
UC Santa Cruz
UC Santa Cruz Previously Published Works

Title

Measurement of the charge asymmetry in top quark pair production in pp collisions at 
using the ATLAS detector

Permalink

https://escholarship.org/uc/item/6w0866b7

Journal

European Physical Journal C, 72(6)

ISSN

1434-6044

Authors

The ATLAS Collaboration
Aad, G
Abbott, B
et al.

Publication Date

2012-06-01

DOI

10.1140/epjc/s10052-012-2039-5

Copyright Information

This work is made available under the terms of a Creative Commons Attribution License, 
available at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6w0866b7
https://escholarship.org/uc/item/6w0866b7#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


Eur. Phys. J. C (2012) 72:2039
DOI 10.1140/epjc/s10052-012-2039-5

Regular Article – Experimental Physics

Measurement of the charge asymmetry in top quark pair
production in pp collisions at

√
s = 7 TeV using the ATLAS

detector

The ATLAS Collaboration�

CERN, 1211 Geneva 23, Switzerland

Received: 19 March 2012 / Revised: 17 May 2012 / Published online: 15 June 2012
© CERN for the benefit of the ATLAS collaboration 2012. This article is published with open access at Springerlink.com

Abstract A measurement of the top-antitop production
charge asymmetry AC is presented using data correspond-
ing to an integrated luminosity of 1.04 fb−1 of pp colli-
sions at

√
s = 7 TeV collected by the ATLAS detector at

the LHC. Events are selected with a single lepton (elec-
tron or muon), missing transverse momentum and at least
four jets of which at least one jet is identified as coming
from a b-quark. A kinematic fit is used to reconstruct the
t t̄ event topology. After background subtraction, a Bayesian
unfolding procedure is performed to correct for accep-
tance and detector effects. The measured value of AC is
AC = −0.019±0.028 (stat.)±0.024 (syst.), consistent with
the prediction from the MC@NLO Monte Carlo generator
of AC = 0.006 ± 0.002. Measurements of AC in two ranges
of invariant mass of the top-antitop pair are also shown.

1 Introduction

The top quark is the heaviest elementary particle so far ob-
served. With a mass close to the electroweak scale it may
play a special role in physics beyond the Standard Model
(SM). Its pair production at hadron colliders allows a test of
quantum chromodynamics (QCD) at high energies.

This paper describes the measurement of the charge
asymmetry AC , defined as [1, 2]:

AC = N(�|y| > 0) − N(�|y| < 0)

N(�|y| > 0) + N(�|y| < 0)
, (1)

where �|y| ≡ |yt | − |yt̄ | is the difference between the abso-
lute values of the top and antitop rapidities (|yt | and |yt̄ |) and
N is the number of events with �|y| positive or negative.

Although t t̄ production at hadron colliders is predicted
to be symmetric under the exchange of t and t̄ at leading

� e-mail: atlas.publications@cern.ch

order, at next-to-leading order (NLO) the process qq̄ → t t̄g

exhibits an asymmetry in the differential distributions of the
top and antitop, due to interference between initial and final
state gluon emission. The qq̄ → t t̄ process also possesses
an asymmetry due to the interference between the Born and
box diagrams. Similarly, the qg → t t̄q process is asymmet-
ric due to interference between amplitudes which have a rel-
ative sign difference under the exchange of t and t̄ . The pro-
duction of t t̄ pairs by gluon-gluon fusion, gg → t t̄ , on the
other hand, is symmetric.

In pp̄ collisions at the Tevatron, where top pairs are pre-
dominantly produced by quark-antiquark annihilation, per-
turbative QCD predicts that the top quark will be preferen-
tially emitted in the direction of the incoming quark and the
antitop in the direction of the incoming antiquark [3]. Con-
sequently, the charge asymmetry is measured as a forward–
backward asymmetry, AFB. Recent measurements of AFB

by the CDF and D0 Collaborations [4–7] show a 2–3σ ex-
cess over the SM expectations enhancing interest in scruti-
nising the t t̄ asymmetry. For t t̄ invariant mass, mtt̄ , greater
than 450 GeV, the CDF experiment measures an asymme-
try in the t t̄ rest frame which is 3.4σ above the SM predic-
tion [6]. Several new physics models have been proposed to
explain the excess observed at CDF and D0 [1, 8–17]. Dif-
ferent models predict different asymmetries as a function of
mtt̄ [18].

In pp collisions at the LHC, the dominant mechanism for
t t̄ production is expected to be the gluon-gluon fusion pro-
cess, while t t̄ production via qq̄ or qg is small. Since the
initial state is symmetric, the forward–backward asymmetry
is no longer a useful observable. However, due to the asym-
metry in the production via qq̄ and qg, QCD predicts at the
LHC a small excess of centrally produced antitop quarks
while top quarks are produced, on average, at higher abso-
lute rapidities. This can be understood by the fact that for
t t̄ production via qq̄ annihilation the valence quark carries,
on average, a larger momentum fraction than the anti-quark
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from the sea. With top quarks preferentially emitted in the
direction of the initial quarks in the t t̄ rest frame, the boost
into the laboratory frame drives the top mainly in the for-
ward or backward directions, while antitops are preferen-
tially retained in the central region. If new physics is re-
sponsible for the Tevatron AFB excess, the charge asymme-
try measured at the LHC is a natural place to look for it.

In this paper, the measurement of the charge asymmetry
AC is performed using candidate t t̄ events selected in the
lepton+ jets channel. In this channel, the SM decay of the t t̄

pair to W+bW−b̄ results in a single electron or muon from
one of the W boson decays and four jets, two from the sec-
ond W boson decay and two from the b- and b̄-quarks. To
allow comparisons with theory calculations, the measured
�|y| distribution is unfolded to account for acceptance and
detector effects. An inclusive measurement, and measure-
ments of AC in two ranges of t t̄ invariant mass, are pre-
sented. An inclusive measurement of this asymmetry with
an equivalent observable has been recently reported by the
CMS collaboration [19].

2 The ATLAS detector

The ATLAS detector [20] at the LHC covers nearly the en-
tire solid angle1 around the collision point. It consists of
an inner tracking detector surrounded by a thin supercon-
ducting solenoid, electromagnetic and hadronic calorime-
ters, and an external muon spectrometer incorporating three
large superconducting toroid magnet assemblies.

