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ABSTRACT. A measurement of the top quark electric charge is carriednothe ATLAS experi-
ment at the Large Hadron Collider using 2.05 ¥wf data at a centre-of-mass energy of 7 TeV. In
units of the elementary electric charge, the top quark ehargetermined to be 0.64 0.02 (stat.)

+ 0.08 (syst.) from the charges of the top quark decay prodisisgle leptortt candidate events.
This excludes models that propose a heavy quark of eledtdtge —4/3, instead of the Standard
Model top quark, with a significance of more thao.8
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1

I ntroduction

It is generally accepted that the particle discovered amifab in 1995 [, 2] is the Standard

Model (SM) top quark. However, a few years after the discpwetheoretical model appeared
proposing an “exotic” quark of charge —4/3 and mas470 GeV as an alternative to the SM
top quark at this mass valug][ Though this model has already been experimentally exdud

a precise measurement of the top quark charge is importaiti@®ne of the basic top quark
properties. A strong preference for the SM top quark witlctele charge of+2/3 (in units of the
electron charge magnitude) was reported by the DO and CD#&boohtions 4, 5] but without the
ultimate 5o exclusion of a possible exotic quark with charge of —4/3. Tiz#- and DO exclusion
limits are 95% and 92%, respectively. Therefore, it is still important sorg out a more precise

99% [6].

1The CDF collaboration has recently submitted an updateseif #malysis for publication, which results in a limit of



measurement to definitively resolve this question with nmbes 5 confidence level. Due to the
excellent ATLAS detector performance, the analysis preskhere not only demonstrates that the
particle presently denoted by “top quark” is really the SM tpuark decaying into bB-quark and
aW™ boson, but also allows for a direct measurement of its étectrarge with a significantly
improved precision. Moreover, from an experimental pointiew it is interesting to demonstrate
the high flavour tagging performance of the ATLAS experimémet its capability to distinguish
between jets initiated by quarks and anti-quarks used snstioidy to find the corre®V bpairing in
theW "W~ bb system of the assumetifinal state.

The dominant decay channel of the top quark istecmark through the charged weak current:
t Wb (t— W*B). The measurement of the top quark charge requires the chairpeth then
boson and the-quark to be determined. While the former can be determinexligh W's leptonic
decay, thé>-quark charge is not directly measurable due to quark camféméin hadrons. However,
it is possible to establish a correlation between the chafdbe b-quark and the charges of the
collimated hadrons from thbe-quark hadronization that form lajet. Within this approach, the
charge can be determined using the leptgats tt — Eivjjbt_)) or the dileptontt — ¢+ v¢~ \7bt_))
channel. This paper presents the results of a top quark elearglysis based on the charges of
the hadrons associated with the jet originating frolm@uark (-jet) using the statistically more
significant leptor- jets channel.

2 The ATLASdetector

The ATLAS detector is a multi-purpose particle physics appes operating at the beam interaction
point IP1 of the Large Hadron Collider (LHC). A complete dgstion is provided in ref. T].
ATLAS uses a right-handed coordinate system with its orafinthe centre of the detector (the
nominal interaction point) and theaxis along the beam pipe. Theaxis points to the centre of
the LHC ring, and thg-axis points upward.

The innermost part is an inner tracking detector (ID) cosipg a silicon pixel detector, a
silicon microstrip detector, and a transition radiaticaicker. The inner detector covers the pseu-
dorapidity’ range| n |< 2.5 and is surrounded by a thin superconducting solenoidiging a
2 T axial magnetic field, and by liquid-argon (LAr) electragn&tic sampling calorimeters with
high granularity. An iron/scintillator tile calorimeterqvides hadronic energy measurements in
the central pseudorapidity rangern(|< 1.7). The end-cap and forward regions are instrumented
with LAr sampling calorimeters for electromagnetic (EMamadronic energy measurements up
to | n |= 4.9. The calorimeter system is surrounded by a muon speetesrimcorporating three
superconducting toroid magnet assemblies, providingadal magnetic field with bending power
between 2.0 Tm and 7.5 Tm, and a pseudorapidity coveragg ¢f 2.7.

3 Dataand simulation samples

This analysis uses the proton—proton collision data cialteby the ATLAS experiment from March
to August 2011 at a centre-of-mass energy/sf= 7 TeV corresponding to an integrated luminosity

2The pseudorapidity is defined in terms of the polar angle vé#ipect to the beam axi8, asn = —In(tan(6/2)).



of 2.05+ 0.04 fb [8]. The data for the top quark charge study were collectedguaisingle-
muon and a single-electron trigger (see details in seetjoin this analysis we also use the dijet
data sample collected using the combined muon-jet trigdectwrequires a reconstructed muon
matched to a 10 GeV jet in the calorimeter.

Simulated event samples are used to estimate both the sigleation efficiency and some of
the background contributions and also to calibratebtjet charge measurement. The response of
the ATLAS detector is simulated usinge@&NT4 [9] and the resulting events are reconstructed by
the same softwarel(] used for data.

The MC@NLO Monte Carlo (MC) generator v3.41, based on thé-teeleading-order (NLO)
matrix elements]1, 12] with CTEQ®6.6 [L3] parton distribution functions (PDFs), is used for the
parton-level hard scattering i production, and is interfaced to theeRwIG (v6.5) generator
[14, 15] for simulation of the hadronization and fragmentationgasses and toimy [16] for
simulation of the underlying event from multiple partoneirgctions. The 8wHEG generator
[17] in combination with the PTHIA [18] or HERWIG generators is used for studying parton-
shower systematic uncertainties. For the study of othdesyeic uncertainties (top quark mass
dependence, initial and final state radiation (ISR/FSR)}amples produced with theckRMC
generator 19 interfaced with R'THIA are used. The expectétl event yield is normalized to
the cross-section of 164.6 pb, obtained with approximate-twenext-to-leading-order (NNLO)
QCD calculationsZ0]. Electroweak single-top-quark production is simulatsihg the MC@NLO
generator and the event samples are normalized to apprexidiéLO cross sections: 65 pb-(
channel) 21], 4.6 pb &channel) 2] and 15.7 pb\\Vt channel) 23].

