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Search for leptonic charge asymmetry in ¯

production in nal states with three leptons at

= 13 TeV

The !TL!S #ollaboration

! search for the leptonic charge asymmetry ¯ of top‚quark–antiquark pair production in

association with a boson ¯ ¯ is presented‹ The search is performed using nal states

with exactly three charged light leptons electrons or muons¯ and is based on = ´ TeV

proton–proton collision data collected with the !TL!S detector at the Large Hadron #ollider

at #ERN during the years „“”5–„“”8 corresponding to an integrated luminosity of ”« fb ‹

! pro le‚likelihood t to the event yields in multiple regions corresponding to positive and

negative di erences between the pseudorapidities of the charged leptons from top‚quark and

top‚antiquark decays is used to extract the charge asymmetry‹ !t reconstructed level the

asymmetry is found to be . `´ ± . ´6 stat‹¯ ± . syst‹¯‹ !n unfolding procedure is

applied to convert the result at reconstructed level into a charge‚asymmetry value in a ducial

volume at particle level with the result of . ` ± . stat‹¯ ± . syst‹¯‹ The Standard

Model expectations for these two observables are calculated using Monte #arlo simulations

with next‚to‚leading order plus parton shower precision in quantum chromodynamics and

including next‚to‚leading order electroweak corrections‹ They are . ¸
+ .

. ´
scale¯

± . 6 M# stat‹¯ and . 6´
+ .

.

scale¯ ± . M# stat‹¯ respectively‹

© „“„„ #ERN for the bene t of the !TL!S #ollaboration‹

Reproduction of this article or parts of it is allowed as speci ed in the ##‚"Y‚»‹“ license‹



1 Introduction

The production of a top‚quark–antiquark ¯̄ pair in association with a boson commonly referred

to as ¯ is a rare process in the Standard Model SM¯ which can be produced at the Large Hadron

#ollider LH#¯‹ State‚of‚the‚art cross‚section calculations for the ¯ process are especially complex as

large corrections arise from higher powers of both the strong and weak couplings [”=‹ Thus measurements

of the ¯ process represent a sensitive test of the predictions of quantum chromodynamics Q#$¯ and

the electroweak EW¯ sector of the SM as well as their interplay‹ "oth the inclusive and di erential

cross‚section measurements are very relevant as they can provide indirect hints of new physics beyond

the SM "SM¯ in scenarios where at least one of the SM couplings is modi ed [„=‹ &urthermore it can

be one of the main backgrounds in searches for "SM phenomena such as supersymmetric squark or

gluino production or vector‚like quarks [« »=‹ It also represents an irreducible background to many SM

measurements such as ¯ production in association with a Higgs boson ¯ ¯ or the production of four top

quarks ¯ ¯̄ [5 6=‹ The inclusive cross section of ¯ production has been measured by both the !TL!S

and #MS collaborations at = ´ TEV using partial and full respectively¯ LH# Run „ datasets [ 8=‹

Illustrative &eynman diagrams contributing to ¯ production at leading order LO¯ and next‚to‚leading

order NLO¯ for both Q#$ and EW production are shown in &igure ” where indicates a quark of

di erent avour from that of the other initial‚state quark‹ !t LO only the ¯ initial state is present‹ !t

NLO the quark–gluon ¯ channels open up whereas the gluon–gluon ¯ fusion production does not

contribute until next‚to‚next‚to‚leading order NNLO¯ corrections are included‹
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&igure ” Examples of &eynman diagrams of ¯ production at a¯ LO and b¯ NLO with one extra parton‹ The

diagrams show Q#$ and EW ¯ production‹

!t the Tevatron forward‚backward asymmetries in ¯ production have been measured with legacy results

found to be in agreement with SM calculations that include higher‚order corrections [ ”“=‹ The asymmetry

in ¯ production arises at NLO due to the interference e ects between amplitudes in the ¯ initial state and

results in higher probability of top quark or top antiquark¯ being produced in the direction of the initial

quark antiquark¯‹ !t the LH# this production asymmetry results in a central‚forward rapidity charge

asymmetry as top quarks antiquarks¯ are produced with more forward central¯ rapidities‹

The top‚quark‚based rapidity charge asymmetry ¯ is de ned by

=

( > ) ( < )

( > ) + ( < )
, ”¯

where = | | | ¯ | is the di erence between the absolute rapidities of the top quarks | |¯ and top

antiquarks | ¯ |¯ respectively‹
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However ¯production at the LH# is dominated by the charge‚symmetric initial state‹ In ¯ production

at the LH# the relative dominance of the ¯ initial state leads to a larger rapidity charge asymmetry

with respect to ¯ production [”” ”„=‹ &urthermore the boson present in ¯ production is typically

radiated from the initial ¯ state and therefore serves as a polariser of the initial ¯ state and in turn

the nal ¯ state‹ This polarisation further enhances the asymmetry between the decay products of the

top quarks and top antiquarks‹ The prospects for experimental observation of these asymmetries are

greatest in the case of the charged leptons originating from the top‚quark antiquark¯ decays‹ This is due

to the precision with which lepton kinematics can be reconstructed and the power with which reducible

background processes can be suppressed‹ The leptonic charge asymmetry ¯ in the following just

denoted as ‘charge asymmetry’ is de ned similarly to Equation ” but based on the pseudorapidities of the

leptons from the top‚quark and top‚antiquark decays‹

Ref‹ [””= gives a comparison of NLO Q#$ matrix elements MEs¯ matched to parton shower PS¯

calculations of the top‚quark‚based and leptonic charge asymmetries of ¯ and ¯ production in the full

phase space at = ´TEV‹ The charge asymmetry for ¯ is larger with respect to ¯ production at the

expense of a smaller cross section of the process‹ In addition to being sensitive to "SM physics such as

axigluons and Standard Model E ective &ield Theory SME&T¯ scenarios corresponding to four‚fermion

operators charge asymmetry measurements have the unique potential of discriminating between new

physics signals with di erent chiral structure that would have indistinguishable e ects on cross section

observables‹

Measurements of the top‚quark‚based charge asymmetry have been performed by the !TL!S and #MS

collaborations for ¯ production‹ ! combination of these !TL!S and #MS results at = TEV and 8 TeV

for the top‚quark‚based charge asymmetry is reported in Ref‹ [”«= and updated measurements have been

published by !TL!S and #MS using = ´TEV data [”» ”5=‹ The measurements reported by #MS

in Ref‹ [”6= include an extraction of the leptonic charge asymmetry for ¯ production in a particle‚level

ducial volume‹ ! measurement of for ¯ production in association with a photon has been reported by

!TL!S in Ref‹ [” =‹ None of these measurements show signi cant deviations from the SM expectations‹

In Ref‹ [”„= NLO Q#$ calculations of have been performed including top‚quark o ‚shell e ects

which includes also the impact of di erent renormalisation and factorisation scale choices on in the

multi‚lepton channel at the LH# at = ´ TEV‹”

This note presents a search for the leptonic charge asymmetry in ¯ production using proton–proton ¯

collision data at = ´ TEV in the trilepton ´ ¯ channel with the full Run „ dataset corresponding to an

integrated luminosity of ”« fb ”‹ The note is organised as follows Section „ provides a brief description

of the !TL!S detector‹ In Section « the used dataset as well as the simulated signal and background

processes are discussed‹ The reconstructed particle candidates are de ned in Section »‹ Section 5 gives an

overview on the event selection and on the de nitions of the control and signal regions‹ The algorithm

used to identify reconstructed leptons originating from top quarks antiquarks¯ is explained in Section 6‹ In

Section the sources of systematic uncertainties that a ect the search are discussed‹ The result of the

charge asymmetry at reconstructed level is presented in Section 8 whereas the unfolding procedure and

the extraction of the charge asymmetry at particle level are presented in Section ‹ In Section ”“ the

conclusions are drawn‹

” Note that these results are given in terms of the rapidities of the leptons , ¯ and not the pseudorapidities‹
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2 The ATLAS detector

The !TL!S detector [”8= at the LH# covers nearly the entire solid angle around the collision point„‹ It

consists of an inner tracking detector surrounded by a thin superconducting solenoid electromagnetic and

hadronic calorimeters and a muon spectrometer incorporating three sets of large superconducting toroidal

magnets each consisting of eight separate coils‹ The inner‚detector system is immersed in a „ T axial

magnetic eld and provides charged‚particle tracking in the range | | < `. ‹

The high‚granularity silicon pixel detector covers the vertex region and typically provides four measurements

per track with the rst hit typically being detected in the insertable "‚layer installed before Run „ [”