The inner-detector system is immersed in a 2 T axial
magnetic field and provides charged particle tracking in the
range |η| < 2.5. The high-granularity silicon pixel detec-
tor covers the vertex region and provides typically three
measurements per track, followed by the silicon microstrip
tracker (SCT) which provides four measurements from eight
strip layers. These silicon detectors are complemented by
the transition radiation tracker (TRT), which enables ex-
tended track reconstruction up to |η| = 2.0. In giving typ-
ically more than 30 straw-tube measurements per track, the
TRT improves the inner detector momentum resolution, and
also provides electron identification information.

The calorimeter system covers the pseudorapidity range
|η| < 4.9. Within the region |η| < 3.2, electromagnetic
calorimetry is provided by barrel and endcap lead-liquid

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). Transverse momentum and energy
are defined as pT = p sin θ and ET = E sin θ , respectively.

argon (LAr) electromagnetic calorimeters, with an addi-
tional thin LAr presampler covering |η| < 1.8 to correct
for energy loss in material upstream of the calorimeters.
Hadronic calorimetry is provided by the steel/scintillating-
tile calorimeter, segmented into three barrel structures
within |η| < 1.7, and two copper/LAr hadronic endcap
calorimeters. The solid angle coverage is completed with
forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic measurements
respectively.

The muon spectrometer comprises separate trigger and
high-precision tracking chambers measuring the deflection
of muons in a magnetic field with a bending integral from
2 to 8 Tm in the central region, generated by three super-
conducting air-core toroids. The precision chamber system
covers the region |η| < 2.7 with three layers of monitored
drift tubes, complemented by cathode strip chambers in the
forward region, where the background is highest. The muon
trigger system covers the range |η| < 2.4 with resistive plate
chambers in the barrel, and thin gap chambers in the endcap
regions.

A three-level trigger system is used to select interesting
events. The level-1 trigger is implemented in hardware and
uses a subset of detector information to reduce the event rate
to a design value of at most 75 kHz. This is followed by
two software-based trigger levels, level-2 and the event filter,
which together reduce the event rate to about 300 Hz.

3 Data and Monte Carlo samples

Data from LHC pp collisions collected by the ATLAS de-
tector between March and June 2011 are used in the analy-
sis, corresponding to an integrated luminosity of 1.04 fb−1.

Simulated top pair events are generated using the
MC@NLO [21] Monte Carlo (MC) generator with the
NLO parton density function (PDF) set CTEQ6.6 [22]. Par-
ton showering and the underlying event are modelled us-
ing HERWIG [23] and JIMMY [24], respectively. This
t t̄ sample is normalised to a cross section of 165 pb, ob-
tained with the latest theoretical computation, which ap-
proximates the next-to-next-to leading order prediction [25].
Single top events are also generated using MC@NLO while
the production of W/Z bosons in association with jets is
simulated using the ALPGEN generator [26] interfaced
to HERWIG and JIMMY with CTEQ6.1 [27]. Diboson
events (WW , WZ, ZZ) are generated using HERWIG with
MRST2007lomod [28].

All Monte Carlo simulation samples are generated with
multiple pp interactions per bunch crossing (pile-up). These
simulated events are re-weighted so that the distribution
of the number of interactions per crossing in simulation
matches that in the data. The samples are then processed
through the GEANT4 [29] simulation [30] of the ATLAS
detector and the standard reconstruction software.
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4 Event selection

4.1 Physics object selection

Reconstructing top quark pair events in the detector requires
electrons, muons, jets and missing momentum to be simul-
taneously measured. Electron candidates are defined as en-
ergy deposits in the electromagnetic calorimeter associated
with a well-measured track. Identification criteria based on
shower shape variables, track quality, and information from
the transition radiation tracker are applied to electron candi-
dates [31]. All candidates are required to have pT > 25 GeV
and |ηcluster| < 2.47, where ηcluster is the pseudorapidity
of the electromagnetic calorimeter cluster associated with
the electron. Candidates in the calorimeter transition region
1.37 < |ηcluster| < 1.52 are excluded.

Muon candidates are reconstructed from track segments
in different layers of the muon chambers. These segments
are combined starting from the outermost layer, with a pro-
cedure that takes material effects into account, and matched
with tracks found in the inner detector. The candidates are
then refitted using the complete track information from both
detector systems, and are required to satisfy pT > 20 GeV
and |η| < 2.5.

Jets are reconstructed with the anti-kt algorithm, with
a distance parameter of 0.4 [32], starting from clusters of
energy in adjacent calorimeter cells at the electromagnetic
(EM) scale. The jet energy is corrected to the hadronic scale
using pT- and η-dependent correction factors obtained from
simulation and validated with data [33]. Jet quality criteria
are applied to identify jets not associated to in-time real en-
ergy deposits in the calorimeters caused by various sources
(calorimeter noise, non-collision beam-related background,
cosmic-ray induced showers).

The missing transverse momentum (Emiss
T ) is recon-

structed from clusters of energy calibrated at the EM scale
and corrected according to the energy scale of the associ-
ated physics object [34]. Contributions from muons are in-
cluded using their momentum measured from the tracking
and muon spectrometer systems. The remaining clusters not
associated with the high pT objects are also included in the
missing transverse momentum.

Muons within �R = 0.4 of a jet axis2 and with pT >

20 GeV are removed in order to reduce the contamination
caused by muons from hadron decays. Subsequently, jets
within �R = 0.2 of an electron candidate are removed to
avoid double counting electrons as jets.

Isolation criteria are applied to both electron and muon
candidates to reduce the backgrounds from hadrons mimick-
ing lepton signatures and backgrounds from heavy flavour

2�R =
√

�φ2 + �η2, where �φ and �η are the separation in az-
imuthal angle and pseudorapidity, respectively.

decays inside jets. For electrons, the total energy in a cone
of �R = 0.2 around the electron candidate must not exceed
3.5 GeV, after correcting for energy deposits from pile-up
and for the energy associated with the electron. For muons,
the sum of track transverse momenta for all tracks with
pT > 1 GeV and the total energy deposited in a cone of
�R = 0.3 around the muon are both required to be less than
4 GeV ignoring the contribution of the muon pT.

