leptonic sin2 θ lept
eff measurements from the hadron collider experiments CMS, D0, and CDF.

Also shown are the values of sin2 θ lept
eff from the LEP+SLC global combination (which includes

all sin2 θ lept
eff measurements performed at the two colliders) and from the PDG global fit. Each

∆/σ column shows the difference between the result and the quoted reference value, divided by the

quadratic sum of the associated uncertainties.

lept

eff
θ

2sin

0.225 0.23 0.235

PDG Fit

LEP+SLC

  LR
SLD, A

   0,l

   FB
LEP, A

   0,b

   FB
LEP, A

CDF

D0

CMS

ATLAS combined  

µATLAS,   

ATLAS, e CF 

ATLAS, e CC 
ATLAS

  -1 = 7 TeV, 4.8 fb   s

Figure 7. Comparison of the results of this analysis with other published results for

sin2 θ lept
eff . This includes the most precise measurements from LEP and SLC, and the leptonic

sin2 θ lept
eff measurements from the hadron collider experiments CMS [6], D0 [5], and CDF [4]. Also

shown are the values of sin2 θ lept
eff from the LEP+SLC global combination [3] (which includes all

sin2 θ lept
eff measurements performed at the two colliders) and from the PDG global fit [46]. The

vertical dotted line shows the central value of the ATLAS combined measurement reported here,

while the vertical dashed line represents that of the current PDG global fit [46].

– 20 –



J
H
E
P
0
9
(
2
0
1
5
)
0
4
9

sin2 θ lept
eff , Aµ is small compared to Aq and the uncertainty on sin2 θ µeff (∼ 1.5× 10−3) plays

a more important role in eq. 1.4 than the error introduced by the assumption about sin2 θ q
eff

mentioned above. With the present precision, it is therefore possible to use the value of

sin2 θ µeff obtained from the muon asymmetry measurement to derive

Aµ =
2(1− 4 sin2 θ lept

eff )

1 + (1− 4 sin2 θ lept
eff )2

. (6.3)

The uncertainties on Aµ are propagated from the uncertainties on sin2 θ lept
eff . The result is

Aµ = 0.153± 0.007(stat.)± 0.006(syst.)± 0.007(PDF) = 0.153± 0.012(tot.),

which is of similar precision and in good agreement with the measurement from e+e−

collisions of 0.142 ± 0.015 [3]. It is worth stressing, however, that the determination of

Aµ in the LEP/SLD results is based entirely on asymmetry measurements in the different

lepton final states without any assumptions on other Af , whereas the determination of Aµ
presented here uses the Standard Model prediction of Aq.

7 Conclusions

The forward-backward asymmetry in electron and muon pairs from Z/γ∗ decays is

measured using the 7 TeV pp LHC collision data recorded with the ATLAS detector in

2011 corresponding to an integrated luminosity of 4.8 fb−1. The data are analysed over a

range of dilepton invariant masses from 66 GeV to 1000 GeV in the central-central electron

and muon channels, and up to 250 GeV in the central-forward electron channel. The latter

includes events where one electron is reconstructed in the forward pseudorapidity range

(2.5 < |η| < 4.9).

The forward-backward asymmetry is measured separately for the three channels as a

function of the dilepton invariant mass and unfolded for detector effects and final-state

radiation. Additionally, a leading-order interpretation which accounts for the effects of

dilution and full detector acceptance is presented. The resulting AFB values are found to

be in agreement with the corresponding Standard Model predictions.

The detector level asymmetry values are used to extract the value of the leptonic

effective weak mixing angle, sin2 θ lept
eff , separately for the three data samples using a

χ2 minimization method. The results are in good agreement with each other and with

measurements at e+e− colliders, at the Tevatron and by CMS at the LHC.

Results from the electron and muon final states are combined, yielding

sin2 θ lept
eff = 0.2308± 0.0005(stat.)±0.0006(syst.)±0.0009(PDF)=0.2308± 0.0012(tot.).

The dominant uncertainty comes from knowledge of the PDFs.