„“=‹ It is followed by the silicon microstrip tracker which usually provides eight measurements per

track‹ These silicon detectors are complemented by the transition radiation tracker TRT¯ which enables

radially extended track reconstruction up to | | = `. ‹ The TRT also provides electron identi cation

information based on the fraction of hits above a higher energy‚deposit threshold corresponding to transition

radiation‹ Typically around «“ TRT hits are measured in total‹

The calorimeter system covers the pseudorapidity range | | < .ß‹ Within the region | | < ´.`

electromagnetic calorimetry is provided by barrel and endcap high‚granularity lead›liquid‚argon L!r¯

calorimeters with an additional thin L!r presampler covering | | < .¸ to correct for energy loss in

material upstream of the calorimeters‹ Hadronic calorimetry is provided by the steel›scintillator‚tile

calorimeter segmented into three barrel structures within | | < . and two copper›L!r hadronic endcap

calorimeters‹ The solid angle coverage is extended with forward copper›L!r and tungsten›L!r calorimeter

modules optimised for electromagnetic and hadronic measurements respectively‹

The muon spectrometer comprises separate trigger and high‚precision tracking chambers measuring the

de ection of muons in a magnetic eld generated by superconducting air‚core toroids‹ The eld integral of

the toroids ranges between „‹“ and 6‹“ Tm across most of the detector‹ ! set of precision chambers covers

the region | | < `. with three layers of monitored drift tubes complemented by cathode‚strip chambers in

the forward region where the background rates are highest‹ The muon trigger system covers the range

| | < `. with resistive‚plate chambers in the barrel and thin‚gap chambers in the endcap regions‹

Relevant events are selected to be recorded by the rst‚level trigger system implemented in custom hardware

followed by selections made by algorithms implemented in software in the high‚level trigger [„”=‹ The

rst‚level trigger accepts events from the »“MHz bunch crossings at a rate below ”““ kHz which the

high‚level trigger reduces in order to record events to disk at about ” kHz‹

!n extensive software suite [„„= is used in the reconstruction and analysis of real and simulated data in

detector operations and in the trigger and data acquisition systems of the experiment‹

3 Data and simulated event samples

The analysis is performed on data from collisions at = ´ TEV delivered by the LH# and recorded by

the !TL!S detector in the years „“”5–„“”8‹ The bunch spacing for this data‚taking period was „5 ns with

„ !TL!S uses a right‚handed coordinate system with its origin at the nominal interaction point IP¯ in the centre of the detector

and the ‚axis along the beam pipe‹ The ‚axis points from the IP to the centre of the LH# ring and the ‚axis points

upwards‹ #ylindrical coordinates ( , ) are used in the transverse plane being the azimuthal angle around the ‚axis‹ The

pseudorapidity is de ned in terms of the polar angle as = LN tAN( /`)‹ The angular distance is measured in units of

( )` + ( )`‹
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an average number of interactions per bunch crossing ‘pile‚up’¯ which varies by year and LH# beam

conditions and was in the range from ”“ to “ for almost all events‹ !fter requirements on the stability of

the beams the operational status of all !TL!S detector components and the quality of the recorded data

the total integrated luminosity of the data set corresponds to about ”« fb ”‹ This value is derived from the

calibration of the luminosity scale using – beam‚separation scans following a methodology similar to

that detailed in Ref‹ [„«= and using the LU#I$‚„ detector [„»= for the baseline luminosity measurements‹

Simulated Monte #arlo M#¯ samples are used to model the contributions from the various SM processes‹

The M# generators used for the hard‚scattering as well as the PS underlying event and hadronisation are

explained in the following‹ &or some processes in addition to the nominal simulation alternative M#

samples are available which are used to evaluate the e ects of di erent M# modelling uncertainties see

Section ‹„¯‹ !ll M# samples are generated using a „5 ns bunch‚spacing con guration‹

The e ect of pile‚up was modelled by overlaying the hard‚scattering event with simulated minimum‚

bias events generated with Pythia 8‹”86 [„5= using the NNP$&„‹«lo [„6= set of parton distribution

functions P$&s¯ and the !« set of tuned M# parameters [„ =‹ Separate M# production campaigns are

used to model the di erent pile‚up distributions observed in data for the years „“”5›”6 „“” and „“”8‹ The

simulated samples are reweighted to reproduce the observed distribution of the average number of collisions

per bunch crossing‹ The simulation of detector e ects is performed with either a full !TL!S detector

simulation based on the ’eant» [„8= framework or a fast simulation !tl&ast‚))¯ using a parametrisation

of the performance of the electromagnetic and hadronic calorimeters and ’eant» for the other detector

components [„ =‹

The signal process ¯ ¯ is simulated at precision of NLO in Q#$ with Sherpa „‹„‹”“ [«“= and the

NNP$&«‹“nnlo P$& set [«”=‹ In this setup multiple MEs are matched and merged with the Sherpa PS

model based on the #atani‚Seymour dipole factorisation scheme [«„ ««=‹ The virtual Q#$ corrections

for MEs at NLO accuracy are provided by the /pen,oops library [«» «5=‹ Up to one additional parton

is included in the NLO ME and two three or four additional partons are included at LO in Q#$‹ The

merging scale parameter Q¯ which sets a threshold to determine what part of the phase‚space is lled by

the PS or the ME generator is set to an energy of «“GeV‹ !dditional partons beyond ME‚level accuracy

and below the merging scale threshold are thus described by the PS‹ The masses of the top quark and the

boson are set to ” „‹5GeV and 8“‹»GeV respectively [«6=‹ In addition to the nominal prediction at

NLO in Q#$ higher order corrections related to EW ¯ contributions are also added as part of the signal

de nition‹ The ´ and ` `
s corrections are added through M# event weights derived using the virtual

additive corrections in the formalism described in Ref‹ [« =‹

!n alternative ¯ sample uses Mad’raph–?aM# N,/ „‹ ‹« [«8 « = in the following denoted as

M’–?aM# N,/¯ for the ME and is interfaced with Pythia 8‹„»5 [»“= for the PS underlying event and

hadronisation modelling‹ This sample is generated with the &x&x algorithm [»”= with up to one additional

parton at NLO accuracy and up to two additional partons at LO accuracy in Q#$‹ The expected accuracy

of this sample is similar to that of the nominal Sherpa „‹„‹”“ sample‹ This multi‚leg con guration makes

use of complex functional forms for the renormalisation and factorisation scales R and F¯ which are

chosen dynamically and depend on the kinematics of the event after the merging of the core process with

the additional partons following the &x&x merging prescription [»”–»«=‹ They depend on the phase‚space

con guration and are related to the clustering scales of the additional partons and on the core process‹

The merging scale parameter is set to «“GeV‹ The sample is simulated together with the NNP$&«‹“nlo

P$& set and the !”» set of tuned M# parameters [»»=‹ Top‚quark decays are simulated at LO using the

MadSpin program [»5 »6=‹ &urther alternative ¯ samples are simulated with the Powheg [» = generator

providing ME calculations at NLO in the strong coupling constant s¯ with the NNP$&«‹“nlo P$&

5



set and the !”» M# tune‹ These Powheg ¯ samples are interfaced either with Pythia 8‹„»5 or with

(erwig ‹„‹” [»8–5“= for the simulation of the PS underlying event and hadronisation‹ !ll the alternative

¯ samples are normalised to the same cross section as the nominal Sherpa „‹„‹”“ sample in order not to

be sensitive to overall normalisation di erences when comparing the two simulations‹

The ¯ EW corrections at the order of ´
s are simulated by an independent Sherpa „‹„‹”“ sample

produced at LO in Q#$ with the same con guration as the nominal signal sample‹ Since the charge

asymmetry from these processes is negligible with respect to the nominal signal contribution this M#

sample is treated as a background in the analysis‹

The production of a ¯ pair in association with a boson ¯ ¯ is simulated at NLO precision with

the M’–?aM# N,/ „‹8‹” generator for the ME and Pythia 8‹„»» for the PS underlying event and

hadronisation together with the NNP$&«‹“nlo P$& set and the !”» M# tune‹ The mass of the boson

is set to ”‹„GeV [«6=‹ The ¯ contribution and the / interference e ects are taken into account

with the samples including events with di‚lepton invariant masses ¯ down to ”GeV‹ !dditional ¯

samples usingM’–?aM# N,/ „‹8‹” for the ME but (erwig ‹„‹” for the PS along with the (erwig

standard set of tuned parameters and the NNP$&«‹“nlo P$& set are used for the evaluation of systematic

uncertainties associated with the PS and hadronisation‹ &urther alternative ¯ samples with the same

settings as the nominal samples but using the !”» eigentune variation Var«c [»»= are used to evaluate

the uncertainty associated with the initial‚state radiation ISR¯‹ !s it is done for ¯ the alternative ¯

samples are normalised to the same cross section as the nominal sample‹

The production of ¯ ¯ and events is simulated at NLO with the Powheg generator for the ME

together with the NNP$&«‹“nlo P$& set and the !”» M# tune‹ The damp parameter which controls the

matching in Powheg and regulates the high‚ T radiation against which the ¯ system recoils is set to ”‹5

times the nominal top‚quark mass‹ The events are interfaced with Pythia 8‹„«“ for the PS underlying

event and hadronisation‹ The ¯ cross section is normalised to NNLO in Q#$ including the resummation

of NNLL soft‚gluon terms NNLO ¸ NNLL¯ [5” 5„=‹ The ¯ samples are normalised to NLO Q#$

and EW¯ using the calculations documented in Ref‹ [5«=‹ The sample is normalised to NLO in Q#$

including NNLL soft‚gluon corrections [5»=‹ !n alternative ¯ simulation is used with the same setup for

the ME but the events interfaced with (erwig ‹”‹« [55= for the PS underlying event and hadronisation

modelling‹ The (erwig standard set of tuned parameters and the NNP$&«‹“nlo P$& set are used for

them‹ !lternative ¯ samples are used where either the ME generator M’–?aM# N,/ „‹6‹“¯ or the