Reconstructing top quark pair events is facilitated by the
ability to tag jets from the hadronisation of b-quarks. For
this purpose, two b-tagging algorithms are used and their
results are combined to extract a tagging decision for each
jet. One b-tagger exploits the topology of b- and c-hadron
weak decays inside the jet. A Kalman filter [35] is used to
find a common line on which the primary vertex and the b-
and c-hadron decay vertices lie, as well as their position on
this line, giving an approximate flight path for the b- and c-
hadrons. The discrimination between b-, c- and light quark
jets is based on a likelihood using the masses, momenta,
flight-length significances, and track multiplicities of the re-
constructed vertices as inputs. To further increase the flavour
discrimination power, a second b-tagger is run which does
not attempt to directly reconstruct decay vertices. Instead,
this second tagger uses the transverse and the longitudinal
impact parameter significances of each track within the jet to
determine a likelihood that the jet originates from a b-quark.
The results of both taggers are combined using a neural net-
work to determine a single discriminant variable which is
used to make tagging decisions. The combined tagger op-
erating point chosen for the present analysis corresponds to
a 70 % tagging efficiency for b-jets in simulated t t̄ events
while light flavour jets are suppressed by approximately a
factor of 100.

4.2 Selection of t t̄ candidates

The t t̄ final state in the lepton + jets channel is charac-
terised by an isolated lepton (electron or muon) with rela-
tively high pT, missing transverse momentum arising from
the neutrino from the leptonic W decay, two b-quark jets and
two light quark jets from the hadronic W decay. To select
events with this topology, the appropriate single-electron or
single-muon trigger is required to have fired (with thresh-
olds at 20 and 18 GeV respectively). The events are also re-
quired to contain one and only one reconstructed lepton with
pT > 25 GeV for electrons and pT > 20 GeV for muons.
To reject multijet background in the muon channel, Emiss

T >

20 GeV and Emiss
T +mT(W) > 60 GeV are required.3 In the

electron channel more stringent cuts on Emiss
T and mT(W)

3Here mT(W) is the W -boson transverse mass, defined as√
2p�

Tpν
T(1 − cos(φ� − φν)) where the measured Emiss

T vector pro-
vides the neutrino information.
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are required because of the higher level of multijet back-
ground, i.e. Emiss

T > 35 GeV and mT(W) > 25 GeV. Events
are required to have at least four jets with pT > 25 GeV and
|η| < 2.5. These requirements define the ‘pretag’ selection.
The ‘tagged’ selection requires, in addition, at least one of
the jets with pT > 25 GeV and |η| < 2.5 to be b-tagged.

5 Background determination

5.1 Multijet background

The method used for evaluating the multijet background
with fake leptons4 in both the electron and muon channels is
the so-called ‘Matrix Method’. This relies on defining loose
and tight lepton samples [36] and measuring the fractions of
real (εreal) and fake (εfake) loose leptons that are selected as
tight leptons. The fraction εreal is measured using data con-
trol samples of Z boson decays to two leptons, while εfake

is measured from data control regions defined separately for
the electron and muon channels, where the contribution of
fake leptons is dominant.

For the muon channel, the loose data sample is defined by
removing the isolation requirements in the default muon se-
lection. The fake lepton efficiencies are determined using a
low mT control region mT < 20 GeV with an additional cut
Emiss

T + mT < 60 GeV. The efficiencies for signal and fake
leptons are parameterised as a function of muon |η| and pT

in order to account for the variation of the muon detector ac-
ceptance and the profile of hadronic activity in the detector
that affects the muon isolation.

For the multijet background estimate in the electron
channel, the loose data sample is defined by considering
events with electrons passing looser identification criteria.
The electron isolation requirement is also modified: the to-
tal energy in a cone of �R = 0.2 around the electron is re-
quired to be smaller than 6 GeV (instead of 3.5 GeV), after
correcting for energy deposits from pile-up interactions and
for the energy associated with the electron. The fake lepton
efficiencies are determined using a low Emiss

T control region
(5 GeV < Emiss

T < 20 GeV).
In both channels contributions from W + jets and Z+ jets

backgrounds in the control region, estimated using Monte
Carlo simulation, are subtracted.

5.2 W + jets background estimation

At the LHC the rate of W+ + jets is larger than that of
W− + jets because there are more valence u quarks than

4The term ‘fake’ leptons here refers to hadrons mimicking lepton sig-
natures and to leptons arising from heavy hadron decays, whereas
‘real’ leptons come from W and Z decays.

d quarks in the proton. Theoretically, the ratio of W+ + jets
and W− + jets cross sections is predicted much more pre-
cisely than the total W + jets cross section [37, 38]. This
asymmetry is exploited here to measure the total W + jets
background from the data.

Since, to a good approximation, processes other than
W + jets give equal numbers of positively and negatively
charged leptons, the formula

NW+ + NW− =
(

rMC + 1

rMC − 1

)(
D+ − D−)

, (2)

can be used to estimate the total number of W events in
the selected sample. Here D+(D−) are the total numbers
of events in data passing the selection cuts described in
Sect. 4.2 (apart from the b-tagging requirement) with pos-

itively (negatively) charged leptons, and rMC ≡ N(pp→W+)

N(pp→W−)

is evaluated from Monte Carlo simulation, using the same
event selection.

The ratio rMC is found to be 1.56 ± 0.06 in the electron
channel and 1.65 ± 0.08 in the muon channel. The domi-
nant uncertainties on rMC originate from those of the parton
distribution functions, the jet energy scale, and the heavy
flavour fractions in W + jets events (fractions of W + jets
events containing bb̄ pairs, cc̄ pairs and c quarks).

Since the theoretical prediction for heavy flavour frac-
tions in W + jets suffers from large uncertainties, a data-
driven approach was developed to constrain these fractions
with some inputs from MC simulation. In this approach
samples with a lower jet multiplicity, obtained from the se-
lection described in Sect. 4.2, but requiring precisely one or
two jets instead of four or more jets, are analysed. The num-
bers WData

i,pretag,W
Data
i,tagged, of W + i jet events in these samples

(where i = 1,2), before and after applying the b-tagging
requirement, are computed by subtracting the small con-
tributions of other Standard Model processes—electroweak
(WW , WZ, ZZ and Z + jets) and top (t t̄ and single top) us-
ing predictions from the simulation, and by subtracting the
multijet background as described in Sect. 5.1.