The background frofiV + jets andZ + jets production is simulated with theLRGEN v2.13
generator 24] and CTEQG6L1 5] PDFs in exclusive bins of parton multiplicity for multipities
of less than five, and inclusively for five or more. The evenegmocessed by ERwIG and JMMY .
The overalW+ jets andZ+ jets samples are normalized to the NNLO inclusive crossseci26].
Diboson samples are produced usingrRwIG and JMmMY with MRST2007LO R7] PDFs. Dijet
samples used for crosscheck purposes (see seftiare generated using therPHIA generator
with the ATLAS AMBT2B PYTHIA tune R8] and with MRST2007L0O PDFs.

4 Event selection

The reconstructed events are selected using criteriartebig identify the leptos jets final states,
i.e. tt events in which one of th&/ bosons decays leptonically and the other hadronicallys Thi
sample also contains a significant fractiorttafvents where bot bosons decay leptonically, but
one of the leptons is not reconstructed in the detector Isritae lepton identification requirements.
In the simulated sample the events generated in both théedigton and dilepton channels are
treated as signal if they satisfy the leptpjets reconstruction criteria.

4.1 Object reconstruction

An electron candidate is defined as an energy cluster depositthe EM calorimeter associated
with a well-reconstructed charged particle track in the 29]] The candidate must have a shower
shape consistent with expectations based on simulatistth&am studies and — eeevents in

data. The associated ID track must satisfy quality critexéduding the presence of high-threshold



hits in the transition radiation tracker. All candidatee aequired to have transverse enerBy)(
above 25 GeV andhn| < 2.47, wheren is the pseudorapidity of the EM calorimeter cluster as-
sociated with the electron. Candidates in the transitigiore between the barrel and end-cap
calorimeters (1.3% |n| < 1.52) are excluded.

Muon candidates are reconstructed by combining track segnfiemm different layers of the
muon chambers30]. Such segments are assembled starting from the outeragst, Iwith a
procedure that takes material effects into account, antharematched with tracks found in the ID.
The candidates are re-fitted exploiting the full track infiation from both the muon spectrometer
and the ID. They are required to have transverse momgrjaapove 20 GeV and the candidate
muon must be withinn| < 2.5.

Jet candidates are reconstructed using thelaralgorithm B1] with jet radius parameter
R = 0.4. These jets are calibrated to the hadronic energy scatgy apr- and |n|-dependent
correction factor obtained from simulation, test-beam ewitision data B2].

The missing transverse momentugd’ss, is calculated as the magnitude of the vector sum of
the energy deposits in calorimeter cells associated witbltgical clusters33], with the direction
defined by the interaction vertex and position of the enerpodition in the calorimeteB]. The
calorimeter cells are associated with a parent physiccblijea chosen order: electrons, jets and
muons, such that a cell is uniquely associated with a singiesips object. Cells belonging to
electrons are calibrated at the EM energy scale whereashmdtinging to jets are corrected to the
hadronic energy scale. Finally, the transverse momentauoihspassing the event selection are
included, and the contributions from the calorimeter ca$isociated with the muons are subtracted.
The remaining clusters not associated with electrons sijet included at the EM energy scale.

Overlap between the different object categories is avolgethe following procedure. Jets
within AR = 0.2 of an electron passing the electron selection reqantsnare removed from the
list of jet candidates. Muons within AR = 0.4 of any jet withpr > 20 GeV are rejected. In
addition, if a selected electron is separated by less Mfan 0.4 from any jet withpt > 20 GeV,
the event is rejected (for event selection see section 4.2).

Tracks used for thé-jet charge calculation (see sectibnare required to contain at least six
hits in the silicon microstrip detector and at least one Igiiee Only tracks withpy > 1 GeV and
In| < 2.5 are considered. In addition, proximity to the collision primary vertek expressed in
terms of impact parameter in the transverse plageand along the beam directiom,, and good
track fit quality are also required. The applied selectiauimeements omly andz, are|dp| <2 mm
and|z -sin(8)| < 10 mm, and that on the quality of the track fitg$/ndf < 2.5.

For all reconstructed objects in the simulation, correiare applied to compensate for the
difference in reconstruction efficiencies and resolutibesveen data and simulation.

4.2 Selection of tt candidates

Thett candidates in the electranjets or muonkjets final states are first selected with a single-
electron or single-muon trigger with transverse energy omentum thresholds at 20 GeV or

SAR s defined as a distancéyR = \/(An2+ A@?), in n-¢ space, wherg) is the pseudorapidity ang is the
azimuthal angle around the beam pipe.

4The primary vertex is chosen as the reconstructed vertex thé highesty p2 of associated tracks. At least five
tracks withpt > 0.4 GeV are required.



18 GeV, respectively. Events passing the trigger seledi@nrequired to contain exactly one
reconstructed lepton, witkr > 25 GeV for an electron opr > 20 GeV for a muon. At least
four jets with transverse momentg > 25 GeV and within the pseudorapidity rangg < 2.5
are required. The missing transverse momemE{Eﬂs,S, has to exceed 35 GeV for the events with
electrons, and 20 GeV for the events with muons. In additgorimary vertex containing at least
five charged particles withr > 0.4 GeV is required, and events containing jets vpith> 20 GeV

in poorly instrumented detector regions are removed.

The transverse mass of the leptonically decayidoson in the event is reconstructed as
mr(W) = \/Zp’Tp%(l— cog ¢’ — @V)), where the measured!"sS magnitude and direction provide
the transverse momentump¥, and azimuthal angleg”, of the neutrino, and the superscrigtands
for thee or u. For events with electronsir (W) has to exceed 25 GeV, while the sumnof(W)
andE™sshas to exceed 60 GeV for the events with muons.

Finally, at least one jet is required to betagged using thé-tagging procedure described
in Ref. [35]. The procedure combines an algorithm based on jet tracladtnparameters with
respect to the primary vertex with an algorithm exploitihg topology ofb- and c-hadron weak
decays inside the jet. The combination of the two algoritlsrtzased on artificial neural network
techniques with MC-simulated training samples and vaegblescribing the topology of the decay
chain used as the neural network inp86][ The choserb-tagging operating point corresponds to
a 70% tagging efficiency fds-jets in simulatedt events, while light-flavour jets are suppressed by
approximately a factor of 100.