PS algorithm (erwig ‹„‹”¯ is changed with respect to the nominal ¯ simulation‹

! M# sample featuring the production of ¯ events in association with photons ¯ ¯ is simulated at LO in

Q#$ withM’–?aM# N,/ „‹«‹« and interfaced with Pythia 8‹„”„ together with the NNP$&«‹“nlo

P$& set and the !”» M# tune‹ This sample is however only used to assign an extra uncertainty on

additional photon radiation in the nominal ¯ prediction‹ $etails about this procedure can be found in

Section ‹„‹

The production of a single top quark or antiquark¯ in association with a boson and one extra parton ¯

is generated using the M’–?aM# N,/ „‹«‹« generator at NLO with the NNP$&«‹“nnlo P$& set‹

The events are interfaced with Pythia 8‹„»5 using the !”» M# tune‹ The simulation includes also

o ‚shell boson decays to di‚lepton pairs with invariant masses in the range > ’EV‹ Single top

quark antiquark¯ production in association with both a and a boson ¯ is simulated at NLO with

M’–?aM# N,/ „‹„‹„ and the NNP$&«‹“nnlo P$& set using Pythia 8‹„«5 for the PS simulation‹ The

interference between ¯ and is removed following a diagram‚removal $R¯ approach referred to as

‘$R” scheme’ [56=‹
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The M# samples featuring ¸ jets production are simulated at NLO with the Powheg generator for the

ME and interfaced with Pythia 8‹”86 for the PS‹ The !ZNLO [5 = set of tuned parameters and the

NNP$&«‹“nnlo P$& set are used‹ !n alternative ¸ jets simulation is done with the Sherpa „‹„‹””

generator where the default Sherpa PS setup is used along with the NNP$&«‹“nnlo P$& set‹ The ¸ jets

samples feature events with down to ”“GeV‹ The sample cross sections are normalised to NNLO

predictions [58=‹ The Powheg ¸ Pythia 8 sample uses Photos [5 = for nal‚state radiation &SR¯‹

&or the simulation of boson production in association with a photon ¯ a Sherpa „‹„‹”” M# sample

with the NNP$&«‹“nnlo P$& set is used‹ The events are simulated at NLO precision‹

$i‚boson processes featuring the production of three charged leptons and one neutrino or four charged

leptons denoted as ¸ jets or ¸ jets respectively¯ are simulated using the Sherpa „‹„‹„ generator

with a similar setup as described for ¸ jets‹ Events with up to one extra parton are simulated at NLO and

two or three partons at LO precision‹ M# samples featuring Higgs production in association with a or

boson ¸ / ¯ are generated at NLO using Powheg interfaced with Pythia 8‹„«“›8‹„«5 for the PS

together with the NNP$&«‹“nlo P$& set and the !ZNLO M# tune‹

The production of four top quarks ¯ ¯̄ is modelled at NLO with Sherpa „‹„‹”” together with the

NNP$&«‹“nnlo P$& set‹ The production of three top quarks ¯̄ and the production of a ¯ pair with two

bosons ¯ ¯ are simulated at LO usingM’–?aM# N,/ „‹„‹„ interfaced with Pythia 8‹”86 with

the !”» M# tune and the NNP$&„‹«lo P$& set‹ &ully leptonically decaying tri‚boson processes

and ¯ with up to six leptons in the nal states are simulated with Sherpa „‹„‹„ and the

NNP$&«‹“nlo P$& set‹ &inal states with no additional partons are calculated at NLO whereas nal states

with one two and three additional partons are calculated at LO‹

&or all M# samples except the Sherpa ones the decays of ‚ and ‚hadrons are simulated using the

%vt’en ”‹„‹“ program [6“=‹

4 Event reconstruction

Electron candidates are reconstructed from clusters of energy deposits in the electromagnetic calorimeter

that are matched to tracks in the inner detector‹ They are required to satisfy T > ’EV and | | < `.

as well as likelihood‚based electron identi cation I$¯ requirement corresponding to a ‘Tight’ working

point WP¯ [6”=‹ To reject non‚prompt electrons the reconstructed track associated with the electron

must pass the requirements | SIN( ) | < . mm and | |/ ( ) < where describes the longitudinal

impact parameter IP¯ relative to the reconstructed primary vertex « is the transverse impact parameter

relative to the beam axis and ( ) is the uncertainty on ‹ Electron candidates are excluded if their

calorimeter clusters lie within the transition region between the barrel and the endcap of the electromagnetic

calorimeter .´ < | | < . `‹

!dditional requirements are applied to the electron candidates to suppress the contribution of electrons

originating from converted photons ‚conversions¯‹ Electrons can be identi ed as internal‚ or material‚

conversion candidates by checking for additional tracks close to the calorimeter clusters associated with the

electrons and the existence of conversion‚vertices‹ Electrons which are identi ed as either internal‚ or

« The primary vertex is de ned as the vertex at least two associated tracks with T > -EV¯ with the highest scalar sum of

the squared transverse momenta of the associated tracks‹



material‚conversion candidates are rejected‹ These requirements are in the following denoted as ‘ /

ambiguity‚requirements’‹

&urthermore the electrons selected for the signal regions SRs¯ of the analysis have to pass a requirement

on the electron isolation‹ !n isolation WP is de ned using a multi‚variate likelihood discriminant that

combines electromagnetic shower shapes and track information from the inner detector to distinguish

prompt electrons from non‚prompt›fake electrons from hadronic jets ‚conversions and heavy‚ avour

hadron decays‹ The electrons satisfying the isolation requirements are in the following denoted as tight

electrons whereas loose electrons are de ned by the conditions listed in the previous paragraph and do not

need to pass the isolation requirement‹

Muon candidates have to satisfy T > ’EV | | < `. and an I$ selection corresponding to a ‘Medium’

WP‹ This sets requirements on the number of hits in the di erent inner detector and muon spectrometer

subsystems and on the signi cance of the charge‚to‚momentum ratio / ¯ [6„ 6«=‹ If a muon has

insu cient momentum resolution the entire event is removed‹ Requirements on the IPs of the reconstructed

track associated with the muon candidate are applied to reject non‚prompt muons‹ The track is required to

have | SIN( ) | < . mm and | |/ ( ) < ´‹

!s for electrons an isolation requirement for the muons used in the SRs is applied using the same approach

based on a multi‚variate likelihood discriminant to distinguish prompt muons from non‚prompt›fake muons‹

Muons are denoted as tight or loose depending on whether or not they pass this isolation requirement in

addition to the criteria listed above‹

*ets are reconstructed using the anti‚ jet algorithm [6»= on particle‚ ow objects [65= with the distance

parameter set to = . as implemented in the &ast*et package [66=‹ The anti‚ algorithm is used to

reconstruct jets with a four‚momentum recombination scheme using the particle‚ ow objects as inputs‹

The jet calibration is performed using the standard jet calibration procedure which corrects the jet

energy to match on average the particle‚level jet energy in simulation and applies an in‚situ correction for

data [6 =‹ To suppress jets from additional interactions within the same bunch crossing a ‘*et Vertex

Tagger’ *VT¯ [68 6 = is applied to select jets‹ The jets are only kept if they have T > ` ’EV and are

inside a pseudorapidity range of | | < `. ‹ In addition *VT > .` is required for jets with T < 6 ’EV

and | | < `. corresponding to a ‘Medium’ *VT WP‹

The selection of jets containing ‚hadrons ‘ ‚tagging’¯ is done with a multi‚variate deep‚learning algorithm

denoted as DL1r [ “=‹ ! selection that provides a e ciency for identifying ‚tagged jets ‘ ‚jets’¯ in

simulated ¯ events with a rejection factor of ”«“ against light‚ avour jets and of ve against jets containing