A system of two equations, expressing the number of
W + 1 jet events and W + 2 jets events before and af-
ter b-tagging, can be written with six independent flavour
fractions as the unknowns, corresponding to fractions of
Wbb̄ + jets, Wcc̄ + jets, and Wc + jets events in the one
and two jet bins. The simulation prediction for the ratio
of the heavy flavour fractions between the one and two
jet bins is used to relate the heavy flavour fractions in the
two bins, reducing the number of independent fractions to
three. Finally, the ratio of the fractions of Wcc̄ + jets and
Wbb̄ + jets events in the two-jet bin is taken to be fixed
to the value obtained from simulated events in order to ob-
tain two equations for two independent fractions. Based on
this measurement, the heavy flavour fractions in simulated
W + jets events are adjusted by a scale factor 1.63 ± 0.76
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Table 1 Numbers of events observed in data and expected from t t̄

signal events and various background processes for the pretag and
tagged samples defined in Sect. 4.2. The experimentally determined
uncertainties quoted for W + jets and multijet backgrounds include
systematic uncertainties on the normalisation. The quoted uncertain-

ties on the other backgrounds are those from theory, taken to be 8 % for
t t̄ and single top, 34 % for Z + jets and 5 % for diboson backgrounds.
The numbers correspond to an integrated luminosity of 1.04 fb−1 in
both electron and muon channels

Channel μ + jets pretag μ + jets tagged e + jets pretag e + jets tagged

t t̄ 7200 ± 600 6300 ± 500 4800 ± 400 4260 ± 350

W + jets 8600 ± 1200 1390 ± 310 5400 ± 800 880 ± 200

Single top 460 ± 40 366 ± 32 320 ± 28 256 ± 22

Z + jets 940 ± 330 134 ± 47 760 ± 270 110 ± 40

Diboson 134 ± 7 22 ± 2 80 ± 5 13 ± 1

Multijets 1500 ± 800 500 ± 500 900 ± 500 250 ± 250

Total background 11700 ± 1400 2400 ± 600 7500 ± 900 1500 ± 320

Signal + background 18900 ± 1600 8800 ± 800 12000 ± 1000 5800 ± 500

Observed 19639 9124 12096 5829

for Wbb̄ + jets and Wcc̄ + jets events and 1.11 ± 0.35 for
Wc + jets. When applied to the signal region, an additional
25 % uncertainty on these fractions is added, correspond-
ing to the uncertainty of the Monte Carlo prediction for the
ratio of heavy flavour fractions in different jet multiplici-
ties. The heavy flavour scale factors are applied to simulated
W + jets events throughout this paper, and the effect of their
uncertainties on the value of rMC is evaluated.

Using (2), the total number of W + jets events passing the
event selection described in Sect. 4.2 without requiring a b-
tagged jet, W≥4,pretag, is evaluated to be 5400 ± 800 (stat. +
syst.) in the electron channel and 8600±1200 (stat.+ syst.)
in the muon channel.

The number of W + jets events passing the selection with
at least one b-tagged jet is subsequently evaluated as [36]

W≥4,tagged = W≥4,pretag · f2,tagged · k2→≥4. (3)

Here f2,tagged ≡ WData
2,tagged/WData

2,pretag is the fraction of W + 2
jets events passing the requirement of having at least one
b-tagged jet, and k2→≥4 ≡ f MC

≥4,tagged/f
MC
2,tagged is the ratio

of the fractions of simulated W + jets events passing the
requirement of at least one b-tagged jet, for at least four
and two jets, respectively. The value of f2,tagged is found
to be 0.065 ± 0.005 in the electron and 0.069 ± 0.005 in
the muon channel, where the uncertainties include statisti-
cal and systematic contributions. The ratio k2→≥4 is found
to be 2.52 ± 0.36 in the electron channel and 2.35 ± 0.34
in the muon channel. The uncertainties include both system-
atic contributions and contributions arising from the limited
number of simulated events. The total number of W + jets
events passing the selection with a b-tagged jet, W≥4,tagged,
is evaluated to be 880 ± 200 (stat. + syst.) in the electron
channel and 1390 ± 310 (stat. + syst.) in the muon channel.

5.3 Other backgrounds

The numbers of background events coming from single top
production, Z + jets and diboson events are evaluated using
Monte Carlo simulation normalised to the relevant NNLO
cross sections for single top and Z + jets events and NLO
for diboson events.

5.4 Event yield

The final numbers of expected and observed data events in
both channels after the full event selection are listed in Ta-
ble 1. The number of events in the electron channel is signif-
icantly lower than in the muon channel due to the higher lep-
ton pT requirement and the more stringent missing momen-
tum requirement, which are necessary to reduce the contri-
bution from the multijet background. The overall agreement
between expectation and data is good.

6 Reconstruction of the t t̄ final state

To measure the charge asymmetry in top pair events, the full
t t̄ system is reconstructed. For this purpose, a kinematic fit
is used that assesses the compatibility of the observed event
with the decays of a top-antitop pair based on a likelihood
approach.

The likelihood takes as inputs the measured energies,
pseudorapidities and azimuthal angles of four jets, the mea-
sured energy of the lepton, and the missing transverse mo-
mentum. If there are more than four jets in the event satisfy-
ing pT > 25 GeV and |η| < 2.5, all subsets of four jets from
the five jets in the event with highest pT are considered.
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Fig. 1 Expected and observed distributions for the invariant mass
(plots (a) and (b)) and transverse momentum (plots (c) and (d)) of the
reconstructed t t̄ system. The left hand panels show distributions in
the electron channel, while the right hand panels show distributions
in the muon channel. The data are compared to the sum of the t t̄ sig-
nal contribution and backgrounds. The background contributions from

W + jets and multijet production have been estimated from data, while
the other backgrounds are estimated from simulation. The uncertainty
on the combined signal and background estimate includes systematic
contributions. Overflows are shown in the highest bin of each his-
togram

The likelihood is computed as

L = B(Ẽp,1, Ẽp,2|mW,ΓW) · B(Ẽlep, Ẽν |mW,ΓW)

· B(Ẽp,1, Ẽp,2, Ẽp,3|mt,Γt ) · B(Ẽlep, Ẽν, Ẽp,4|mt,Γt )

· W
(
Êmiss

x |p̃x,ν

) · W
(
Êmiss

y |p̃y,ν

) · W (Êlep|Ẽlep)

·
4∏

i=1

W (Êjet,i |Ẽp,i )

·
4∏

i=1

P(tagged |parton flavour), (4)

where:

– Symbols B represent Breit-Wigner functions, evaluated
using invariant masses of sums of appropriate parton
and lepton four-vectors. The pole masses of the W bo-
son and the top quark are fixed to mW = 80.4 GeV and
mt = 172.5 GeV, respectively. Their widths are taken to
be ΓW = 2.1 GeV and Γt = 1.5 GeV.