These selection requirements, common to most of the ATttARalyses (see e.g37]), are
further referred to as the basitrequirements. They are followed by requirements specific fo
reconstruction of thé-quark charge. In order to use the track charge weightindnoaefsee sec-
tion 5.1), the presence of a secobetagged jet is required. Each of the tWetagged jets has to
contain at least two well-reconstructed tracks with transe momenta above 1 GeV within the
pseudorapidity ranggy| < 2.5. A pairing criterion between the lepton and-gt is also applied
(see sectiol).

5 Top quark charge determination

The correlation between the top or exotic quark charge amdhhrges of their decay products can
be used for the quark charge determination. In the SM thetapkds expected to decay according
to

12/3) _ p(-1/3) WD (5.1)

while the exotic quarktg) with charge —4/3 is assumed to decay according to

tl Y3 5 p 13 WD, (5.2)

where the electric charges of the particles are indicat@aiiantheses. Considering the subsequent
leptonic decay of th&V bosons W+ — ¢+ + v,(v;), the expectation for the SM case is that a
positively charged leptofi* is associated with thie-quark Q, = —1/3) from the same top quark,
while for the exotic case it is just the opposite: is paired with theb-quark. In the SM case the



product of charges of the top or anti-top quark decay prad(@t- x Qp or Q- x Q) always has
a negative sign while in the exotic case the sign is positive.

The charge of th&V boson is taken from the charge of the high{epton in the event. The
charge of the quark initiating thie-jet is estimated from a weighted average of the charges of
the tracks in the jet (see sectiéril). A lepton-b-jet pairing criterion (hereafter referred to és
pairing) is then applied to match thié boson to théo-jet from the same top quark (see sectiog).

5.1 Weighting procedure for b-jet charge calculation

For the determination of the effectilejet charge a weighting technique3d, 39| is applied in
which theb-jet charge is defined as a weighted sum oflifjet track charges,
AL
Qb-—jet = M, (5.3)
Sili-Bil*

whereQ; andp; are the charge and momentum of thté track, | defines theb-jet axis direction,
andk is a parameter which was set to be 0.5 for the best separattwebnb- and t_>-jets mean
charges using the standard MC@NLGimulated sample.

The calculation of thd-jet charge uses a maximum number of ten tracks with> 1 GeV
associated with the-jet within a cone ofAR < 0.25. Theb-jet tracks used in the calculation of
the effectiveb-jet charge include not only the charged decay products ebthadron, but also
b-fragmentation tracks, and can possibly also contain sr&ckn multiple interactions or pile-up.
The mean number of charged tracks within thgt cone is six fortt b-jets. If there are more
than ten associated tracks, the highgstracks are chosen. The maximum number of tracks, the
minimum trackpr and the value oAR were optimized using the standard MC@NHGimulated
sample. The optimization takes into account that the pgileeffiect can be stronger for the high
track multiplicity events and that loyr tracks, coming mainly from gluons, could dilute the jet
charge.

The variable that is used to distinguish between the SM anticermodel scenarios is the
combined leptonk-jet charge (hereafter referred to as the combined charbiehvis defined as

Qcomb= Qlt;_jet - Qe (5.4)

WherleH-et is the charge of thé-jet calculated with equatiorb(3) ° andQ, the charge of the
lepton, the two being associated via tepairing described below.

5.2 Lepton and b-jet pairing algorithm

The ¢b-pairing is based on the invariant mass distribution of gdn and thé-jet, m(¢, b-jet).

If the assignment is correct, assuming an ideal invariargésmasolutionm(¢, b-jet) should not
exceed the top quark mass provided that the decaying aigithe SM top quark. Otherwise, if
the lepton and-jet are not from the same decaying particle, there is no sesfniction. This is
shown in Figurel, where the invariant mass distribution of a lepton argjet in the signal MC
sample is plotted for the correct pairing and the wrong pgirifor events fulfilling the basitt

5The superscript is added tdp_jet t0 stress that thb-jet is paired with a lepton.



selection requirements. For MC events the reconstrugfetlis paired with a parton-levétquark
if their separatiomR is less than 0.2; similarihAR < 0.2 is required for the matching between
parton-level and reconstructed leptons.

> F A RRERN RARRS RARRNRRRR=
o E — right lb-pairi 3
S 70000 right Ib pam.n'g 3
- [ wrong Ib-pairing 3]
2 60000 -
% c ATLAS ]
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m(l,b-jet) [GeV]

Figure 1. Lepton-b-jet invariant mass spectra for the lepton dmjgt pairs from the same top quark (right
pairing, solid red line) and for those originating from twifferent top quarks (wrong pairing, dashed blue
line).

The ¢b-pairing requires events with twmtags and only the events withjets that satisfy the
conditions:

m(¢,b-jet;) <meye  and  m(4,b-jety) > Meyt
or (5.5)
m(4,b-jet,) <mgye and m(¢4,b-jet;) > mey

are accepted. Helejet; andb-jet, denote the twd-tagged jets ordered in descending order of
transverse momentum. The optimal value for thgpairing mass cutng, is a trade-off between
the efficiency €) and purity P) (see sectiorb.1) of the ¢b-pairing method. It was found by max-
imizing the quantitye(2P — 1)? which is largest and nearly constant in the region 140 GeV to
165 GeV. The value for théb-pairing mass cut is chosen to bgy = 155 GeV. A similar interval

for the optimal value ofn,,; was obtained using the relative uncertainty of the mean awoedb
charge as an alternative figure of merit in the optimization.

The efficiency of the&b-pairing procedure, defined as the ratio of the numbébegairs after
and before the invariant mass cuts in equation 5.5, is sreal28%), but it gives a high purity
(P=87%). The efficiency of the full set of selections used in #malysis, with respect to the
basictt requirements, is reduced not only by #epairing conditions but also by the requirement
of the second-tag (70% efficiency) and, to a lesser extent, by bHet track requirements (see
section4.1) with efficiency around 99%.



