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Abstract

We report a measurement of the charge asymmetry in top-quark pair production using
139 fb~! of proton-proton collision data collected at the centre-of-mass energy of 13 TeV
by the ATLAS experiment. Events are reconstructed in the so-called resolved topology and
in a topology with highly boosted top quarks. Both topologies are combined and a fully
bayesian unfolding method is used to correct for limited detector acceptance and resolution.
The charge asymmetry is measured inclusively and differentially as a function of the top-
quark pair mass and longitudinal boost. The measured values are in good agreement with
the Standard Model NNLO in QCD 4 NLO in EW predictions and a non-zero inclusive

asymmetry is observed at a 40 confidence level.

Keywords: top quark, charge asymmetry, fully bayesian unfolding, ATLAS



Abstrakt

Prezentujeme meranie nédbojovej asymetrie v produkcii top kvarkovych péarov s pouzitim
139 fb~! protén-proténovych zrazok pri taziskovej energii 13 TeV zozbieranych experimentom
ATLAS. Udalosti st rekonstruované v tzv. resolved topoldgii a v topoldgii s vysokymi top-
kvarkovymi hybnostami. Obidve topolégie si skombinované a metéda plne bayesovskej
dekonvolicie je pouzitd s cielom zohladnitf limitované detektorové rozliSenie a akceptan-
ciu. Nabojova asymetria je odmerand inkluzivne a diferencidlne ako funkcia hmotnosti a
pozdiinej hybnosti top-kvarkového paru. Namerané hodnoty si v dobrej zhode s pred-
poved’ami Standardného modelu na NNLO v QCD + NLO v EW trovni a nenulov inkluzivna

asymetria je pozorovand na tirovni spolahlivosti 4c.

KIicové slova: top kvark, ndbojova asymetria, plne bayesovskd dekonvolicia, ATLAS



1 Top Quark Charge Asymmetry

The charge asymmetry in heavy quark pair production is a phenomenon predicted by the
Standard Model, occurring through higher-order diagrams [1-7]. The charge asymmetry man-
ifests itself through different differential cross sections of the heavy quarks and antiquarks. As
a consequence, the probabilities of the final state quarks to be produced in forward/backward
directions in the centre-of-mass (CM) frame are not equal. This is illustrated in Figure 1
where the final state particles are heavy quarks @ and @ and the initial state particles are
light quarks q and g. The forward direction is given by the direction of the incoming light

quark g and the backward direction is defined complementary.

Q

Figure 1: Forward heavy quark production, given by the condition cos € > 0.

The definition of the asymmetry in the CM frame is then given by the production cross-

sections of the heavy quark Q:

o(cos@ > 0) —o(cosh < 0)

A:
o(cos® > 0) + o(cosf < 0)’

(1)

where the angle 6 is explained in Figure 1.

Beyond the Standard Model (BSM) theories can modify the expected asymmetry due to
additional diagrams in which a new particles are exchanged, e.g. axigluons [8,9], heavy Z
bosons [10], or coloured Kaluza-Klein gluon excitations [11]. The charge asymmetry mea-
surements can constrain the parameter space of the BSM theories. A significant deviation
of the measured asymmetry from the SM prediction would be considered as an evidence of
BSM physics.

Conditions in the hadron colliders do not allow to measure the charge asymmetry using the
definition from Equation (1). The interacting partons have different longitudinal momenta
and the laboratory frame is not identical with the CM frame as it would be in the case of
ete™ colliders. To describe the top quark asymmetry at hadron colliders, rapidity v is used
instead of the polar angle 6:

1. E+p,

=1 2
y=ghg— (2)

where F is the energy of the final state particle and p, is the longitudinal momentum. It is

clear that in the CM system the condition cosf > 0 (cosf < 0) is the same as y > 0 (y < 0).



Additionally, due to the momentum conservation yg = —yg and the rapidity difference

Ay =yq —yg (3)

is Lorentz invariant under the boosts along the z-axis. As a consequence, a new definition
of the charge asymmetry, typically referred to as forward-backward asymmetry Apg, can be

defined:
o  N(Ay>0)—N(Ay <0)

FB ™ N(Ay > 0) + N(Ay < 0)’ (4)

which is completely equivalent to the CM system definition (1) and can be measured in the
laboratory frame.