‚hadrons is used‹

!ssociated scale factors S&s¯ are applied as multiplicative factors to the M# event weights to correct

for the mis‚modelling of e ciencies associated with reconstruction identi cation isolation and trigger

selection of electrons›muons as well as the *VT and ‚tagging selection for jets‹

The missing transverse momentum is de ned as the negative vector sum of the transverse momenta of

all selected and calibrated particle candidates electrons muons and jets¯‹ Low‚momentum tracks from

the primary vertex that are not associated with any of the reconstructed particle candidates described

previously are also included as a ‘soft term’ in the calculation [ ”=‹ The magnitude of the missing transverse

momentum vector is denoted as miss
T

‹

!mbiguities between the independently reconstructed electron muon and jets can arise in the detector‹ !

sequential procedure denoted as ‘overlap removal’ OR¯ is performed to resolve these ambiguities and

thus avoids a double counting of particle candidates‹ It is applied as follows if an electron candidate

8



and a muon candidate share a track the electron candidate is removed‹ *et candidates within a distance of

, = ( )` + ( )` = .` from a remaining electron candidate are discarded‹ If multiple jets are

found in this area only the closest jet is removed‹ If the electron‚jet distance is between “‹„ and “‹» the

electron candidate is removed‹ If the , between any remaining jet and a muon candidate is less than

“‹» the muon candidate is removed if the jet has more than two associated tracks otherwise the jet is

discarded‹

5 Event selection and de nitions of control and signal regions

Only events with exactly three light leptons electrons or muons¯ as de ned in Section » are selected‹

If additional tight electrons or muons are found in the event the event is rejected‹ This is however not

the case for extra loose leptons‹ The transverse momenta of the three leptons have to be larger than «“

„“ and ”5GeV for the leading sub‚leading and third lepton respectively‹ Events are selected with either

single‚lepton or di‚lepton di‚electron di‚muon and electron‚muons¯ triggers with their minimum T

thresholds varying from ”„ to „6GeV depending on the lepton avour the trigger type and the data‚taking

period [ „ «=‹ ! logical ‘OR’ between the triggers is applied‹ ! geometrical matching between the

selected leptons found in the event and the ones reconstructed by the trigger algorithms is required for an

event to be selected by a trigger‹ &urthermore the T of the lepton which res a trigger needs to be above

the T threshold of the respective trigger to ensure that the trigger is fully e cient‹

The selected events are classi ed into four SRs depending on their jet and ‚jet multiplicities as well

as their miss
T

‹ In addition four control regions #Rs¯ are de ned in order to constrain the dominant

backgrounds in the simultaneous t to extract the result‹ The de nitions of the SRs and #Rs are summarised

in Table ”‹ The sum of the three lepton charges needs to be ± ‹ ! cut of the invariant mass of the

opposite‚sign–same‚ avour lepton pair OSS&¯ of at least «“GeV is applied to remove the contributions

of low‚mass lepton resonances e‹g‹ / + ¯‹ The number of boson candidates ‚cand‹¯ is

de ned by the number of OSS& lepton pairs found in the event which have an invariant mass in the range

[ ’EV, + ’EV]‹ It is required to be one for the #R for the ¯ background but zero for all

the other regions‹ The #Rs targeting non‚prompt electron›muons arising from heavy‚ avour H&¯ hadron

decays #R‚H& and #R‚H& ¯ are separated by the avour of the third lepton‹ &urthermore the third

lepton is required to fail the isolation criteria in order to enrich these regions with H& leptons‹ The #R

for ‚conversions #R‚ ‚conv¯ requires at least one of the leptons to be an electron which fails the /

ambiguity‚requirements de ned in Section »‹

6 Lepton–top-quark association

In the ¯ process the leptonic charge asymmetry is manifested only in the leptons that originate from the

top quark and top antiquark‹ Hence as this search targets events with three leptons a problem arises when

selecting the two leptons used to calculate the di erence between their absolute pseudorapidities ¯

and ultimately the value‹ The leptons that originate from a ¯ pair always have opposite‚sign charges‹

In a ¯ event with three leptons the two leptons with the same charge cannot both come from the ¯

pair and will always contain one lepton from a top‚quark or top‚antiquark decay and one lepton from the

decay of the boson produced in association with the ¯ pair‹ This same‚sign pair of leptons is henceforth

referred to as the ‘even’ leptons‹ The remaining ‘odd’ lepton will always originate from a top quark or



Table ” Summary of the requirements applied to de ne the signal and control regions of the analysis‹ jets includes

‚tagged and non‚ ‚tagged jets‹ The labels ‘T’ and ‘T’ refer to leptons which either pass all selection requirements

described in Section » T¯ or fail the isolation requirements but pass all others T¯‹

Pre‚selection

( = / ) = ´

T
( st/`nd/´rd ) ´ ’EV ` ’EV ’EV

Sum of lepton charges ±

OSS& ´ ’EV

Region‚speci c requirements

SR-1 -low jets SR-1 -high jets SR-2 -low jets SR-2 -high jets

jets [`, ´] [`, ´]

‚jets = = ` `

miss
T

’EV ’EV – –

‚cand‹ =

Tight leptons TTT

/ ambiguity‚cuts all pass

CR- ¯ CR-HF CR-HF CR- -conv

st/`nd/´rd

jets ` ` `

‚jets ` = =

miss
T

– < ’EV < ’EV < ’EV

‚cand‹ = = = =

Tight leptons TTT TTT TTT TTT

/ ambiguity‚cuts all pass all pass all pass fail

top antiquark‹ The problem of selecting the two leptons from top quark or top‚antiquark decays is hence

reduced to selecting one of the even leptons to calculate ‹

This problem is addressed using a "oosted $ecision Tree "$T¯ classi er algorithm that computes a

discriminator value for each even lepton in each event‹ Large discriminator values correspond to large

probabilities that a given lepton originated from a top quark decay‹ Hence the lepton with the highest

"$T discriminator score is selected to calculate ‹ The values calculated for the selected lepton

and the odd lepton are denoted by
"$T

‹ &ive input variables that each discriminate between leptons

from top‚quark or top‚antiquark decays and leptons from associated boson decays are de ned‹ They

are the masses and values of the two systems formed from the lepton and the closest and second

closest ‚jets ( ¯ ( ) as well as the lepton T‹ The training of the classi er

is performed using the nominal ¯ Sherpa M# sample‹ The "$T classi er is implemented using the

Scikit‚learn [ »= package‹ The fraction of events in the ¯ sample in which the even lepton with the

highest "$T discriminator value originates from a top‚quark or top‚antiquark decay is estimated to be

using the information from the M# event record‹

”“



7 Systematic uncertainties on background and signal estimation

The predictions of the ¯ signal and the SM backgrounds are in addition to the statistical uncertainties

of their according M# samples a ected by several sources of experimental and theoretical systematic

uncertainty‹ These uncertainties are classi ed into the di erent categories which are described in the

following‹

7.1 Detector-related uncertainties

$etector‚related uncertainties include the simulation of pile‚up events the integrated luminosity as well as

e ects related to the reconstruction and I$ of the particle candidates used in the analysis‹

The uncertainty in the combined „“”5–„“”8 integrated luminosity is ”‹ [„«= obtained using the

LU#I$‚„ detector [„»= for the primary luminosity measurements‹ This systematic uncertainty a ects all

processes modelled using M# simulations apart from the processes where the associated normalisation

factors are obtained from data in the simultaneous t see Section 8¯‹

Uncertainties in the lepton reconstruction I$ isolation and trigger e ciencies [6” 6„ 5= electron energy

and muon momentum scale and resolution [6” 6„= are considered‹ Uncertainties associated with jets

arise from the jet energy scale *ES¯ the jet energy resolution *ER¯ and the *VT requirement for the jet

selection [6 =‹ !lso uncertainties associated to the pile‚up rejection [68= the scale and resolution of the
miss
T

[ ”= as well as in the ‚tagging e ciencies [ “ 6 = are considered‹

7.2 Signal and background modelling uncertainties

$i erent sources of systematic uncertainty in the theoretical predictions of the ¯ signal are considered‹

To evaluate the e ect of R and F uncertainties the scales used in the ME of the Sherpa ¯ sample are

varied simultaneously as well as individually by factors of „‹“ and “‹5 with respect to their nominal values‹

Uncertainties associated with the P$& sets are evaluated according to the P$&»,(# prescription [ 8=‹

They include internal variations of the nominal P$& sets which are added in quadrature uncertainties due to

the choice of the P$& set as well as variations of the s parameter‹ The systematic uncertainties due to the

modelling of the ME are evaluated by comparing the prediction of the nominal M# sample with that of an

alternative ¯ sample simulated withM’–?aM# N,/ ¸ Pythia and the &x&x algorithm‹ &urthermore

to evaluate the systematic uncertainties due to the PS the hadronisation and the underlying event the ¯