The result from the muon channel, when converted to the asymmetry parameter

Aµ, yields

Aµ = 0.153± 0.007(stat.)± 0.006(syst.)± 0.007(PDF) = 0.153± 0.012(tot.),

which is in good agreement with the best previous measurements.
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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,
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. Cantrill76, 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.C. 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, K. Chan3,
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,h, M.A. Chelstowska88, C. Chen63, H. Chen25,
K. Chen149, L. Chen33d,i, S. Chen33c, X. Chen146c, 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. Cinca62, 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. Coniavitis167, M.C. Conidi12, S.H. Connell146b, I.A. Connelly76, S.M. Consonni90a,90b,
V. Consorti48, S. Constantinescu26a, C. Conta120a,120b, G. Conti57, F. Conventi103a,j ,
M. Cooke15, B.D. Cooper77, A.M. Cooper-Sarkar119, N.J. Cooper-Smith76, K. Copic15,
T. Cornelissen176, M. Corradi20a, F. Corriveau86,k, A. Corso-Radu164,

– 27 –



J
H
E
P
0
9
(
2
0
1
5
)
0
4
9

A. Cortes-Gonzalez12, G. Cortiana100, G. Costa90a, M.J. Costa168, D. Costanzo140,
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Bologna, Italy
21 Physikalisches Institut, University of Bonn, Bonn, Germany
22 Department of Physics, Boston University, Boston MA, United States of America
23 Department of Physics, Brandeis University, Waltham MA, United States of America
24 (a) Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro; (b) Electrical Circuits

Department, Federal University of Juiz de Fora (UFJF), Juiz de Fora; (c) Federal University of Sao

Joao del Rei (UFSJ), Sao Joao del Rei; (d) Instituto de Fisica, Universidade de Sao Paulo, Sao

Paulo, Brazil
25 Physics Department, Brookhaven National Laboratory, Upton NY, United States of America
26 (a) National Institute of Physics and Nuclear Engineering, Bucharest; (b) National Institute for

Research and Development of Isotopic and Molecular Technologies, Physics Department, Cluj

Napoca; (c) University Politehnica Bucharest, Bucharest; (d) West University in Timisoara,

Timisoara, Romania
27 Departamento de F́ısica, Universidad de Buenos Aires, Buenos Aires, Argentina
28 Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom
29 Department of Physics, Carleton University, Ottawa ON, Canada
30 CERN, Geneva, Switzerland
31 Enrico Fermi Institute, University of Chicago, Chicago IL, United States of America
32 (a) Departamento de F́ısica, Pontificia Universidad Católica de Chile, Santiago; (b) Departamento
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50 (a) INFN Sezione di Genova; (b) Dipartimento di Fisica, Università di Genova, Genova, Italy
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Grenoble, France
56 Department of Physics, Hampton University, Hampton VA, United States of America
57 Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge MA, United States

of America
58 (a) Kirchhoff-Institut für Physik, Ruprecht-Karls-Universität Heidelberg, Heidelberg; (b)

Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg; (c) ZITI Institut für

technische Informatik, Ruprecht-Karls-Universität Heidelberg, Mannheim, Germany
59 Faculty of Applied Information Science, Hiroshima Institute of Technology, Hiroshima, Japan
60 Department of Physics, Indiana University, Bloomington IN, United States of America
61 Institut für Astro- und Teilchenphysik, Leopold-Franzens-Universität, Innsbruck, Austria
62 University of Iowa, Iowa City IA, United States of America
63 Department of Physics and Astronomy, Iowa State University, Ames IA, United States of America
64 Joint Institute for Nuclear Research, JINR Dubna, Dubna, Russia
65 KEK, High Energy Accelerator Research Organization, Tsukuba, Japan
66 Graduate School of Science, Kobe University, Kobe, Japan
67 Faculty of Science, Kyoto University, Kyoto, Japan
68 Kyoto University of Education, Kyoto, Japan
69 Department of Physics, Kyushu University, Fukuoka, Japan
70 Instituto de F́ısica La Plata, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
71 Physics Department, Lancaster University, Lancaster, United Kingdom
72 (a) INFN Sezione di Lecce; (b) Dipartimento di Matematica e Fisica, Università del Salento, Lecce,
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(IN2P3), Villeurbanne, France

a Also at Department of Physics, King’s College London, London, United Kingdom
b Also at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
c Also at Novosibirsk State University, Novosibirsk, Russia
d Also at Particle Physics Department, Rutherford Appleton Laboratory, Didcot, United Kingdom
e Also at TRIUMF, Vancouver BC, Canada
f Also at Department of Physics, California State University, Fresno CA, United States of America
g Also at Department of Physics, University of Fribourg, Fribourg, Switzerland
h Also at Tomsk State University, Tomsk, Russia
i Also at CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France
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