The definition from Equation (4) was largely used in the Tevatron measurements, where
the significant direction was given by the direction of the incident (anti)proton. However, in
the symmetric LHC pp collisions it is not possible to use this definition, since the direction of
the incident (anti)quark is unknown. On the other hand, in pp collisions the antiquarks are
always sea quarks, while the quarks are usually valence quarks. Sea quarks typically carry
lower momentum fraction than the valence quarks, therefore in the LHC collisions the gq
system is mostly boosted in the direction of the incident quark, see Figure 2. This enables

to define a complementary forward-central charge asymmetry Ac which can be measured at

the LHC:
N(Aly| > 0) = N(Aly| <0)

AQQ _
¢ N(AJy[>0)+N(Aly| <0)’

()

where Aly| is given by
Alyl = lyq| = lygl- (6)
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Figure 2: Preferred and suppressed configurations at the LHC assuming positive charge

asyminetry.



2 Event Selection and Reconstruction

2.1 Event Selection

A set of selection criteria is applied on full Run 2 ATLAS proton-proton collision data at
Vs =13 TeV, as well as on the simulated samples, in order to reconstruct ¢t £+jets events in

the resolved and boosted topology.

Selection Criteria Common to Resolved and Boosted Topologies
e Primary vertex with at least two tracks is required.

e Event quality — to avoid events affected by detector noise criteria on the calorimeter

response and on the jet quality must be fulfilled.
e Single electron/muon trigger requirements.

e Exactly one electron or muon matched to the trigger with pp > 28 GeV is required.

Events containing additional leptons with pr > 25 GeV are rejected.

e Missing transverse energy and W boson transverse mass (MF_‘F’V ) — in order
to suppress fake and non-prompt leptons from multijet background E%liss of at least
30 GeV and Mer L of at least 30 GeV is required. In the p+jets channel no cut is
applied on EXS but EXsS + MW > 60 GeV is required.

e B-tagged jet — at least one of the small-R jets is required to be b-tagged.

Selection Criteria Specific to the Resolved Topology
e At least 4 small-R jets with pp > 25 GeV are required.

e Boosted veto is implemented in order to remove an overlap between events passing
both resolved and boosted criteria. These events are removed from the resolved topology

since reconstruction of the top quark four momenta is easier in the boosted topology.

e Event reconstruction requirements — the t¢ system is reconstructed using a boosted
decision tree (BDT) algorithm, described in detail in Section 2.2. Events are required
to have BDT discriminant > 0.3 in order to suppress background processes and combi-
natorial background due to wrong assignment of jets in ¢ events. This criterion accepts

around 52% of tt events and only 27% of background events.

MY = \/ 2p% E2355(1 — cos A@) where A¢ is the angle between the lepton and EF™* in the transverse
plane with respect to the beam axis.



Selection Criteria Specific to the Boosted Topology

e At least one small-R jet close to the lepton with pr > 25 GeV and AR(jet, () < 1.5
is required. If multiple jets satisfy this condition, the one with highest pr is considered

for the subsequent reconstruction of the leptonically decaying top quark.

e At least one top-tagged large-R jet with py > 350 GeV and |n| < 2. In the case of
multiple large-R jets satisfying these conditions the one with the highest pr is chosen.
Since both top quarks are expected to be back-to-back in the ¢t rest frame, additional
requirements related to the large-R jet, isolated lepton and the small-R jet close to the

lepton are applied: A¢(jetp_ g, £) > 2.3 and AR(jetp—; o, jetp—o4) > 1.5.

e Invariant mass of the reconstructed tt system is required to be larger than
500 GeV. This criterion is imposed to remove a negligible fraction (= 0.1%) of poorly

reconstructed events which pass the boosted selection criteria despite low tf mass.

2.2 Event Reconstruction

After the event selection it is necessary to reconstruct the top quark four momenta from the
reconstructed objects, i.e. jets, lepton and E%ﬂss. In this section the reconstruction techniques

in resolved and boosted topologies are described.