Powheg ¸ Pythia samples are compared to the Powheg ¸ (erwig samples and their relative di erences

are applied as uncertainties to the nominal Sherpa prediction‹ !s explained in Section « the alternative

samples employed for the evaluation of modelling uncertainties are normalised to the same cross sections

as the respective nominal samples so that the systematic uncertainties cover only di erences in the shapes

of kinematic variables but not the overall normalisations of the processes‹

&or the theoretical systematic uncertainties of the ¯ background the same prescriptions as for the ¯

process are used to evaluate the e ects of the R and F uncertainties‹ &or the systematic uncertainties due

to the PS the hadronisation and the underlying event the nominal ¯ prediction is compared with that of

an alternative ¯ sample simulated with the same ME generator M’–?aM# N,/¯ but interfaced with

(erwig instead of Pythia‹ &urther alternative ¯ samples using a set of variations of the !”» tune’s

parameters are used to evaluate the uncertainty associated with the ISR as mentioned in Section «‹

””



&or the ¯ and / ¸ jets backgrounds R and F uncertainties are considered‹ To evaluate

the uncertainty in the ME the PS the hadronisation and the underlying event of ¯ the nominal

prediction is compared against those from the alternative ¯ M# samples which use either a di erent

ME generator M’–?aM# N,/¯ or PS algorithm (erwig¯‹ &urthermore a normalisation uncertainty

of + .¸ and ß.` is applied for ¯ following the NLO Q#$ ¸ EW¯ calculations from Ref‹ [5«=‹

&or the process a normalisation uncertainty of ”» is applied based on the dedicated !TL!S

measurement described in Ref‹ [ =‹ &or the / ¸ jets backgrounds a conservative normalisation

uncertainty of „“ is used to account for di erences in the quality of / ¸ jets modelling for di erent

‚jet multiplicities‹ This uncertainty was derived from the agreement between data and M# in several

validation regions enriched in / ¸ jets‹

&or the ¯ and ¸ jets backgrounds — which can only contribute to ´ nal states via the presence of an

additional fake or non‚prompt lepton — R and F uncertainties are also considered‹ &or the ¯ process the

PS the hadronisation and the underlying event uncertainties are evaluated by comparing the nominal M#

sample Powheg ¸ Pythia¯ with an equivalent ¯ sample with the same ME generator but interfaced with

(erwig‹ !n extra uncertainty associated with the photon radiation in ¯ events is applied by comparing the

predictions from ¯ and ¯¸ ¯ ‹» &or ¸ jets the uncertainties of the ME the PS the hadronisation and the

underlying event are evaluated from a comparison between the nominal M# samples Powheg ¸ Pythia¯

and alternative ¸ jets ¯ samples which are simulated with Sherpa‹ The same approach as for ¯ is

followed to account for the uncertainty associated with the photon radiation in ¸ jets events‹

&or the other minor¯ background processes ¯ ¸ / = / ¯ ¯ and ¯ ¯̄

which typically contribute < ` to the total event yields in the SRs a normalisation uncertainty of «“ is

applied‹ This is a conservative approach which should cover the known theoretical uncertainties of these

backgrounds‹ The same applies also to the M# sample featuring the ¯ EW corrections at ´
s as this is

treated as a background in this analysis see Section «¯‹

8 Extraction of the charge asymmetry at reconstructed level

To extract the leptonic charge asymmetry from the reconstructed leptons detector level¯ a simultaneous t

to the numbers of observed events in the SRs and #Rs as de ned in Section 5 is performed‹ The t is

based on the pro le‚likelihood technique with a binned likelihood function de ned as a product of Poisson

probabilities of the observed event yields in all the regions [8“=‹

The normalisation factors for the most relevant background processes in the SRs namely ¯ non‚prompt

electrons›muons from H& decays and electrons from ‚conversions are allowed to freely oat in the t‹

Events containing non‚prompt leptons from H& decays and electrons from ‚conversions are selected

from processes which cannot contribute directly to the ´ nal state ¯ and ¸ jets‹ These events are

identi ed by requiring at least one lepton to originate from either a / ‚hadron H& decay¯ or a converted

photon ‚conversion¯ according to the M# event record of the selected leptons‹ The variables used as

input for the binned likelihood t in the #Rs are the T of the third softest¯ lepton in #R‚H& and #R‚H&

as well as the T in #R‚ ¯ 5 since they show a sizable shape di erence between the targeted processes

and the other SM backgrounds‹ In #R‚ ‚conv the total number of events is used‹

» The overlap between the photons radiated within the PS in the ¯ ¸ jets¯ simulation and the photons coming from ¯ ¯ is

removed from ¯ ¸ jets¯ for this comparison‹ This is done at particle level where nal‚state photons which do not originate

from prompt particle decays are removed if they are inside the kinematic phase‚space covered by the ¯ ¯ simulation‹
5 The T is de ned as the scalar sum of the T of the selected jets in the event‹
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Each of the four SRs are separated into and + regions‹ &or the +¯ set of regions a single

factorN N +¯ models the relative normalisations of the signal yields across the four SRs‹ !ccordingly

the value is extracted as a function of these normalisation factors‹ Similarly separate normalisation

factors in the and + sets of regions for the major background processes are allowed to oat freely in

the t in order to avoid a bias from an assumption of SM asymmetries for these processes in data‹6

The predicted and observed numbers of events in the SRs and #Rs before performing the simultaneous

t ‘pre‚ t’¯ are given in Table „‹ The indicated uncertainties consider statistical as well as all experimental

and theoretical systematic uncertainties described in Section ‹ The numbers of events in the SRs and

#Rs after the t to data ‘post‚ t’¯ are given in Table «‹ #omparisons between data and the post‚ t SM

predictions for the variables that are used for the binned likelihood t are given in &igure „ for #R‚H&

and #R‚H& as well as in &igure « for #R‚ ¯ and #R‚ ‚conv‹ The data and the post‚ t predictions for

"$T
and

"$T
> in the four SRs are shown in &igure »‹

The normalisation factors for the major background processes N ¯ N ‚conv N
H&

and N
H&

all obtained

separately for and +¯ together withN and the value for the ¯ signal are given in &igure 5‹

The normalisation factor for the ¯ process has been checked and found to be within its uncertainty¯

compatible with the latest !TL!S and #MS ¯ cross‚section measurements [ 8=‹ Tests in M# have also

been performed to validate that the extracted value is not biased by the absolute normalisation of the

¯ process‹

The normalisation factors for some of the background processes in particular N ¯ and N ‚conv¯ show

di erences between and +‹ To quantify the impact of this e ect on the value an alternative t is

performed where each background is normalised with a single normalisation factor not separated between

and +¯‹ This t is performed with !simov pseudo‚data in the SR and data in the #Rs where the

normalisations of the backgrounds obtained from data are propagated to the !simov pseudo‚data in the

SR‹ The t result is compared against an equivalent t setup with the #Rs separated in and +‹ The

di erence between the results of these two t setup is assigned as an extra systematic uncertainty to the

extracted value‹ This uncertainty is found to be “‹“»6 and one the leading systematic uncertainties‹

The leptonic charge asymmetry in ¯ is found to be

( ¯ ) = . `´ ± . ´6 stat‹¯ ± . syst‹¯,

with a SM expectation calculated using the nominal ¯ Sherpa simulation of

( ¯ )SM = . ¸ + .

. ´ scale¯ ± . 6 M# stat‹¯.