6 Signal and background expectations

The sensitivity for determining the SM top quark charge i lptontjets channel is investigated
using MC and data control samples with the aim of finding @hemp expectations for the SM
signal and background. Both single-leptoh-¢ €vjjb5) and dilepton it — fvﬁvbg) samples are
included for the signal.

6.1 Reconstructed signal distribution

In the MC analysis of the top quark charge the MC@NLOWREG and ACERMC tt samples are
used. MC@NLO is taken as the default generator. B4et charge spectra reconstructed for the
tt electront-jets events from MC@NLO are presented in figareThe distributions ofQy_jet for
b-jets paired with positive and negative leptons are shower die (b-pairing. In addition, the
Qcomb Spectrum (see equatioB.f)) is also shown in the plot.
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Figure 2. Distributions of the reconstructdxjet charge in electron jetstt events (MC@NLO) associated
with positive (dotted blue line) and negative (dashed ne€)lieptons and the combined charge (solid black
line) after thefb-pairing is applied. Her® representhH-et in the first two distributions an@comp in the
third one.

The peaks at-1 in figure2 correspond to the cases where all the tracks withiro{jet cone of
AR = 0.25 have charges of the same sign. In these cases the wgighticedure (equatiord.3))
givesQp_jet = 1.

The difference between the meb#jet charges associated with and ¢~ is clearly seen in
figure 2. The results of the MM-jet charge analysis are summarized in tablevhere the mean
combined charges and charge purities are shown for diffévi€h generators and the individual
lepton+-jets channels. The uncertainties in the mean combined ehafjall MC samples are
downgraded to the integrated luminosity of 2.05 flworresponding to the size of the processed
data sample. The charge puriBy, is defined as

N(Qcomb < 0)

"™ N(Qeom < 0)+ N(Qeomo > 0) (6.1)




whereN (Qcomb < 0) andN(Qcomb > 0) denote the number of events wiflaomp < 0 andQcomp > O,
respectively. It is an important parameter which definesgility of theb-jet charge weighting
procedure. The highdig is relative to 50%, the better the flavour tagging identifarats, i.e. the
ability to distinguish between jets initiated byandB—quarks. As shown in tablg, our procedure
producesq near 60%.

In general, as it follows from tablg there is good agreement among the MC@NLOWRIEG
and ACERMC results onQgcomp. The combined (electros muon channels) expectations agree to
within 4%. Good agreement is also seen between the indivadhamnels.

Generator Channel (Qcomb) Po
e -0.0802+ 0.0065| 0.610-+ 0.003
MC@NLO U -0.0776+ 0.0058| 0.603+ 0.003
e+u | -0.0787+ 0.0043| 0.606+ 0.002
e -0.0739+ 0.0070| 0.595+ 0.010
POWHEG+HERWIG U -0.07874+ 0.0063| 0.600+ 0.008
e+u | -0.0766+ 0.0047| 0.6024+ 0.006
e -0.0824+ 0.0068| 0.613+ 0.010
POWHEG+PYTHIA U -0.0703+ 0.0063| 0.594+ 0.008
e+u | -0.0756+ 0.0046| 0.602+ 0.006
e -0.0728+ 0.0065| 0.598+ 0.011
ACERMC+PYTHIA U -0.07864 0.0058| 0.609+ 0.008
e+ u | -0.0760+ 0.0043| 0.604+ 0.007

Table 1. The expected mean combined charg€k¢mt)) and charge puritie$p) for the electrong), muon

(1) and combinedg+ 1) channels compared for thieMC@NLO, POWHEG+HERWIG, POWHEG+PYTHIA

and ACERMC+PYTHIA simulated signal at 7 TeV in the leptarjets channel obtained with thil-pairing.
The (Qcomp) Values are shown with their statistical uncertaintiesextadb the integrated luminosity of
2.05 fb! (see text). The uncertainty &, is obtained from the full MC sample and is not downgraded
to the integrated luminosity of the dataRsreflects the quality of the charge weighting procedure.

To evaluate the effect of the reconstruction on the combahedge, the mean associateget
charge reconstructed using the-pairing is compared with that based on the correct assogiat
of the lepton andb-jet using a MC generator-level matching. The comparisaarsied out using
the MC@NLOtt samples and the results are shown in tabfer the electron-jets, muont-jets
and combined electraamuon channels. The larger value of the aver@ggn, for the MC match-
ing can be explained by its 100% pairing purity. TaBlshows that the expected mean combined
charges obtained for the electron and muon channels areatitnepwithin statistical errors for the
MC matching. In the/b-pairing case a difference of 2Zidbetween the electron and the muon chan-
nel is seen. The difference can be explained by the nonigdgrselection criteria used for these
two channels and by the slight dependence ofdheairing efficiency and purity on lepton and
b-jet transverse momentum. To illustrate that the analyasdode of data does not have sufficient
statistical power to be sensitive to such a difference, thistical uncertainty quoted in tablehas



Pairing type e U e+u
MC matching| -0.1014+ 0.0009 -0.1006t 0.0008 -0.101G- 0.0006
(b-pairing -0.0802+ 0.0008 -0.0776t 0.0007 -0.078% 0.0005

Table 2. Comparison of the mean combined char@@omp), for the electron€), muon () and combined
(e+ u) channels obtained using the MC matching éngbairing. The charges are shown with their statistical
uncertainties for the fulit MC@NLO sample.

been scaled to the luminosity of the analyzed data sam@é & 1).

6.2 Background

The main background processes for the top quark charge neeasut in the leptos jets channel
are: W+ jets production (the most significant background}, jets, multi-jet, diboson and single-
top-quark production. The single-top-quark backgroungegiithe same sign of the meébset
charge as the signal. The MC simulation is expected to predicectly all the processes with
the exception of the multi-jet production and the normaitraof theW+ jets production. Though
the probability for a multi-jet event to pass the event d@ecis very low, the production cross
section is several orders of magnitude larger than that pfgteark pair production, and due to
fake lepton8 the multi-jet events can contribute to the background. Bhaiskground is determined
in a data-driven way employing the so-called Matrix Meth@d][ This technique is based on
the determination of the number of data events passing theduof analysis selection criteria
(tight selection) and that for a looser selection obtaingditopping the isolation requirement on
the lepton. Using the number of events passing the tight emskl selections and the efficiencies
for true and fake leptons, the number of fake-lepton eveassipg the tightt selection criteria is
found. The efficiencies are determined using appropriatéralbsamples as is explained in detalil
in ref. [37].