Reconstruction in the Resolved Topology In the resoled topology the main challenge
of the event reconstruction is to correctly assign individual jets to the four quarks from
the tf decay. Several reconstruction techniques have been studied, including the Kinematic
Likelihood Fitter (KLFitter) [12] and the y?-pairing technique [13]. However, these techniques
were eventually outperformed by an advanced multivariate Boosted Decision Tree (BDT)
technique implemented using the TMVA package [14]. The BDT reconstruction technique
combines information from the KLFitter with various kinematic variables and the b-tagging
information into a single discriminant with value from -1 to 1. Each permutation of jet
to quark assignment is evaluated and the permutation with the highest score of the BDT
discriminant is chosen. Since the number of possible permutations increases with the number
of jets as ~ n!, only permutations of up to five jets are considered. If there are more than five
jets present in the event, the two jets with the highest b-tagging score are taken into account
together with three other jets with the highest pr.

The BDT training is performed separately in the 1-exclusive and 2-inclusive b-tag regions
and inclusively in lepton flavours — the electron and muon channels are merged. Together 13
different input variables are used in the BDT. In the analysis, the BDT discriminant of the
best permutation is required to be larger than 0.3, which corresponds to =~ 52% tt selection
efficiency while only & 27% of background events are kept in the combined 1 b-excl. and 2

b-incl. selection.



After choosing the best permutation it is still necessary to reconstruct the neutrino four-

momentum using the EX information and a constraint from the mass of W boson:

mw = (pe + pv)?, (7)

where p; and p, are four-momenta of the lepton and the corresponding neutrino, respectively.
The p% and p} components of the neutrino momentum can be obtained from the magnitude
and azimuthal angle of the EEFiSS and the problem can be reduced to a quadratic equation
for the p?. If there are two real solutions, the one which leads to the top quark mass closest
to 172.5 GeV is chosen. In the case of no real solutions, the E¥ is varied by a minimal

amount necessary to obtain a real solution.

2.3 Reconstruction in the Boosted Topology

In the boosted topology the four-momentum of the large-R jet satisfying the selection criteria
from Section 2.1 is taken as the estimate of the four-momentum of the hadronically decaying
top quark. The leptonically decaying top quark four-momentum is constructed from the
isolated lepton, selected small-R jet close to the lepton and the neutrino four-momentum.
The neutrino four-momentum is calculated using the constraint from Equation (7), similarly
as in the case of the resolved topology. The only difference with respect to the resolved

topology is that if there are two real solutions for p?, the one with minimum |p?| is taken.

3 Unfolding

In this analysis, the Fully Bayesian Unfolding (FBU) [15] is used to estimate the parton-level

charge asymmetry from the reconstruction-level Aly| spectra.

3.1 Fully Bayesian Unfolding Formulation

The FBU is an application of the Bayesian inference to the problem of unfolding: Given the
data (D € N¥7) and the response matrix M € R x R the question is what is the actual

parton-level spectrum (T € R™¢). In the terms of the Bayesian inference this corresponds to:

P(T|D, M) x L(D|T, M)x(T), (8)

where P(T|D, M) is the posterior probability of the true spectrum T; L£(D|T, M) is the
likelihood function of D given T and a response matrix M and 7(T) is the prior probability
density for the true spectrum T. In other words, by sampling every possible true spectrum it
is possible to obtain a probability density function for the true distributions and in our case
also for the Ac itself.

The prior, likelihood, treatment of systematic uncertainties and the process of obtaining

the posterior probability density are further described in the following sections.



3.2 Prior

The prior probability density 7(T) is to be chosen according to what is known about T before
the measurement is performed. Typically, this corresponds to a reasonably large range which
covers all realistic T distributions. If all possibilities are considered with the same probability,

the uninformative prior is used:

1 if T, € [T}, T/],Vt € [1, N,
(T) if Ty € [Ty, T4} [1, N ‘ 9)

0 otherwise

If some of the possible T distributions are considered to be more probable, this can by added
as an additional information to reduce the variance by introducing a small bias towards the

preferred truth distributions:

e §f T, e [T}, T,],Vt € [1, N,
(T) ¢ € [Ty, Ty] [1, Ni] | (10)
0 otherwise

where « is an arbitrary parameter and S(T) is a regularisation function. In this analysis an
uninformative prior with [0, 2T] is used, where T is the parton-level spectrum of the nominal

MC sample.