The contributions from the most relevant uncertainties are summarised in Table »‹ The uncertainties

are symmetrised and grouped into several type‚related categories and are shown together with the total

systematic and statistical uncertainties‹ The dominant systematic uncertainties can be attributed to the

aforementioned ± dependency as well as the modelling uncertainties of the ¯ and ¯ M# processes

detailed in Section ‹ Overall the result is limited by the statistical uncertainty of the data‹

6 The inclusive charge asymmetries at parton level for the simulated ¯ and ¯ samples are = . and “‹““» respectively‹
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Table „ The predicted and observed numbers of events in the control and signal regions of the analysis‹ The

predictions are shown before the t to data‹ The indicated uncertainties consider statistical as well as all experimental

and theoretical systematic uncertainties‹ "ackground categories with event yields shown as ‘—’ do not contribute

signi cantly to a region‹

Process
#R‚ ¯ #R‚H& #R‚H& #R‚ ‚conv

+ + + +

¯ Q#$¯ ”‹8 ± “‹» ”‹» ± “‹” ”‹”8± “‹” ”‹”«± “‹”8 ”‹ „± “‹„“ ”‹« ± “‹„8 »‹” ± “‹ „‹ „± “‹”8

¯ EW¯ “‹”8± “‹“ “‹”6± “‹“6 “‹”“± “‹“» “‹“ ± “‹“» “‹“ ± “‹“» “‹”»± “‹“5 “‹„«± “‹“8 “‹«6± “‹”„

¯ ”“ ± 6 ”“ ± 6 ”‹»„± “‹„« ”‹5 ± “‹» „‹„“± “‹„« „‹““± “‹”» »‹“»± “‹” «‹65± “‹«„

Non‚prompt H& – – «5“ ± »“ «6„ ± „ “‹”8± “‹”” “‹„“± “‹“ ”‹“ ± “‹6 “‹6 ± “‹«5

Non‚prompt H& “‹”»± “‹“8 “‹” ± “‹“ “‹„“± “‹“ “‹„8± “‹”“ 5„“ ± »“ 5«“ ± 5“ “‹ ± “‹5 ”‹” ± “‹

‚conversions “‹55± “‹”» “‹»”± “‹”« «‹8 ± „‹5 »‹ ± „‹ „‹6 ± „‹» «‹« ± „‹5 ”8‹8 ± ”‹» ” ‹5 ± ”‹«

¯ «‹« ± “‹» «‹„“± “‹«„ “‹8 ± “‹”« “‹8 ± “‹”” ”‹”8± “‹”” ”‹„„± “‹„„ ”‹»8± “‹„“ ”‹5 ± “‹»

”„‹6 ± „‹„ ””‹“ ± ”‹ “‹»8± “‹”” “‹»«± “‹“ “‹ 5± “‹”8 “‹8”± “‹”5 “‹68± “‹”„ “‹ “± “‹”«

/ ¸ jets ”„ ± » ”„ ± » «‹“ ± “‹ «‹« ± ”‹“ ‹„ ± „‹» ‹ ± „‹5 «‹” ± “‹ „‹ ± “‹8

Other ”“‹ ± «‹« ”“‹„ ± «‹« ”» ± » ”« ± 5 ” ± ” ± 6 ”‹6 ± “‹8 ”‹5 ± “‹6

SM total ”»8 ± ”“ ”»6 ± ”“ «8“ ± »“ «8 ± „8 55“ ± »“ 56“ ± 5“ «5‹ ± „‹» «„‹ ± „‹«

$ata ”56 ” 6 «”5 « « 55” 5 „ «» »“

Process
SR‚ ‚low jets SR‚ ‚high jets SR‚` ‚low jets SR‚` ‚high jets

+ + + +

¯ Q#$¯ ” ‹“ ± „‹8 ” ± » ‹„ ± ”‹” 8‹„ ± ”‹” „5 ± „” ± 6 ”»‹ ± «‹» ”„‹„ ± ”‹

¯ EW¯ ”‹“6± “‹«» ”‹« ± “‹» ”‹“5± “‹«» ”‹“ ± “‹«» ”‹„ ± “‹» ”‹« ± “‹» ”‹8 ± “‹6 ”‹6 ± “‹5

¯ ”„‹“ ± ”‹“ ”„‹” ± ”‹” ”5‹5 ± ”‹» ”5‹5 ± ”‹” ””‹» ± ”‹» ”“‹8 ± ”‹» „6‹„ ± ”‹8 „5‹8 ± ”‹

Non‚prompt H& ‹„ ± ”‹„ ‹5 ± ”‹5 ”‹ ± “‹ ”‹6 ± “‹6 “‹ ± “‹5 “‹6 ± “‹5 “‹6 ± “‹«5 “‹« ± “‹”

Non‚prompt H& ”„‹5 ± „‹“ ”« ± » «‹„ ± “‹8 «‹5 ± ”‹« ”‹«5± “‹«» ”‹””± “‹«« ”‹“ ± “‹» “‹ ± “‹5

‚conversions 6‹ ± “‹ 6‹” ± ”‹“ «‹” ± “‹5 «‹» ± “‹8 6‹” ± “‹8 6‹ ± “‹8 »‹» ± “‹ »‹6 ± “‹6

¯ 5‹5 ± “‹8 5‹6 ± “‹8 8‹6 ± “‹8 8‹ ± “‹ 5‹5 ± ”‹” 5‹5 ± ”‹“ ”»‹” ± ”‹8 ”»‹„ ± ”‹

5‹” ± “‹ »‹„ ± “‹ ”‹»“± “‹«” ”‹”5± “‹„ „‹8 ± “‹5 „‹« ± “‹» ”‹ „± “‹«» ”‹6»± “‹«“

/ ¸ jets ”5 ± » ”» ± » 8‹“ ± „‹8 ‹6 ± „‹5 „‹ ± “‹ „‹„ ± “‹ „‹„ ± “‹ „‹„ ± “‹

Other 5‹6 ± „‹“ 5‹” ± ”‹6 »‹5 ± „‹» »‹ ± ”‹5 „‹6 ± ”‹” „‹ ± ”‹« ”“ ± 6 ± 5

SM total 8 ± 6 85 ± 56 ± 6 56 ± 6 5 ± 55 ± ± 8 « ±

$ata » 8 5“ 6 8» 8” 8 8”

9 Unfolding and extraction of the charge asymmetry at particle level

To obtain the charge asymmetry at particle level in a speci c ducial volume an unfolding procedure is

performed‹ This allows for the correction of detector e ects as well as signal e ciency and acceptance

e ects‹ The procedure and the required de nitions are explained in the following‹

9.1 Particle-level objects

Particle‚level objects in simulated events are de ned using quasi‚stable particles with a mean lifetime

greater than «“ ps¯ originating from collisions‹ They are selected after hadronisation but before the

interaction with the various detector components or consideration of pile‚up e ects‹
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Table « The predicted and observed numbers of events in the control and signal regions of the analysis‹ The

predictions are shown after the t to data‹ The indicated uncertainties consider statistical as well as all experimental

and theoretical systematic uncertainties‹ "ackground categories with event yields shown as ‘—’ do not contribute

signi cantly to a region‹

Process
#R‚ ¯ #R‚H& #R‚H& #R‚ ‚conv

+ + + +

¯ Q#$¯ «‹„ ± “‹ „‹„ ± “‹ ”‹8 ± “‹5 ”‹ ± “‹5 „‹6 ± “‹8 ”‹8 ± “‹8 ‹“ ± ”‹« »‹» ± ”‹«

¯ EW¯ “‹”8± “‹“6 “‹”6± “‹“5 “‹”“± “‹“« “‹“ ± “‹“« “‹“ ± “‹“« “‹”»± “‹“» “‹„«± “‹“ “‹«6± “‹””

¯ ””» ± ”« ”«8 ± ”» ”‹»5± “‹„ ”‹ ± “‹» „‹« ± “‹» „‹55± “‹«5 »‹« ± “‹6 »‹6 ± “‹6

Non‚prompt H& – – „ “ ± ”8 «»6 ± „“ “‹”5± “‹“„ “‹” ± “‹“„ “‹5 ± “‹„ “‹5„± “‹”

Non‚prompt H& “‹”«± “‹“” “‹„“± “‹“„ “‹„“± “‹“„ “‹„8± “‹“« 5”6 ± „5 556 ± „5 “‹8 ± “‹» ”‹« ± “‹8

–conversions “‹»“± “‹”8 “‹5„± “‹”6 „‹8 ± „‹„ 6 ± » ”‹ ± „‹“ »‹„ ± «‹» ”» ± 6 „„ ±

¯ «‹« ± “‹» «‹„«± “‹«” “‹86± “‹”« “‹8 ± “‹”“ ”‹”6± “‹”” ”‹” ± “‹„„ ”‹» ± “‹„“ ”‹6 ± “‹»

”„‹6 ± „‹„ ””‹“ ± ”‹ “‹» ± “‹”“ “‹»„± “‹“8 “‹ 5± “‹” “‹ ± “‹”» “‹68± “‹”” “‹ “± “‹”„

/ ¸ jets ”“‹„ ± „‹ ”“‹6 ± «‹” „‹6 ± “‹ „‹8 ± “‹ 6‹« ± ”‹ 6‹ ± ”‹8 „‹6 ± “‹ „‹5 ± “‹6