The estimation of th#V+-jets background relies to a large extent on MC simulatioricvis
assumed to correctly describe the kinematics of the indalid/+ jets channels, but the overall nor-
malization and flavour fractions are determined from date\W jets background is divided into
four flavour groups\W-+bb-+jets, W-+cc+jets, W-+c+jets andw-+light-flavour-jets. The flavour
composition of the jets is determined from data based onrétotidn ofW+-jet(s) events that have
one or two tagged jetlP]. The MC predictions for thW+b5+jets andW+-cc+jets components
are scaled by a factor of 1.68 0.76, theW-+c+jets component by a factor of 1.1t 0.35, and
the light-flavourW+-jets component by a factor of 0.83 0.18 (for details see ref4]]) .

The expected results for the electron and muon channelsadifselections used in the analy-
sis, including those used for tifb pairing, are shown in tablg The uncertainties in the expected
number of the signal and background events include not dr\statistical uncertainties but also
the cross-section uncertainties, which vary from 10% fgnal and single-top-quark production to
100% for the multi-jet background, and the uncertainty mititegrated luminosity (1.8%).

6Fake lepton refers to both a non-prompt lepton and a jet emgified as a lepton.

—-10-—



Electron Muon

Process Nep (Qcomb) Nep (Qcomb)
W + jets 77+15 | -0.077+0.050| 132423 | -0.047+ 0.032
Z + jets 9+3 0.078+ 0.153 15+ 4 -0.179+ 0.086
Diboson 1+1 -0.229+ 0.573 2+2 -0.071+ 0.279
Multi-jet (DD) 18+ 18 | -0.018+0.082| 36+36 | -0.027+0.028
Non-top-quark background 105+ 24 | -0.015+ 0.041| 185+ 43 | -0.052+ 0.028
Single-top-quark 67+ 11 | -0.066+0.042| 80+ 12 | -0.051+ 0.038
Signal 1420+ 150 | -0.080+ 0.007 | 1830+ 190 | -0.078+ 0.006
Signal + background | 1600+ 150 | -0.075+ 0.006 | 2100+ 200 | -0.074+ 0.006

Table 3. Signal and background expectation after applyingdtv@airing separately for the electron and
muon channels for 2.05 fd integrated luminosity. Here, DD stands for “data driveNjy is the mean
number of leptonk-jet pairs andQcomp) IS the reconstructed mean combined charge. The non-tofqua
background is the total background not including single-gqoark events. The uncertainties include the
statistical uncertainties and the uncertainties in theseections and integrated luminosity.

7 Results

The distributions of the reconstructed quantities invdle the top quark charge determination,
namely the distributions df-jet and leptonpr, EQ“SS and the number of tracks withy > 1 GeV

in ab-jet, were compared to the expectations after applying #sicht selection requirements and
after the full set of the analysis requirements including batags and’b-jet pairing. Fairly good
agreement between data and MC distributions is observedexample is seen in figui& which
shows theb-jet pr distribution after the basitt requirements and after the full set of the analysis
requirements.

To test theb-jet charge weighting procedure (see 8d), the reconstructed distributions of the
mean value of the absolukejet charge, shown as a functiontfet pr for thett candidate events
in data and MC simulation, are compared in figdrafter the basidt requirements and after the
(b-pairing. The expected background is subtracted from the diatribution. The distributions in
figure 4 are profile histograms containing in each bin the mean vaitteits uncertainty depicted
as the corresponding error bar. Due to the high statistiadheMC samples, the error bars of
the MC distributions are within the symbol size. Good agresinbetween the data and the MC
simulation is observed. An advantage of using the absolaiige\vofb-jet charge is that it can be
used for comparison of data and MC in different stages of #mliclate event selection while the
combined charge is available only after the full set of d@accriteria. The relation between the
mean combined charge and the mean value of absoljgiecharge was investigated in a dedicated
MC study, which showed a linear dependence. In additionrdigulemonstrates that the melan
jet charge depends only weakly on tiet pr, especially for the distributions after t#ib-pairing,
which makes the charge weighting procedure insensitivatemainties in thé-jet pr distribution.

The increasing instantaneous LHC luminosity was acconggllny an increasing mean num-
ber of reconstructeg p interaction vertices per bunch crossing. This quantityictviis a measure
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Figure 3. Data and MC comparison of thejet pr distribution after the basitt requirements (upper
plots) and after the full set of requirements (bottom pléds)electront-jets (left) and muon-jets (right)
events. The MC expectations for signal and background am@alized to 2.05 fb' using the expected
cross sections. The shaded area belongs to the MC distribatid corresponds to a combination of the
statistical uncertainties and the uncertainties in theseections and the integrated luminosity.

of pile-up (presence of additional interactions in the ¢yaéncreased from 6 to 17 during the anal-
ysed 2011 data-taking period. To assess the impact of piléhe mean of the absolute value of
b-jet charge,(| Qv_jet |), is reconstructed as a function of the number of reconstdugp interac-
tion vertices for both the data and MC samples and with thiesitl of thett requirements used
in this analysis including twd-tags and’b-pairing. No dependence is observed for the level of
pile-up present in the data sample, as shown by fi§doz the absolute value di-jet charge. The
same level of stability is observed for the combined chage &unction of the primary vertex
multiplicity.

Figure6 compares thé-jet charge spectra after the batlicuts for the data and the expected
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Figure 4. Data and MC comparison of the mean of the absolute valueedf-fbt charge,(| Qp_jet |), as
a function ofb-jet pr after the basidt requirements (upper plots) and after the full set of requéets
(bottom plots) for electron jets (left) and muonr-jets (right) events. The data are shown after subtraction
of the expected background and MC stands for MC@NiL&yents. Only statistical uncertainties are shown.

sum of signal and background normalized to the integratedniasity of 2.05 fot. The charge
spectra are symmetric around zero and show good agreentergdmedata and MC.