3.3 Likelihood

The response matrix M with elements m;; = ¢, P(r;|t;) can be obtained from the MC signal

sample and contains two pieces of information:

e ¢, - efficiency for a parton-level event produced in bin ¢; to be reconstructed in any

bin 7.

e P(r|tj) - probability of a parton-level event produced in bin ¢; to be observed at the

reconstruction level in bin 7;. This is summarised in migration matrices.

Prediction of the reconstruction-level spectrum R € RY¥" corresponding to a given parton-level

spectrum T is then
N,
T,L(T,M) = Zmijtj. (]_1)
§=0

The likelihood is defined by comparing the observed spectrum D with the expected one R;

assuming Poisson statistics and background prediction B € RVr:

Nr oo N\ di
L(D|T, M,B) = H (”"’Cﬁz)e—(rﬁbi). (12)
i=1 v

10



3.4 Nuisance Parameter Marginalisation

Treatment of systematic uncertainties is naturally included in the FBU by extending the
likelihood with nuisance parameter (NP) terms corresponding to the individual systematic
uncertainties.

The marginal likelihood is defined as
L(D|T) = /,C(D|T,9)7r(9)d9, (13)

where 6 are the nuisance parameters and 7(6) their priors, typically Gaussian distributions
G with p = 0 and o equal to the magnitude of the corresponding systematic uncertainty.

Two main categories of systematic uncertainties are considered:

e Background normalisation uncertainties 6, which affect only the background predic-

tions.

e Uncertainties related to object identification, reconstruction and calibration 6, affecting

both the signal and the background predictions, R(T;0s) and B(0s, 6;), respectively.

The signal reconstruction-level prediction is then defined as:
ri(T, M;05) = (T, M;0) <1+20§Arf> , (14)
k

where Arf is the systematic variation corresponding to the uncertainty k.

Similarly, the prediction for each background process:

bi(0s, 0p) = b;(0)(1 + 6, Ab) (1 +° 6§Abf) : (15)
k

where Ab is the uncertainty on the background normalization.

The marginal likelihood can be then rewritten as:
LIDIT) = [ LDIR(T;6.). B(6..6))G(6.)G(8,) 6.8, (16)

3.5 Signal Region Combination

Utilisation of orthogonal channels, e.g. regions with different background contamination,
helps to constrain the individual systematic uncertainties and thus to reduce the total uncer-

tainty. Having the nuisance parameters common to all channels, the likelihood is:

Nch
£({D;- - Dy, }|T) = / T] £(DiT: 6)G(0)do, (17)
=1

where Ny, is the number of orthogonal channels.

11



The final posterior probability including systematic uncertainties and multiple orthogonal

signal regions can be then written as
Nen
P(T{Dy- - -Dn,}) = /Hﬁ(Di|Ri(T; 0s),Bi(0s,6y)) G(05)G(0y)m(T)d0sd0y,. (18)
i=1

In this analysis events are split into four signal regions by topology (resolved/boosted)

and b-tag multiplicity (1 b-excl./2b-incl.).

3.6 Sampling

The posterior P(T,D) is determined by sampling the (N; + Nyp)-dimensional parameter
space and by evaluating for each point the product of £(D|T, M) and 7(T), thus performing
a numerical integration.

Advanced techniques specialized for multi-dimensional sampling based on the Markov
Chain Monte Carlo method (MCMC) [16] are used within FBU.

The posterior distributions contain the full probability density information; the mean of
distribution can be afterwards taken as the unfolded estimate and the RMS as the corre-
sponding uncertainty. Similarly, posterior probability density distribution can be obtained

for any quantity that is computed from the spectrum, such as the Ac:
p(4ciD) = [ 8(4c — Ac(T)P(TID)AT. (19)

Effectively, this corresponds to calculating the observable of interest from the bin contents

for every single sample.