Other ”“‹8 ± «‹„ ”“‹“ ± „‹ ”» ± » ”« ± 5 ”8 ± ”8 ± 6 ”‹ ± “‹8 ”‹ ± “‹6

SM total ”55 ± ”„ ” 5 ± ”« «”5 ± ”8 « « ± ” 55“ ± „« 5 ” ± „» «« ± 6 »“ ± 6

$ata ”56 ” 6 «”5 « « 55” 5 „ «» »“

Process
SR‚ ‚low jets SR‚ ‚high jets SR‚` ‚low jets SR‚` ‚high jets

+ + + +

¯ Q#$¯ «„ ± 6 „ ± 6 ”» ± » ”„‹” ± «‹» »6 ± «6 ± 8 „6 ± 6 ” ± 5

¯ EW¯ ”‹“»± “‹«„ ”‹« ± “‹» ”‹“»± “‹«„ ”‹“5± “‹«„ ”‹„ ± “‹» ”‹« ± “‹» ”‹8 ± “‹5 ”‹6 ± “‹5

¯ ”„‹» ± „‹“ ”5‹“ ± „‹„ ”6‹“ ± „‹„ ” ‹6 ± „‹« ”„‹« ± „‹« ”»‹« ± „‹6 „ ‹6 ± «‹« ««‹„ ± «‹5

Non‚prompt H& 6‹» ± ”‹“ 6‹8 ± “‹8 ”‹5 ± “‹5 ”‹ ± “‹» “‹»“± “‹„“ “‹ ± “‹«5 “‹»5± “‹”» “‹« ± “‹”»

Non‚prompt H& ”„‹5 ± ”‹5 ”«‹6 ± „‹5 «‹” ± “‹6 «‹6 ± “‹ ”‹«“± “‹„« ”‹” ± “‹” ”‹“»± “‹„ “‹ ± “‹5

‚conversions »‹ ± „‹« ‹ ± „‹6 „‹« ± ”‹” »‹« ± ”‹6 »‹6 ± „‹” 8‹8 ± „‹ «‹« ± ”‹5 5‹ ± ”‹

¯ 5‹» ± “‹8 5‹5 ± “‹8 8‹» ± “‹8 8‹6 ± “‹8 5‹5 ± ”‹” 5‹6 ± ”‹“ ”»‹« ± ”‹ ”»‹» ± ”‹

5‹“ ± “‹ »‹” ± “‹ ”‹«8± “‹„ ”‹”6± “‹„» „‹8 ± “‹5 „‹« ± “‹» ”‹ «± “‹«« ”‹65± “‹„

/ ¸ jets ”„‹6 ± «‹“ ”„‹« ± «‹“ 6‹ ± „‹“ 6‹5 ± ”‹8 „‹5 ± “‹ ”‹ ± “‹5 ”‹ ± “‹6 ”‹ ± “‹5

Other 6‹“ ± „‹” 5‹„ ± ”‹6 «‹6 ± ”‹8 »‹6 ± ”‹» „‹ ± ”‹„ «‹« ± ”‹« 8 ± » 8 ± »

SM total ± 6 8 ± 6 58 ± » 6« ± » 8“ ± 8 5 ± 85 ± 6 86 ± 5

$ata » 8 5“ 6 8» 8” 8 8”

Particle‚level electrons or muons are required to not originate from a hadron in the M# generator

event record whether directly or through a ‚lepton decay‹ This ensures that they originate from a

or boson where the boson can come either from prompt production or a top‚quark decay¯

without requiring a direct match with the parent particle‹ The four‚momenta of the bare leptons are

modi ed ‘dressed’¯ by adding the four‚momenta of all radiated photons within a cone of size = .

excluding photons from hadron decays to take into account &SR photons‹

Particle‚level jets are reconstructed with the anti‚ algorithm with a radius parameter of = . applied to

all stable particles but excluding the neutrinos originating from or bosons and the selected electrons

muons and photons used in the de nition of the charged leptons‹ If ‚hadrons with T > ’EV are found

in the M# event record they are clustered into stable‚particle jets with their energies set to negligible

positive values denoted as ‘ghost‚matching’¯ [8”=‹ Particle‚level jets containing one or more of these

‚hadrons are considered as ‚jets‹ The particle‚level missing transverse momentum is de ned as the

vectorial sum of the transverse momenta of all neutrinos found in the M# simulation history of the event
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&igure » #omparison between data and the post‚ t predictions for
"$T

¯ and
"$T

>
+¯ in the

four SRs‹ The error band includes the total uncertainties of the post‚ t predictions‹ The ratio between the data and

the total post‚ t predictions is shown in the lower panel‹

excluding those originating from hadron decays‹

9.2 Particle-level ducial volume

The particle‚level ducial volume is de ned by the following requirements on the particle‚level objects as

de ned in Section ‹”

• Three electrons or muons with T > ’EV and | | < `. ‹

• The invariant mass of all OSS& lepton pairs has to be larger than „5GeV‹

• No ‚candidate as de ned in Section 5¯ among the leptons‹

• !t least two jets with T > ` ’EV | | < `. and least one of them identi ed as a ‚jet‹

9.3 Unfolding procedure and charge-asymmetry extraction

The unfolding procedure is applied to the observed number of data events in the SRs‹ Similar to the method

used at detector level described in Section 6 a method of associating leptons to top quarks antiquarks¯

is required to obtain the response matrix essential to the unfolding procedure‹ In order to facilitate

reproduction of the particle‚level ducial volume a simpler scheme is adopted that is independent of

the generator‚speci c M# event record and any multi‚variate algorithm‹ The leptons originating from

top‚quark decays are identi ed as the odd lepton and the even lepton that when combined with the closest

”8
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l
cA 0.14±-0.12 

) (e 
-convN 0.34±0.74 
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-convN 0.40±1.27 

) (e 
HFN 0.09±0.83 

)+ (e 
HFN 0.08±0.98 

) (µ 
HFN 0.09±0.98 

)+ (µ 
HFN 0.10±1.04 

) (ZttN 0.14±1.05 

)+ (ZttN 0.15±1.28 

) (WttN 0.40±1.59 

&igure 5 Normalisation factors for the major background processes together with N for ¯ and the value

extracted from the t to data in the #Rs and SRs‹ The normalisation factors N ¯ N ‚conv N
H&

and N
H&

are

obtained separately for
"$T

¯ and
"$T

>
+¯‹ The indicated uncertainties consider statistical as

well as systematic uncertainties‹ The solid vertical line in the last entry shows the SM expectation calculated

using the ¯ Sherpa simulation‹

‚jet in space yield a system with a mass closest to the most probable mass for system

originating from a top‚quark decay according to the nominal ¯ simulation‹ This procedure has an

e ciency of approximately 65 to identify the correct leptons‹

The following formula is used for the unfolding

folded
=

d with =

(reco d)

(reco d)
, =

(reco d)

reco , =

(reco d)

d
, „¯

with the number d representing the content of bin after the unfolding procedure‹ The response

matrix ¯ is constructed from the migration matrix ¯ and the acceptance and e ciency correction

terms and ¯ for each bin‹ The entries in the migration matrix represent the fractions of events at

particle level in a ‚axis bin that are reconstructed at detector level in an ‚axis bin‹ They are normalised

such that the sum of entries in each row is equal to one‹ The acceptance corrections account for events

that are generated outside the ducial volume ‘ d’¯ but pass the selection at detector level ‘reco’¯ as

described in Section 5‹ The e ciency corrections account for events that are in the ducial volume but

are not passing the detector‚level selection‹ The symbol represents the logical intersection of the two

regions‹

”



Table » List of the most relevant systematic and statistical uncertainties of the extracted leptonic charge asymmetry

( ¯ ) from the simultaneous t‹ &or this table the uncertainties are symmetrised and grouped into categories‹

The quadratic sum of the individual uncertainties is not necessarily equal to the total uncertainty due to correlations

introduced by the t‹

( ¯ )

Experimental uncertainties

*et energy resolution “‹“”«

Pile‚up “‹““

‚tagging “‹““5

Leptons “‹““»
miss
T

“‹““»

*et energy scale “‹““«

Luminosity “‹““”

MC modelling uncertainties

¯ modelling “‹“”«

¯ modelling “‹“”“

Non‚prompt modelling “‹““6

¯ modelling “‹““5

Other uncertainties
± dependency “‹“»6

MC statistical uncertainty “‹“”

Data statistical uncertainty “‹”«6

Total uncertainty “‹”»5

The migration matrices as well as the acceptance and e ciency correction terms are built separately for

each of the SRs de ned in Table ”‹ !s an example &igure 6 shows the a¯ migration matrix as well as

b¯ e ciency and c¯ acceptance correction factors that are used for SR‚` ‚low jets which is the region

with the highest ¯ purity‹ The fraction of events in the diagonal elements of the migration matrix shows

the quality of the resolution for which is around “ ‹ The e ciency corrections are at a level of

””–”„ and the acceptance corrections are around 5 ‹ None show notable dependence on ‹