– Symbols W represent the transfer functions associating
the reconstructed quantities (X̂) to quarks and leptons
produced in the hard scattering (X̃). Ẽp,i are the ener-
gies of partons associated to jets with measured energies
Êjet,i . These transfer functions are derived from Monte
Carlo simulation.
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– P(tagged |parton flavour) is the b-tagging probability or
rejection efficiency, depending on the parton flavour, as
obtained from Monte Carlo simulation.

The likelihood is maximised with respect to the energies
of the partons, the energy of the charged lepton, and the
components of the neutrino three-momentum. The assign-
ment of jets to partons which gives the highest likelihood
value is selected. Finally, the sign of the charge of the top
quark (or anti-quark) decaying into the lepton is determined
from the lepton charge.

The overall efficiency for the reconstruction of the cor-
rect event topology is found to be 74 % in Monte Carlo sim-
ulated t t̄ events. Only those events where four jets and a
lepton are matched to partonic particles are considered for
the efficiency computation.

Distributions of the invariant mass and transverse mo-
mentum of the reconstructed top-antitop pair are shown in
Fig. 1.

7 Unfolding

The measured distributions of top and anti-top rapidities are
distorted by detector effects and an event selection bias. To
correct for these distortions the experimental distributions
are unfolded to the four-vectors of the top quarks before de-
cay.

The relation between a true distribution Tj (assuming,
for simplicity, that there is only one observable of interest)
and the reconstructed distribution Si after detector simula-

tion and event selection can be written as:

Si =
∑

j

Rij Tj , (5)

where Rij is the response matrix defined as the probability
to observe an event in bin i when it is expected in bin j .

The true distribution Tj can be obtained from the ob-
served distribution Si by inverting the response matrix. The
unfolding problem can similarly be formulated for the case
of multiple observables. In this analysis, Bayes’ theorem is
applied iteratively in order to perform the unfolding [39].

The unfolding is performed using response matrices
which account for both detector response and acceptance
effects. The response matrices are calculated using Monte
Carlo events generated with MC@NLO. The unfolding is
done separately, after background subtraction, for the in-
clusive measured distribution of �|y| (a one-dimensional
unfolding problem), and the measured distribution �|y| as a
function of the reconstructed top-antitop invariant mass mtt̄

(a two-dimensional unfolding problem).
Two bins are used for mtt̄ in the two-dimensional un-

folding of �|y| versus mtt̄ , separated at mtt̄ = 450 GeV.
The choice of this mtt̄ value is motivated by the observed
CDF forward–backward asymmetry [6] and by separating
the data sample into two bins with roughly equal number of
events.

An additional cut on the value of the likelihood for the
t t̄ candidate is required in the two-dimensional unfolding,
since a large fraction of simulated events with a badly re-
constructed mtt̄ are found to have a low likelihood value.

The response matrix (including both detector and accep-
tance effects) for the inclusive AC measurement is shown
in Fig. 2. Six bins in �|y|, in the range −3 < �|y| < 3,

Fig. 2 Correlations between the true and reconstructed values of �|y| encoded in the unfolding response matrix for the electron (left) and muon
(right) channels. The value of an entry in the matrix is proportional to the area of the corresponding box
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are used in the response matrix, with the outermost bins
broader than the inner bins in order to avoid the occurrence
of bins with no entries in the measured distributions. Only a
very small fraction of simulated t t̄ events are found to have
|�|y|| > 3, and hence such events have a negligible influ-
ence on the results.

The unfolding procedure is applied to the observed �|y|
distribution in data, after subtracting background contribu-
tions. When performing the background subtraction, the
shape of the multijet background is obtained by applying the
Matrix Method (described in Sect. 5.1) in bins of �|y|. The
shape of all remaining backgrounds is taken from Monte
Carlo simulation. The value of AC after unfolding is ob-
tained by counting the numbers of events with �|y| > 0 and
�|y| < 0 in the unfolded �|y| distribution.

8 Systematic uncertainties

Several sources of systematic uncertainties are taken into ac-
count in this analysis. These are categorised into the detec-
tor modelling, the modelling of signal and background pro-
cesses and the unfolding method.

8.1 Detector modelling

Small mis-modellings of muon or electron trigger, recon-
struction and selection efficiencies in simulation are cor-
rected for by scale factors derived from measurements of
the efficiency in data. Z → μμ or Z → ee and W → eν

decays are used to obtain scale factors as functions of the
lepton kinematics. The uncertainties are evaluated by vary-
ing the lepton and signal selections and from the uncer-
tainty in the evaluation of the backgrounds. Systematic un-
certainties at the level of 1 % are found for both cases. The
same processes are used to measure the lepton momentum
scale and resolution. Scale factors, with uncertainties at the
level of (1–1.5) %, are derived to match the simulation to
observed distributions. A systematic uncertainty for charge
mis-identification of leptons is assigned which is negligible
for muons and ranges from 0.2 % to 3 % for electrons de-
pending on |η|.

The jet energy scale is derived using information from
test-beam data, collision data and simulation. Its uncertainty
varies between 2.5 % and 8 % in the central region, depend-
ing on jet pT and η [33]. This includes uncertainties in the
flavour composition of the sample and mis-measurements
due to the effect of nearby jets. Pile-up gives additional un-
certainties of up to 5 % (7 %) in the central (forward) re-
gion. An extra uncertainty of 0.8 % to 2.5 %, depending on
jet pT, is assigned to jets arising from the fragmentation of
b-quarks, due to differences between light and gluon jets as
opposed to jets containing b-hadrons. The jet energy resolu-
tion and reconstruction efficiency are measured in data using

techniques described in Refs. [33, 40], and their uncertain-
ties are found to be 10 % and (1–2) %, respectively.

The b-tagging efficiencies and mis-tag rates are measured
in data. Jet pT dependent scale factors, applied to simula-
tions to match the efficiencies measured in data, have uncer-
tainties which range from 9 % to 15 % and 11 % to 22 %,
respectively. A systematic uncertainty is assigned for a po-
tential difference of up to 5 % between the b-tagging effi-
ciency for b-jets and that of b̄-jets. The uncertainty on the
measured luminosity is 3.7 % [41, 42].