3.7 Binning Choice and Linearity Tests

An important step in the unfolding optimisation is related to proper choice of binning in
the Aly| distributions, as well as in the differential variable in measurements of the Ac as a
function of m(tt) and 3, (tt).

In the case of differential measurements, the choice of binning in the differential variables
is motivated by physics considerations. Fine binning in m(tt) is desirable in order to dis-
criminate different physics models. Since many BSM theories predict enhancement of the
asymmetry in the very high m(tt) region, it is important to set the last bin threshold as high
as possible. At high 3, (tt) the fraction of the ¢g annihilation is larger and the asymmetry
is enhanced in a model independent way. Taking into account the statistical limitations the

following binning is chosen:
e (3.(tt) - 4 bins: [0,0.3,0.6,0.8,1].
e m(tt) [GeV] - 5 bins: [0,500, 750, 1000, 1500, o).

Two competing factors determine the choice of the number of bins in the Aly| distribution:

12



e Smaller number of bins implies smaller relative statistical uncertainties. At least two

bins are necessary to compute Ac (positive and negative side of the Aly| distribution).

e Larger number of bins allows to track the migrations more accurately and thus allows
to obtain unbiased estimates. However, only migrations that change the Aly| sign affect
the computation of the Ac and these are more likely for small Aly| values. Therefore

a fine binning is required in the central Aly| region.

In this analysis four bins in Aly| are used and the same binning is used at both the recon-
struction and the parton level in all four signal regions mentioned in Section 3.5. However,
the x-value in Aly| binning [—5, —z,0, x, 5] is optimised separately in the inclusive measure-
ment and in each of the differential bins. The outer bin edges (£5) are effectively the same
as +00, since there are no tt events with Aly| values beyond ~ +4.

In order to find the optimal z-values in A|y| binning, samples with various parton-level
asymmetries are prepared and the unfolding procedure is required to work properly across
a range of different parton-level Ac values. In this analysis, the PROTOS [17] generator is
used to simulate axigluon (mass of 250 GeV) contribution to the charge asymmetry and the
nominal signal sample is subsequently correspondingly reweighted. Parton-level asymmetries
of approximately +1%, +2%, +3% and +4% are considered. The unfolding response is
required to be linear with a slope ~ 1 and offset ~ 0. The optimal z-values range from 0.3

to 1.0, depending on the differential bin where the measurement is performed.

4 Systematic Uncertainties

4.1 Experimental Uncertainties

In this section, systematic uncertainties originating from the detector and reconstruction

imperfections are described.
Luminosity The relative luminosity uncertainty of the combined 2015-2018 dataset is 1.7%.

Pile-up Scale factors are applied in order to correct for the differences between the pile-
up conditions in data and simulated samples. The uncertainties on the corresponding scale

factors are considered.

Lepton-Related Uncertainties Lepton (e, p) identification, reconstruction, isolation and
trigger performance, as well as resolution and momentum scale, differ between data and
simulations and scale factors are applied to correct these differences. The scale factors are
obtained using the tag and probe technique in well understood decays of the Z boson, J/1
and W boson into leptons [18-20]. The uncertainties on these corrections are treated as

systematic uncertainties.

13



Jet Energy Scale The JES and its uncertainty is estimated from the collision data and
MC simulations using techniques described in [21]. Events with a vector boson and additional
jets are used to calibrate jets in the central region. Dijet events are used to calibrate forward
jets against the jets in the central region and multijet events are used to calibrate high-pt
jets. The measurements are combined and decorrelated into a set of 29 nuisance parameters

which have different jet pp and 1 dependencies [22].

Jet Energy Resolution The jet energy resolution (JER) is measured separately in data
and MC using in situ techniques [22]. The differences between the jet energy resolutions in
data and MC are decorrelated into 8 components with different dependencies on the jet pr

and 7.