The results for the combined charge are summarized in #aflkis table contains the number
of reconstructed lepto+et pairs along with the mean combined charge for the diffechannels.
The uncertainties in the expected number of events in talrielude the cross-section uncertainty
and the 1.8% uncertainty in the integrated luminosity.

The combined charge for the exotic model in tableas obtained by inverting the sigrtaland
single-top-quark combined charges while the non-topiqbackground charge was not changed.
The inversion of thdo-jet charge (or lepton charge) in a lepttriet pair, provided that the lepton
andb-jet come from a top quark decay, corresponds to a change alettaying quark charge from
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Figure 5. Data and MC (MC@NLO) comparison of the mean of the absolateevof theb-jet charge,
(| Qo_jet |), as a function of vertex multiplicity after all thet requirements for electronjets (left) and
muon+-jets (right) events.

Lepton | NPt [ Ngata {Qcomb)
channel SM expected | XM expected Data
e 1600+ 150 | 1638 | -0.075+ 0.006 | 0.073+ 0.006 | -0.079+ 0.008
U 2100+ 200 | 2276 | -0.074+ 0.006 | 0.065+ 0.006 | -0.075+ 0.007
e+pu | 3700+ 250 | 3914 | -0.075+ 0.004 | 0.069+ 0.004 | -0.077+ 0.005

Table 4. Number of (b-pairs expected from MC simulatioNE**°) and observed in dataNf2®9, and
reconstructed mean combined char@@omn), for the data in the different leptanjets channels compared
to those expected in the SM and the exotic model (XM). The taitgies include the statistical uncertainties
scaled to 2.05 fb! and the uncertainties in the cross sections and integraieitisity.

2/3 to —4/3. Such an approximation of the process with théegaark should be appropriate since
the exotic quark differs from the top quark only in the electharge. Although this could result
in higher photon radiation in the exotic quark case, and egmsntly in a slightly softeb-jet pr
spectrum, this should not influence the combined charge $ivecphoton radiation in the top quark
case is only a small effect and thget charge depends only weakly bret pr. This was verified
by studying the exotic quark combined charge directly uswents generated by@krmc. The
AcCERMC sample gives, within statistical uncertainties, a conippatiesult with that obtained using
the inversion procedure applied to the SM MC@NLO sample.

From table4 it can be concluded that the data agree with the SM top quarkthgsis within
the uncertainties and that the observed and expected nsiroberents are also consistent with
each other. Figur@ compares the reconstructed combined charge spectra falathewith MC
expectations for signal and background aftepairing for the electron- jets (left) and muor-jets
(right) final states, showing good agreement between treeatat the SM expectations.
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value of theQ.omp distribution obtained from data. Only statistical uncintias are shown.

The top quark charge can be directly inferred from the bamkg-subtracted.omp data
distribution using @.omb to b-jet charge calibration coefficient obtained from MC. Frdra M
value of theb-quark charge@, = —1/3) and the mean reconstructed value of the combined charge
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((Qcompy) for signal events, thé-jet charge calibration coefficie®@, = Qp/(Qcomp) is found to
be 423 + 0.03 (stat.)+ 0.07 (syst.) when evaluated using the tiIMC sample. The systematic
uncertainty orCy is taken as half the difference between the values of theredilbn coefficient
for the electron and muon channels. As mentioned in seétibthe small difference between the
mean combined charges of the electron and muon channeds assa consequence of different
selection criteria used for these channels. The mean cedlimarge depends slightly brjet pr
and the/b-pairing purity and efficiency depend on lepton dmpt py. Though these dependences
are weak they should be taken into account if the commonradililm coefficient is used. The top
guark charge then can be calculated as

d
Qop=1+ Q(coi:?s xCy, (7.1)

wherngm is the reconstructet-jet charge obtained from the data after the subtractiomef t

expected background.

The mean value of the top quark charge for the electrfmts channel is
Quop =0.63+ 0.04 (stat.)+ 0.11 (syst.) and that for the muerets channel s
Qiop = 0.65+ 0.03 (stat. 1= 0.12 (syst.). The combined result using both channels is
0.64 + 0.02 (stat.)+ 0.08 (syst.). This result is obtained from the mean of the ioed
histogram ofQ.omp, for the two channels. The quoted systematic uncertaintydies uncertainties
on the calibration constant and all the uncertainties onntiean combined charge as described
below.

7.1 Systematic uncertainties

The studies of systematic uncertainties connected witbah®ined charge follow methods similar
to those used in other top quark studies (see e.g. 3€f). [Each systematic effect is investigated
by varying the corresponding quantity Bylo with respect to the nominal value. If the direction
of the variation is not defined (as in the case of the estimegelting from the difference of two
models, e.g. HRwIG and Y THIA), the estimated variation is assumed to be the same size in th
upward and the downward direction and the uncertainty@gme) is symmetrized. The following
effects are taken into account.

Monte Carlo generators- the systematic uncertainties from MC generators are atgiirby
comparing the results obtained with the MC@NLO arm\RIEG generators.

Showering and hadronization the FowHEG samples with shower models fromyPHIA or
HERwIG are compared and the difference is taken as the uncertaietyodhe showering model.

Top quark mass the uncertainty resulting from the assumed top quark nsasstimated using
simulatedtt samples with top quark mass in the range of 167.5-177.5 Getejrs of 2.5 GeV.
After fitting the mean values domp, for different top quark mass samples the quoted systematic
uncertainty is the largest of the differences between therfition value at 172.5 GeV and at those
at172.5+ 1.0 GeV.

Initial- and final-state radiation (ISR/FSR)the ISR/FSR uncertainty is calculated using ded-
icated signal samples generated witb#ZrRMmc interfaced to RTHIA. The parameters responsible
for the level of ISR and FSR are varied in a range comparabthdse used in the Perugia MC
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tunes f12]. Half of the difference between the minimum and maximunuealof(Qcomp) is taken
as the systematic uncertainty due to ISR/FSR.

Colour reconnection- the systematic uncertainty due to colour reconnectioreterchined
using ACERMC interfaced to RTHIA. Two different colour reconnection effects are simulated
as described in refs.4p, 43] and for each effect the difference in the reconstructed bioed
charge between two levels of the colour reconnection isdoiliine larger difference is taken as the
systematic uncertainty.