Due to a hardware failure, later repaired, one small re-
gion of the liquid argon calorimeter could not be read out in
a subset of the data corresponding to 84 % of the total in-
tegrated luminosity. Data events in which an electron or jet
with pT > 20 GeV is close to the affected calorimeter region
are rejected for the relevant part of the dataset. Monte Carlo
simulated events with electrons or jets of pT > 20 GeV close
to the affected region are rejected with a probability equal to
the fraction of the integrated luminosity of data for which the
calorimeter hardware problem was present. A systematic un-
certainty is evaluated by varying the pT-threshold in data of
the electrons and jets near the affected region by ±4 GeV,
corresponding to the uncertainty in the energy lost by ob-
jects in the affected region.

8.2 Signal and background modelling

The systematic uncertainty in the modelling of the signal
process is assessed by simulations based on different Monte
Carlo generators. Sources of systematic uncertainty consid-
ered here are the choice of generator and parton shower
model, the choice of parton density functions, the assumed
top quark mass and the choice of parameters which control
the amount of initial and final state radiation. Predictions
from the MC@NLO and POWHEG [43, 44] generators are
compared. The parton showering is tested by comparing two
POWHEG samples interfaced to HERWIG and PYTHIA,
respectively. The amount of initial and final state radiation
is varied by modifying parameters in ACERMC [45] inter-
faced to PYTHIA according to Ref. [46]. The parameters
are varied in a range comparable to those used in the Perugia
Soft/Hard tune variations [47]. The impact of the choice of
parton density functions is studied using the procedure de-
scribed in Ref. [48]. MC@NLO samples are generated as-
suming different top quark masses and their predictions are
compared. The observed differences in the results are scaled
to variations of ±0.9 GeV according to the uncertainty on
the measured value [49].

As described in Sect. 5, background processes are ei-
ther modelled by simulation or estimated in auxiliary mea-
surements. The uncertainty in the estimate of the multijet
background is evaluated by considering modified definitions
of the loose data sample, taking into account the statisti-
cal uncertainty in measurements of εreal, εfake described in
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Sect. 5.1 as well as the uncertainties in the normalisations
of the W + jets and Z + jets backgrounds which are sub-
tracted in the control region. The total uncertainty is esti-
mated to be 100 %. The normalisation of W + jets pro-
cesses is evaluated from auxiliary measurements using the
asymmetric production of positively and negatively charged
W bosons in W + jets events. The uncertainty is estimated
to be 21 % and 23 % in the four jet bin, for the electron
and muon channels respectively. This uncertainty was es-
timated by evaluating the effect on both rMC and k2→≥4

from the JES uncertainty and different PDF and generator
choices. Systematic uncertainties on the shape of W + jets
distributions are assigned based on differences in simulated
events generated with different simulation parameters. Scal-
ing factors correcting the fraction of heavy flavour contribu-
tions in simulated W + jets samples are estimated in aux-
iliary measurements, as described in Sect. 5.2. The sys-
tematic uncertainties are found by changing the normali-
sations of the non-W processes within their uncertainties
when computing WData

i,pretag,W
Data
i,tagged, as well as taking into

account the impact of uncertainties in b-tagging efficien-
cies. The total uncertainties are 47 % for Wbb̄ + jets and

Wcc̄ + jets contributions and 32 % for Wc + jets contribu-
tions. The normalisation of Z + jet events is estimated us-
ing Berends–Giele-scaling [50]. The uncertainty in the nor-
malisation is 48 % in the four jet bin and increases with
the jet multiplicity. A systematic uncertainty in the shape
is accounted for by comparing simulated samples gener-
ated with ALPGEN and SHERPA [51]. The uncertainty
on the normalisation of the small background contributions
from single top and diboson production is estimated to be
about 10 % (depending on the channel) and 5 %, respec-
tively.

Limited Monte Carlo sample sizes give rise to a system-
atic uncertainty in the response matrix. This is accounted
for by independently varying the bins of the response matrix
according to Poisson distributions.

8.3 Uncertainties from unfolding

Closure tests are performed in order to check the validity of
the unfolding procedure. Reweighted t t̄ samples with dif-
ferent amounts of asymmetry are considered. Pseudoexper-
iments are performed, varying the entries in histograms of

Table 2 List of sources of
systematic uncertainties and
their impact on the measured
asymmetry in the electron and
muon channel. In cases where
asymmetric uncertainties were
obtained, a symmetrisation of
the uncertainties was performed
by taking the average of the
absolute deviations under
systematic shifts from the
nominal value

Source of systematic uncertainty on AC Electron channel Muon channel

Detector modelling

Jet energy scale 0.012 0.006

Jet efficiency and resolution 0.001 0.007

Muon efficiency and resolution <0.001 0.001

Electron efficiency and resolution 0.003 0.001

b-Tag scale factors 0.004 0.002

Calorimeter readout 0.001 0.004

Charge mis-ID <0.001 <0.001

b-Tag charge 0.001 0.001

Signal and background modelling

Parton shower/fragmentation 0.010 0.010

Top mass 0.007 0.007

t t̄ modelling 0.011 0.011

ISR and FSR 0.010 0.010

PDF <0.001 <0.001

W + jets normalisation and shape 0.008 0.005

Z + jets normalisation and shape 0.005 0.001

Multijet background 0.011 0.001

Single top <0.001 <0.001

Diboson <0.001 <0.001

MC statistics 0.006 0.005

Unfolding convergence 0.005 0.007

Unfolding bias 0.004 <0.001

Luminosity 0.001 0.001

Total systematic uncertainty 0.028 0.024
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the reconstructed distribution, to confirm that the response
of the unfolding is linear in the true value of AC and that
the true value of AC is recovered on average. A total of 40
iterations are used in both channels for the inclusive AC

measurement. For the measurement of AC as a function
of mtt̄ , 80 iterations are used. The number of iterations is
chosen by ensuring that the unfolding procedure has con-
verged in the sense that the absolute change in the unfolded
value of AC after performing an extra iteration is less than
0.001. It is found that the unfolded values of AC from all
pseudoexperiments and the data converge before the cho-
sen numbers of iterations. The potential bias arising from
the choice of convergence criterion is taken into account by
adding an additional systematic uncertainty corresponding
to the change in the unfolded value of AC obtained by fur-
ther increasing the number of iterations to very large values
(105).

Pull distributions are constructed from pseudoexperi-
ments and a relative shift of between 0 % and 10 % is found
in the unfolded value of AC with respect to the true value.
An extra systematic uncertainty is assigned to the unfolded
value of AC obtained from data, corresponding to this shift.