Jet Vertex Tagger The JVT scale factors are calculated using simulated Z — p*p~ and
tt events [23]. The corresponding JVT uncertainty includes the uncertainty on the pile-up

jet contamination and a systematic uncertainty due to the choice of different MC generators.

Large-R Jet Moment Scale and Resolution The scales of the detector response for all
large-R jet moments (pr, mass, 732 substructure variable [24]) are obtained using a method
described in Ref. [25]. In total, a set of 14 nuisance parameters is used to describe uncertainties

on the large-R jet moment scales and resolution.

B-tagging A set of scale factors correcting different b-tagging efficiencies in data and MC is
used and the corresponding uncertainties are propagated through the analysis as systematic

uncertainties [26-28].

Missing Transverse Energy Scale and Resolution The E%liss is calculated from several
terms corresponding to different types of reconstructed objects. Uncertainty on each object

is evaluated and then propagated to the uncertainty on the ErTniSS.

4.2 Modelling Uncertainties

Signal and background modelling, based on theoretical understanding of the physical pro-
cesses, is used in the measurement e.g. to create the response matrix and model the back-

ground contributions.

Cross Sections and Normalisation For all processes entering the measurement normal-
isation uncertainties are considered. Typically, the normalisation uncertainty corresponds to
theoretical cross section uncertainties. In some cases, such as for the multijet data-driven

background, a conservative normalisation uncertainty estimate is used instead.

14



Matrix Element Modelling To estimate the uncertainty related to the matrix element
(ME) modelling in the ¢t signal the nominal POWHEG BOX 2 generator is compared to
the alternative MADGRAPHS_AMC@NLO 2.6.0. For the purpose of this comparison both
samples are generated with the simplified ATLFAST-II simulation of hadron showers. The

difference is taken as ’shape-only’ and the normalisation effect is removed.

Parton Shower Modelling The uncertainty on parton shower and hadronisation mod-
elling (PS) is treated similarly as the ME uncertainty. In this case, the PyTHIA 8.230
generator is compared to the alternative HERWIG 7.04, both generated with ATLFAST-II
and interfaced to the POWHEG Box 2.

Initial and Final State Radiation The uncertainties on the effects of initial state ra-
diation (ISR) and final state radiation (FSR) in top quark production are studied using
the nominal MC generators, i.e. POWHEG BoX 2 and PyTHIA 8.230. The fast simulation
ATLFAST-II is used in the case of ISR and the full GEANT4 for the FSR.

Top Quark Mass The nominal sample is generated with myo, = 172.5 GeV and the effect
of the top quark mass uncertainty on the signal modelling is studied using alternative samples

generated with myop = 172 GeV and myep = 173 GeV.

Parton Distribution Functions The uncertainty on the PDFs is applied only on the
signal sample using the PDF4LHC prescriptions [29].

Single Top Quark Wt-Channel Interference Due to the interference of the Wt-channel
with the t¢ production it is necessary to remove the overlap using the diagram removal (DR)
technique. The alternative diagram subtraction (DS) method [30] is used as an alternative

and the differnce is taken as a corresponding uncertainty.

W +jets Modelling A number of scale variations in W+jets background modelling are
considered as shape-only uncertainties [31]. These include the y1, and py scales, the CKKW
scale and QSF scale.

Multijet Shape An alternative parametrisation is taken as a shape-only uncertainty.

4.3 Unfolding Uncertainties

In addition to all systematic uncertainties mentioned above, two uncertainties are related to
the unfolding procedure itself. These uncertainties are simply added in quadrature to the

total unfolded uncertainty.

15



Response Matrix Statistical Uncertainty To estimate this uncertainty, 300 pseudo-
experiments were performed with the response matrices smeared according the Poisson dis-
tribution and the raw number of MC events. The width of the obtained A¢ distribution is
taken and added in quadrature to the total unfolded uncertainty obtained using the nominal

response matrix.

Unfolding Bias The non-ideal slope and offset of the unfolding response leads to a bias in

the unfolded values. In most cases the bias is found to be negligible.