Missing transverse momentunET'SSis used in the event selection and can influence the re-
constructed)comp The impact of a possible mis-calibration is assessed bygihg the measured
E?isswithin its uncertainty. The systematic uncertainty:‘q!l"ssincludes the energy scale of clus-
ters not associated with jets, electrons or muons and theamcof the pile-up simulations. The
effect of a hardware failure in a part of the liquid-argonocaheter is also taken into account. This
uncertainty is assessed by varying the jet thresholds wsedrhoving events with jets in the dead
calorimeter region.

Multi-jet normalization— a 100% uncertainty on the number of multi-jet events duéé¢o t
data-driven method is assumed in calculating the uncéytain(Qcomp connected with this nor-
malization.

Single-top-quark normalizatior the cross sections of individual single-top-quark chéne
are simultaneously varied within their theoretical unaity by +10 and the largest difference
in the combined signal and backgrouf@:omr With respect to the nominal one is quoted as the
systematic uncertainty due to the single-top-quark probdocross sectiondd].

W + jets— theW+jets cross section is varied within its theoretical undetya(the uncertainty
for inclusiveW production of 4% and the additional uncertainty per eachtiatdl jet, of 24%,
are added in quadrature). The uncertainties on the shap#/s-¢éts kinematic distributions are
assessed by varying several parameters, such as the mirtramswerse momentum of the partons
and the functional form of the factorization scale in®GEN. TheW+ jets samples are reweighted
according to each of these parameters and the quadratic fdhm uncertainties for the individual
parameters is taken as the systematic uncertainty. Uitigtaconnected with the scaling factors
correcting the fractions of heavy flavour contributionsim@atedW+ jets samples are also taken
into account.

Z+jets— the same prescription as for the normalizatioW\6f jets events is also applied to
Z+jets events.

b-tagging— the b-tagging efficiency and mistag probabilities in data and M@utation are
not identical. To reconcile the differendetagging scale factors together with their uncertainties
are derived per jef3b, 36]. They depend on the jgtr andn and the underlying quark flavour. For
the nominal result, the central values of the scale factarsjpplied, and the systematic uncertainty
is estimated by changing their values within their uncaties.

Lepton-related uncertainty this item comprises the uncertainties due to MC modellirith®
lepton identification, trigger efficiency, energy scale andrgy resolution. Each simulated event is
weighted with an appropriate scale factor (ratio of the meaefficiency to the simulated one) in
order to reproduce the efficiencies seen in data. The umtgetaon the scale factors are included
in the uncertainties on the acceptance values. Detailse&ound in ref. B7].

17 -



Jet energy scale- the jet energy scale (JES) and its uncertainty are deriyecbinbining
information from test-beam data, LHC collision data and Nt@wations §5, 46]. The dependence
of the JES uncertainty on th@ andn of the reconstructed jet is used to scale the energy of each je
up or down by one standard deviation in the used MC sampleselariations are also propagated
to the missing transverse energy. An uncertainty coniohuto the JES due to pile-up events is
also taken into account. An additional uncertainty is agmbkexclusively td-jets. For eachb-jet
matched to a parton levetquark apr-dependent uncertainty ranging from 2.5% for Igy{ets
to 0.76% for highpr jets is used.

The JES is the most significant source of systematic unogytalhe reason is that changes
in the JES have a large impact on the number of events withpipw-jets and the purity of the
(b-pairing degrades at loWwjet pr. The number of events at high and low JES varies with respect
to the nominal scale by 25% and 14%, respectively.

Jet energy resolution the impact of the jet energy resolution is assessed by smehae jet
energy before performing the event selection. The energaoi reconstructed jet in the simula-
tion is additionally smeared by a Gaussian function suchttiewidth of the resulting Gaussian
distribution includes the uncertainty on the jet energyhason.

Jet reconstruction efficiencythe impact of the uncertainty in the jet reconstructiorcifficy
is evaluated by randomly dropping jets from events and deteng the variation of Qcomp) With
respect to that of the nominal sample, following the prgsicnn described in ref.32].

Influence of b-hadron fractionsin the hadronization process that leads bojat, differentb-
hadrons can be formed and the combined charge can depenelehalron type. In addition, the
mixing of B® andB‘S’ mesons needs to be taken into account. Fobfjets containingB®-mesons, it
leads to a smaller mean combined charge in comparison vétjets containing chargegimesons.
The effect for jets containinﬁg mesons, where the mixing probability is 50%, should leaceto z
mean combined charge. The measured mixing probabilijgs (0.186 B°) and xs = 0.5 (Bg))
[47] are used to find the effective values of the mean combinedyehar b-jets with B® and B(S’
mesons. A study based on MC simulation shows that the meahinethcharge fob-jets withb-
baryons is about 74% of that forjets withB*. The systematic uncertainty on the mean combined
charge due to the uncertainties on tsadron production fractions, taken from Ref. [45], hagbee
evaluated by varying independently the production fraxtifor B® and B mesons and-baryons
by 1 standard deviation up and down and adding the individoatributions in quadrature.

All other systematic uncertainties are small (less than.1%)summary of all systematic
uncertainties for the reconstruction of the combined abangthe electron and muon channels
combined is shown in table

8 Statistical comparison of the SM and exotic model

The main result of this analysis — the compatibility of théadaith the SM hypothesis of the top
guark charge of 2/3 —was evaluated using a statistical madtit model is based on the Cousins—
Highland approach4g]. The test statistic used for this purpose is the mean vdltigeoccombined
charge. Due to finite detector resolution and finite sample, she mean value of the combined
charge observed in the experiment can be treated as oneatiali of a random variabIQ_, the
distribution of which characterizes all possible outcornEthe experiment. This variable can be
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Source Systematic uncertainty (%)
MC statistics 0.7
MC generator 3.7
Parton shower 7.9
Colour reconnection 0.5
ISR/FSR 3.1
Top quark mass 0.3
Missing transverse energy 0.8
Jet energy scale 8.3
b-jet energy scale 3.3
Jet energy resolution 1.0
Jet reconstruction efficiency 0.7
b-tagging 0.3
Single top normalization <0.1
W + jets 1.2
Z + jets 0.1
Multi-jet normalization 1.0
Electron-related uncertainty 1.3
Muon-related uncertainty 1.8
b-hadron fractions 0.7
Total uncertainty oe+ p-channel 13.2

Table 5. The systematic uncertainties for the combined chargetdthkuncertainty is calculated by adding
the individual ones in quadrature.

expressed as B
Q=(1-rp—rt) Qs+rp Qp+re-Q, (8.1)

whereQs, Qp, andQ; are the combined charge mean values for the signal, baakdrad single-
top-quark processes, respectively, apdr) is the fraction of the background (single-top-quark)
events in the total sample of the candidate events.