In pseudoexperiments, a small bias is observed in the un-
folded distributions corresponding to a relative difference of
a few percent between the unfolded result and true value in
each bin. An additional relative uncertainty of (2–5) % is ap-
plied to all bins of the unfolded distributions, corresponding
to the largest relative bin deviation observed in pseudoex-
periments.

The statistical uncertainty in the unfolded measurement
was computed using pseudoexperiments, propagating the
uncertainties from the measured distribution using the sta-
tistical correlation matrix.

8.4 Impact of systematic uncertainties

The impact of the systematic uncertainties is evaluated by
modifying the subtracted background before unfolding and
by modifying the response matrix used for unfolding when
relevant. In particular the detector modelling systematic un-
certainties are evaluated by shifting the estimated back-
ground as well as modifying the response matrix. Signal
modelling uncertainties are computed by replacing the re-
sponse matrix, and background modelling uncertainties by
modifying the estimated background.

Table 2 summarises the sources of systematic uncertain-
ties for the inclusive measurement of the charge asymmetry,
and their impact on the measured asymmetry, after unfold-
ing. The systematics for the two mtt̄ bins are determined
in a similar fashion. The evaluation of some systematic un-
certainties is limited by the finite size of the Monte Carlo
samples. In these cases, the larger of the electron and muon
channel uncertainties is used for the uncertainty on the com-
bined result. The resulting combined systematic uncertain-
ties are ±0.028 in the electron channel and ±0.024 in the
muon channel.

9 Summary of results

The measured distributions of the top-antitop rapidity differ-
ence �|y| = |yt | − |yt̄ | before unfolding are shown in Fig. 3
for the electron and muon channel. Figure 4 shows the cor-
responding �|y| distributions after unfolding. After unfold-
ing, the bins of the measured distribution have statistical and
systematic correlations. Adjacent bins of the �|y| distribu-
tions are found to be statistically anti-correlated with neg-

Fig. 3 The measured �|y| distribution before unfolding for the elec-
tron channel (left) and for the muon channel (right) after b-tagging
is applied. Data (points) and Monte Carlo estimates (solid lines) are
represented. The multijet background and the normalisation of the

W + jets background are obtained as explained in Sect. 5. The uncer-
tainty on the combined signal and background estimate includes both
statistical and systematic contributions
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Fig. 4 The unfolded �|y| distribution for the electron channel (left)
and the muon channel (right) after b-tagging, compared to the predic-
tion from MC@NLO. The uncertainties on the measurement include
both statistical and systematic contributions, which are shown sepa-
rately. The inner part of the error bars corresponds to the statistical

component of the uncertainty, while the outer part corresponds to the
systematic component. The error bands on the MC@NLO prediction
include uncertainties from parton distribution functions and renormal-
isation and factorisation scales

Table 3 The measured
inclusive charge asymmetry
values for the electron and
muon channels after background
substraction, before and after
unfolding

Asymmetry Reconstructed Detector and acceptance unfolded

AC (electron) −0.034 ± 0.019 (stat.) ± 0.010 (syst.) −0.047 ± 0.045 (stat.) ± 0.028(syst.)

AC (muon) −0.010 ± 0.015 (stat.) ± 0.008(syst.) −0.002 ± 0.036 (stat.) ± 0.024 (syst.)

Combined −0.019 ± 0.028(stat.) ± 0.024(syst.)

ative correlation coefficients of up to −0.6, whereas other
correlations are small.

The measured values of the top charge asymmetry be-
fore and after unfolding, defined by (1) in terms of �|y|,
are summarised in Table 3. The analytic best linear unbi-
ased estimator (BLUE) method [52, 53] is used to combine
the measurement in the electron and muon channels after
correction for detector resolution and acceptance.

The measured asymmetries are:

AC = −0.019 ± 0.028 (stat.) ± 0.024 (syst.)

for the integrated sample, and

AC = −0.052 ± 0.070 (stat.) ± 0.054 (syst)

for mtt̄ < 450 GeV,

AC = −0.008 ± 0.035 (stat.) ± 0.032 (syst)

for mtt̄ > 450 GeV.

The measurement for the integrated sample can be compared
with the result of the CMS Collaboration, AC = −0.013 ±
0.028 (stat)+0.029

−0.031 (syst) [19]. Figure 5 summarises the mea-
surements for the two mtt̄ regions. These results are compat-
ible with the prediction from the MC@NLO Monte Carlo

Fig. 5 Unfolded asymmetries in two regions of mtt̄ compared to the
prediction from MC@NLO. The error bands on the MC@NLO pre-
diction include uncertainties from parton distribution functions and
renormalisation and factorisation scales

generator of AC = 0.006 ± 0.002,5 showing no evidence for
an enhancement from physics beyond the Standard Model.

5The prediction of 0.0115±0.0006 for the charge asymmetry found in
Ref. [54] differs from the MC@NLO prediction of 0.006±0.002, due
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Fig. 6 Measured forward–backward asymmetries from the Tevatron
and charge asymmetries from the LHC, compared to predictions from
the SM as well as predictions incorporating various potential new
physics contributions. The horizontal (vertical) bands and lines cor-

respond to the ATLAS and CMS (CDF and D0) measurements. In (a)
the inclusive values are presented and in (b) the ATLAS measurement
for mtt̄ > 450 GeV is compared to the CDF measurement. The MC
predictions for the new physics models are from Refs. [17, 55]

10 Comparison of LHC and Tevatron results

The measurement of the charge asymmetry at the LHC is a
test of the unexpectedly large forward–backward asymme-
try observed at the Tevatron. However, because the LHC is
a pp collider and the centre of mass energy is around three
times larger, any relation between the two asymmetries is
model-dependent. Here a comparison is made between the
predicted values of the Tevatron and LHC asymmetries for a
few simple models beyond the SM. These are: (i) a flavour-
changing Z′ boson with right-handed couplings, exchanged
in the t channel in uū → t t̄ [10]; (ii) a W ′ boson, also
with right-handed couplings, contributing in dd̄ → t t̄ [11];
a heavy axigluon Gμ exchanged in the s channel [8, 9];
(iv) a scalar doublet φ, with the same quantum numbers as
the SM Higgs [55]; (v) a charge 4/3 scalar, colour-sextet
(Ω4) or colour-triplet (ω4), contributing in the u channel to
uū → t t̄ [12, 13]. In all these models, the parameter space is
described by the mass M of the new particle (except for the
axigluon which is assumed to be heavy, with M � 7 TeV)
and a single coupling g.