5 Results

An overview of the A¢ values with the corresponding uncertainties is provided in Table 1.
The uncertainties are dominated by the RMS of the posteriors, followed by the statistical
uncertainties in the response matrix and the unfolding bias, which is mostly negligible. The
total uncertainty is the sum-in-quadrature of the mentioned uncertainties. Graphically, the
results with the total uncertainties are presented in Figure 3. All values are consistent with
the NLO POWHEG+PYTHIA 8 prediction. Moreover, a strongest to-date evidence of non-zero

inclusive charge asymmetry is observed with a 4 ¢ confidence level.

Data 139 fb~!
Mean | Post-marg. | Res. mat. stat. \ Bias Total
inclusive 0.0060 0.0014 0.0005 0.0001 | 0.0015
< 500 GeV 0.0045 0.0044 0.0013 0.0001 | 0.0045
m(th) 500-750 GeV | 0.0051 0.0029 0.0009 0.0000 | 0.0031
750-1000 GeV | 0.0100 0.0067 0.0021 0.0001 | 0.0070
1000-1500 GeV | 0.0169 0.0077 0.0029 0.0004 | 0.0083
> 1500 GeV 0.0121 0.0315 0.0092 0.0005 | 0.0329
0-0.3 0.0007 0.0051 0.0020 0.0001 | 0.0055
B,(tt)  0.3-0.6 0.0085 0.0040 0.0013 0.0003 | 0.0042
0.6-0.8 0.0014 0.0044 0.0015 0.0004 | 0.0047
0.8-1.0 0.0100 0.0049 0.0013 0.0007 | 0.0051

Table 1: Results with uncertainties, including the post-marginalisation uncertainty, uncer-
tainty due to limited number of MC events in the response matrix, uncertainty due to the

unfolding bias and the total uncertainty, for the inclusive and differential Ag measurements.

6 Conclusion

This thesis presents the first measurement of the charge asymmetry in top-quark pair pro-
duction by the ATLAS experiment using full Run 2 (139 fb~!) proton-proton collision data
at /s = 13 TeV. The lepton+jets decay channel is investigated. Events are selected in the

resolved and boosted topologies which are subsequently combined within the fully bayesian

16



< F B8 NNLO QCD +NLO EW B

0.009 } I Pow.+Pythia8 E

E & Data139f? ]

0.008 =

0.007E =

0.005F =

0.004f- —

0.003F =

0.002F =

0.001 =

ot — =

inclusive
(a) Data 139 fb™', inclusive.
o 0.02 T o 0.05 T T
< B NNLO QCD + NLO EW < [ BB NNLO QCD +NLO EW b
I Pow.+Pythia8 0.04F I Pow.+Pythia8 -
0.015 ¢ Datal139fb™ ’ F ¢ Datal39fb™ ]
0.03F =
0.01 F E
0.02 —
0.005 0.01 —I——:
V$ 4 ]
- |
0 = E
-0.01- =
—-0.005 002 ; é
-0 01 ! ! ! _ E ! ! ! ! R
0.01 [0,0.3] [0.3,0.6] [0.6,0.8] [0.8,1] 0.03550 [500,750] [750,1000] [1000,1500] > 1500
B, tt mass [GeV]
(b) Data 139 fb~!, differential 8, (tf). (c) Data 139 fb™', differential m(tZ).

Figure 3: The unfolded inclusive and differential (/3,(tt) and m(tt)) Ac values compared to
the NLO POWHEG+PYTHIA 8 parton-level prediction. The total uncertainty is shown.

unfolding method. The charge asymmetry is measured inclusively and also differentially as
a function of the top-quark pair longitudinal boost and mass. Systematic uncertainties are
marginalised within the unfolding procedure. A bootstrapping method is used to remove
statistically insignificant systematic uncertainties and a pruning procedure is used to remove
negligible uncertainties in order to simplify the unfolding problem. The measurement is lim-
ited by statistical uncertainties in all regions and the measured values are in good agreement
with the NNLO in QCD + NLO in EW Standard Model predictions. A significant improve-
ment in the precision with respect to the 8 TeV A measurements is observed. In the inclusive

case, an evidence of a non-zero asymmetry is observed at a 4 o confidence level.
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