The SM acceptance (critical) regiofd, 50] is defined aQ_ <0 (6 > 0). The decision bound-
ary 6: 0 unambiguously determines the confidence levéprobability to exclude the SM sce-
nario if it is true) and the so-called false negative r@téhe probability of failing to reject the
alternative hypothesis if it is true). The quantiti®s, Qp, Q;, rp andr; are the nuisance param-
eters of the method and are assumed to be Gaussian rand@hblesri The Gaussian nature of
the combined charges was tested with 10 million MC expertmelm each experiment the mean
combined charge was found by averaging 1000 combined chgegeerated from a MC-simulated
combined charge spectrum for the muon channel. The obtdis&ibution of the mean combined
charges was normally distributed and the Gaussian fit toitgliition showed a goodness-of-fit
of x?/nd f = 86/103. Their uncertainties scaled to the data integriatinosity (2.05 flol) are
summarized in tabl®é. The two hypotheses are compared by calculatingptvelue @9, the
probability of obtaining a test statistic at least as ex&rerm the one that was actually observed pro-
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Channel Qs Qb Q rp re
e -0.080+ 0.007 | -0.015+ 0.041 | -0.066+ 0.042 | 0.066+ 0.018| 0.042+ 0.012
u -0.078+ 0.006 | -0.052+ 0.028 | -0.051+ 0.038 | 0.088+ 0.025| 0.038+ 0.011
e+u | -0.0794 0.004| -0.038+ 0.023 | -0.058+ 0.028 | 0.079+ 0.016| 0.040+ 0.008

Table 6. The nuisance parameters: the expected combined chargevaleas and their standard deviations
for the signal Qs), non-top-quark backgroun®f), single-top-quark backgroun@®y) and the fractions of
non-top-quarki(,) and single-top-quark) backgrounds for an integrated luminosity of 2.05%b
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Figure 8. The expected distribution of the mean value of the comb'r:‘rmige,@ for the electron and
muon channels resulting from pseudo-experiments for the(&Nid blue line) and the exotic (dashed red
line) hypothesis for an integrated luminosity of 2.05 b The magenta vertical line represents the value
measured in the data.

vided that the null hypothesis is true. In order to obtainphealue for the observed values of the
test statistidQcomn) (See the data column of tab#g, pseudo-experiments for both hypotheses, the
SM as well as the exotic model, have been performed. To tdkeattount a possible difference
between MC and experimental data, a scale factor (SF) isatkéis the ratio of experimental to
MC mean combined charges for a Q@®Eet sample. The scale factor SF was found using double
b-tagged dijet events containing a soft muon, where the ehafghe soft muon determines the
flavour of theb-jet (i.e. if b or b initiated the jet). This technique gives SF1.00 with a spread

o = 0.19. The technique based on the absolute value dbleécharge, i.e. based on the data-to-
MC ratio from figured, leads to a scale factor compatible with unity with a spread 0.02. To be
conservative, the former value is used. The SF uncertasngldled in quadrature to the statistical
and systematic uncertainties of the combined mean charge.

In figure 8 the distributions from the pseudo-experiments of the alesbmean combined
charge Q) are shown for both hypotheses, the SM (solid blue line) &edekotic model (dashed
red line). The magenta line in this plot corresponds to theearentally observed valu@,ns The
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figure shows the results for the combined electron and muanre#is. Each of these distributions
is obtained from pseudo-experiments in which the nuisaacampeters are sampled from Gaussian
distributions with the mean values and standard deviatiaken from tables. In addition, the
sampled charg@_ is Gaussian-smeared by the mean combined charge systemegidainty and
by the SF uncertainty.

The p-values for the SM and the exotic model, the distanc®gf; from the expected value
of the exotic combined charge in standard deviations, aadjtiantitiesa andf3, are summarized
in table7 for the combined electron and muaeH{ 1) channel as well as for the electror® &nd
muons (1) channels separately.

Channel Psm Pxm OxXMm (Sd) a B
e 0.813| <107/ 8.8 6.1x10° | 1.1x10°
u 0.960| <10/ 8.5 24%x10°% | 40x10°
e+u |0.892| <1077 8.9 24%x10% | 15%x10°

Table 7. The p-values for the SM[fsy) and exotic modelgxy ); the distanceoxy of the observed value,
Qobs from the expected value of the exotic combined charge imdstad deviations (s.d.); the significance
level (o) and the false negative ratg)(for the integrated luminosity of 2.05 f8.

From table7 it can be seen that the data are fully compatible with the S [Fvalues for
the SM scenario are high (the two-sideevalue is more than 80%) while those for the exotic
hypothesis are very small (less than~1p None of the 20 million exotic-hypothesis pseudo-
experiments han_ values below the observed value of the mean combined ch&geverting
the p-value into the number of standard deviations for the exateEnario mean combined charge
distribution, an exclusion at the level higher thami8 obtained for the combination of the electron
and muon channels. This result assumes Gaussian-disttilnuisance parameters, as supported
by the performed MC experiments. Due to fact that most of gstesnatic uncertainties were
combined and are common to the electron and muon channelgliffarences in the nuisance
parameters do not lead to large differences in the exclusiots for the individual channels.

9 Conclusion

The top quark charge has been studied using 2.08 ff data accumulated by the AT-
LAS experiment at a centre-of-mass energy of 7 TeV. The nmmedstop quark charge is
0.64+ 0.02 (stat. x4 0.08 (syst.). This result strongly favours the Standard &ll@hd excludes
models with an exotic quark with charge —4/3 instead of tipegiaark by more thand.
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