The unfolding procedure is the same as in Ref‹ [” = and based on a pro le‚likelihood approach ‘pro le‚

likelihood unfolding’¯‹ With this approach the unfolding problem is transformed into a standard problem

of tting normalisations of distributions‹ Each bin in the particle‚level distribution is ‘folded’ through the

response matrix via Equation „ resulting in the same numbers of bins at detector level‹ The particle‚level

bins are treated as separate sub‚samples which are multiplied with their respective entries of the response

matrix and freely‚ oating parameters are assigned to each of these sub‚samples at detector level‹ Similarly

to the t described in Section 8 the freely‚ oating parameters are assigned to the major backgrounds in

the SRs N ¯ N ‚conv N
H&

and N
H&
‹ These normalisations and the analysis regions are split into +

and in the same way as the detector‚level results‹ Thus the detector‚level distributions are scaled by

some factors determined by tting the data and these factors are then used to scale the corresponding

particle‚level bins which gives the desired unfolded result‹ The charge asymmetry is de ned as the

parameter of interest and is related to the normalisation factors in the unfolded bins‹ &or the #Rs no

response matrices are built‹ However as the signal contamination in these regions is very small compared

to the total event yields an approximation is taken where the signal is treated as an additional background‹

„“
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&igure 6 The a¯ the migration matrix and the b c¯ the e ciency›acceptance corrections which are used as input for

the unfolding of SR‚` ‚low jets‹ The matrices are normalised such that the sum of any given row is ”““ although

small di erences may be present due to rounding‹ The error bars of the e ciency›acceptance correction terms

represent the M# statistical uncertainties per bin based on the nominal ¯ Sherpa sample‹

!n exception is #R‚ ‚conv where due to the high signal contamination response matrices are also built‹

No regularisation is applied in the unfolding‹

The systematic uncertainties on the signal and background processes considered for the unfolded results

are the same as for the results at detector level described in Section ¯‹ Systematic uncertainties in the

background processes are propagated to the unfolded distributions by varying the detector‚level distributions

within their uncertainties and repeating the unfolding procedure‹ The modelling uncertainties of the ¯

signal are propagated through the unfolding procedure using variations of the response matrices‹

! so‚called ‘injection test’ is performed to verify that charge asymmetries deviating from the SM prediction

can be recovered in the unfolding procedure‹ This is done by injecting arti cial non‚SM values into

the particle level predictions via modi ed M# event weights which are propagated to detector level and

treated as pseudo‚data in the t‹ The unfolding procedure is then performed on this pseudo‚data for several

positive and negative deviations of the SM to compute the relation between the injected and extracted

values and to estimate the bias that the t procedure introduces‹ !fter the t to real data the observed

is substituted into the relation to extract the bias‹ The bias estimated from this procedure is found to be

“‹“””‹ !lthough this value is well covered by the aforementioned systematic uncertainties it is added as an

„”



extra uncertainty on the to the unfolded value to account for this e ect‹

The charge asymmetry value unfolded to particle level PL¯ in the ducial volume de ned in Section ‹„

is found to be

( ¯ )PL = . ` ± . stat‹¯ ± . syst‹¯,

with a SM expectation calculated using the nominal ¯ Sherpa simulation of

( ¯ )PLSM = . 6´ + .

.
scale¯ ± . M# stat‹¯.

The nominal values for the background normalisations are the same as reported in Section 8‹ The

contributions from the most relevant uncertainties of the charge asymmetry at particle level are given in

Table 5‹ The sources of uncertainty are similar to the ones reported in Table » with the ± dependency

the modelling of the ¯ and ¯ M# processes and the statistical uncertainty being the dominant ones‹

The statistical uncertainty is slightly increased with respect to the detector‚level result due to the unfolding

procedure‹

Table 5 List of the most relevant systematic and statistical uncertainties of the leptonic charge asymmetry at particle

level ( ¯ )PL‹ &or this table the uncertainties are symmetrised and grouped into categories‹ The quadratic sum of

the individual uncertainties is not necessarily equal to the total uncertainty due to correlations introduced by the t‹

( ¯ )PL

Experimental uncertainties

Leptons “‹“”»

*et energy resolution “‹“””

Pile‚up “‹““8

*et energy scale “‹““»
miss
T

“‹““„

Luminosity “‹““”

*et vertex tagger “‹““”

MC modelling uncertainties

¯ modelling “‹“„„

¯ modelling “‹“”

Non‚prompt modelling “‹“”5

Others modelling “‹“”5

/ ¸ jets modelling “‹“”»

¯ modelling “‹““6

Other uncertainties

Unfolding bias “‹“””
± dependency “‹“«

MC statistical uncertainty “‹“„

Response matrix “‹““

Data statistical uncertainty “‹” “

Total uncertainty “‹”

„„



10 Conclusions

This note presents a search for the leptonic charge asymmetry in ¯ production using collision data

at = ´TEV with the full Run „ dataset corresponding to an integrated luminosity of ”« fb ”‹ The

leptonic charge asymmetry is de ned as the pseudorapidity di erence between the two leptons associated

with top quarks or top antiquarks¯‹ The search is performed in ´ nal states using reconstructed light

leptons electrons or muons¯ together with jets and ‚jets‹ To correctly associate the leptons with either

top quarks or top antiquarks a technique based on a "$T is used‹

The charge asymmetry at reconstructed level is obtained by performing a simultaneous pro le‚likelihood

t to data in di erent signal and control regions optimised for either the ¯ process or the major SM

background processes ¯ non‚prompt leptons from H& decays or electrons from ‚conversions¯‹ The

charge asymmetry is extracted together with the normalisations for these background processes and is

found to be

( ¯ ) = . `´ ± . ´6 stat‹¯ ± . syst‹¯,

with a SM expectation calculated using the nominal ¯ Sherpa simulation of

( ¯ )SM = . ¸ + .

. ´ scale¯ ± . 6 M# stat‹¯.

!n unfolding procedure is used to obtain the charge asymmetry at particle level in a speci c ducial

volume in the ´ channel‹ The unfolding is based on a pro le‚likelihood approach where the unfolding

is performed together with tting normalisations of the major background processes equivalently to the

approach followed to derive the charge asymmetry at reconstructed level‹ The charge asymmetry at particle

level yields

( ¯ )PL = . ` ± . stat‹¯ ± . syst‹¯,

with a SM expectation calculated using the nominal ¯ Sherpa simulation of

( ¯ )PLSM = . 6´ + .

.
scale¯ ± . M# stat‹¯.

The most relevant systematic uncertainties a ecting this search can be attributed to the ± dependency of

the t as well as the modelling uncertainties of the ¯ and ¯ M# processes in the ´ channel‹ However

both the reconstructed and particle‚level results are severely limited by the statistical uncertainties of the

data‹
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&igure The most relevant systematic uncertainties ranked by their impact on the parameter at reconstructed

level‹ The impact of the uncertainties is shown before and after the combined pro le‚likelihood t to data in the

signal and control regions‹ Pulls introduced by the tting procedure are also shown‹ The entries shown in bold are

the uncertainties of the freely‚ oating background normalisations‹ ME stands for ‘matrix element’ PS for ‘parton

shower’ and *ES for ‘jet energy scale’‹ The ‚uncertainties refer to the M# statistical uncertainties in a speci c

region and bin‹
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&igure 8 The most relevant systematic uncertainties ranked by their impact on the parameter at particle level‹

The impact of the uncertainties is shown before and after the combined pro le‚likelihood t to data in the signal

and control regions‹ Pulls introduced by the tting procedure are also shown‹ The entries shown in bold are the

uncertainties of the freely‚ oating background normalisations‹ ME stands for ‘matrix element’ PS for ‘parton shower’

and *ES for ‘jet energy scale’‹ The ‚uncertainties refer to the M# statistical uncertainties in a speci c region and bin‹
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&igure The a¯ the migration matrix and the b c¯ the e ciency›acceptance corrections which are used as input for

the unfolding of SR‚ ‚low jets‹ The matrices are normalised such that the sum of any given row is ”““ although

small di erences may be present due to rounding‹ The error bars of the e ciency›acceptance correction terms

represent the M# statistical uncertainties per bin based on the nominal ¯ Sherpa sample‹
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&igure ”“ The a¯ the migration matrix and the b c¯ the e ciency›acceptance corrections which are used as input

for the unfolding of SR‚ ‚high jets‹ The matrices are normalised such that the sum of any given row is ”““

although small di erences may be present due to rounding‹ The error bars of the e ciency›acceptance correction

terms represent the M# statistical uncertainties per bin based on the nominal ¯ Sherpa sample‹
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&igure ”” The a¯ the migration matrix and the b c¯ the e ciency›acceptance corrections which are used as input

for the unfolding of SR‚` ‚high jets‹ The matrices are normalised such that the sum of any given row is ”““

although small di erences may be present due to rounding‹ The error bars of the e ciency›acceptance correction

terms represent the M# statistical uncertainties per bin based on the nominal ¯ Sherpa sample‹
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