In order to find the correlated predictions for the forward–
backward and charge asymmetries in each model, a com-
prehensive scan over the mass M and the coupling g is
performed using the PROTOS generator [56], considering
masses between 100 GeV and 10 TeV and the range of cou-
plings for which the new physics contribution to the t t̄ cross

to the former taking the LO prediction for the denominator in the defi-
nition (1) of AC , and taking into account QED effects. The uncertainty
on the MC@NLO prediction is obtained by considering variations in
the renormalisation and factorisation scales and different sets of PDFs.

section at the Tevatron lies in the interval [−0.8,1.7] pb.
This is a conservative requirement which takes into account
the different predictions for the SM cross section as well as
the experimental measurement (see Ref. [17] for details).

In addition, a conservative upper limit on new physics
contributions to σtt̄ for mtt̄ > 1 TeV is imposed. Further
details can be found in Refs. [17, 55]. The coloured ar-
eas in Fig. 6(a) represent the ranges of predicted values for
the inclusive Tevatron forward–backward asymmetry, AFB,
and the inclusive LHC charge asymmetry, AC , for the new
physics models. The new physics contributions are com-
puted using the tree-level SM amplitude plus the one(s) from
the new particle(s). To a good approximation, the total asym-
metries AFB, AC are obtained from the former by summing
the SM contribution (at NLO in the lowest order). The hori-
zontal lines correspond to the present ATLAS measurement
and the measurement reported by the CMS Collaboration
[19]. The vertical lines correspond to the asymmetry mea-
surements at the Tevatron, AFB = 0.158 ± 0.075 [6] and
AFB = 0.196 ± 0.065 [7].

The ATLAS charge asymmetry measurement disfavours
models with a new flavour-changing Z′ or W ′ vector boson
proposed to explain the measured Tevatron asymmetry. Min-
imal Z′ models are also excluded by the non-observation
of same-sign top quark production [57]. For the other new
physics models the asymmetries measured at the Tevatron
are consistent with this measurement, within the experimen-
tal uncertainties.

Figure 6(b) shows the allowed regions for the high-mass
asymmetries (mtt̄ > 450 GeV) at the Tevatron and the LHC
for the six new physics models. The vertical lines represent
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the CDF measurement AFB = 0.475 ± 0.114 [6], while the
horizontal lines correspond to the present ATLAS measure-
ment. In both panels of Fig. 6, the range of variation of SM
predictions found in Refs. [54, 58, 59] is indicated by a box.
The predictions of the six new physics models are in tension
with the CDF and ATLAS high-mass measurements consid-
ered together.

11 Conclusion

To summarise, the top quark charge asymmetry was mea-
sured in t t̄ events with a single lepton (electron or muon), at
least four jets and large missing transverse momentum using
an integrated luminosity of 1.04 fb−1 recorded by the AT-
LAS experiment at a centre of mass energy of

√
s = 7 TeV.

The reconstruction of t t̄ events was performed using a kine-
matic fit. The reconstructed inclusive distribution of �|y|
and the distribution as a function of mtt̄ were unfolded after
background subtraction to obtain results that can be directly
compared with theoretical computations. The results are
compatible with the prediction from the MC@NLO Monte
Carlo generator. These measurements disfavour models with
a new flavour-changing Z′ or W ′ vector boson that have
been suggested to explain the measured Tevatron asymme-
try.
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R. Mandrysch15, J. Maneira123a, P.S. Mangeard87, L. Manhaes de Andrade Filho23a, I.D. Manjavidze64, A. Mann54,
P.M. Manning136, A. Manousakis-Katsikakis8, B. Mansoulie135, A. Manz98, A. Mapelli29, L. Mapelli29, L. March79,
J.F. Marchand28, F. Marchese132a,132b, G. Marchiori77, M. Marcisovsky124, A. Marin21,*, C.P. Marino168, F. Marroquim23a,
R. Marshall81, Z. Marshall29, F.K. Martens157, S. Marti-Garcia166, A.J. Martin174, B. Martin29, B. Martin87, F.F. Martin119,
J.P. Martin92, Ph. Martin55, T.A. Martin17, V.J. Martin45, B. Martin dit Latour49, S. Martin-Haugh148, M. Martinez11, V. Mar-
tinez Outschoorn57, A.C. Martyniuk168, M. Marx81, F. Marzano131a, A. Marzin110, L. Masetti80, T. Mashimo154, R. Mashin-
istov93, J. Masik81, A.L. Maslennikov106, I. Massa19a,19b, G. Massaro104, N. Massol4, P. Mastrandrea131a,131b, A. Mastrober-
ardino36a,36b, T. Masubuchi154, M. Mathes20, P. Matricon114, H. Matsumoto154, H. Matsunaga154, T. Matsushita66, C. Mat-
travers117,c, J.M. Maugain29, J. Maurer82, S.J. Maxfield72, D.A. Maximov106,f, E.N. May5, A. Mayne138, R. Mazini150,
M. Mazur20, M. Mazzanti88a, E. Mazzoni121a,121b, S.P. Mc Kee86, A. McCarn164, R.L. McCarthy147, T.G. McCarthy28,
N.A. McCubbin128, K.W. McFarlane56, J.A. Mcfayden138, H. McGlone53, G. Mchedlidze51b, R.A. McLaren29, T. Mclaugh-
lan17, S.J. McMahon128, R.A. McPherson168,j, A. Meade83, J. Mechnich104, M. Mechtel173, M. Medinnis41, R. Meera-
Lebbai110, T. Meguro115, R. Mehdiyev92, S. Mehlhase35, A. Mehta72, K. Meier58a, B. Meirose78, C. Melachrinos30,
B.R. Mellado Garcia171, L. Mendoza Navas161, Z. Meng150,s, A. Mengarelli19a,19b, S. Menke98, C. Menot29, E. Meoni11,
K.M. Mercurio57, P. Mermod49, L. Merola101a,101b, C. Meroni88a, F.S. Merritt30, A. Messina29, J. Metcalfe102, A.S. Mete63,
C. Meyer80, C. Meyer30, J-P. Meyer135, J. Meyer172, J. Meyer54, T.C. Meyer29, W.T. Meyer63, J. Miao32d, S. Michal29,
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