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1. Introduction

The top quark is the heaviest elementary particle known, with a mass m; = 173.3 4+ 0.8 GeV
[1]. In the Standard Model of Particle Physics (SM), it decays almost exclusively into a b quark
and a W boson while flavour-changing neutral current (FCNC) decays are forbidden at tree level.
FCNC decays occur at one-loop level but are strongly suppressed by the GIM mechanism [2] with
a suppression factor of 14 orders of magnitude relative to the dominant decay mode [3]. However,
in several SM scenarios GIM suppresion can be relaxed and/or some particles can contribute to
the loops yielding effective couplings that are orders of magnitude larger than those of the SM [4],
reaching observable levels. These interactions lead to various top decay and single top production
processes. Observation of such processes, extremely rare in the SM, would provide a clear indirect
signal of new physics, hence the importance of these analyses. Examples of such beyond the
standard model theories are the quark-singlet model (QS) [5], the two-Higgs-doublet model with
(FC 2HDM) or without (2HDM) flavour conservation [6], the Minimal Supersymmetric Standard
Model (MSSM) [7], the MSSM with R-parity violation (RPV SUSY) [8], models with warped
extra dimensions (RS) [9], or extended mirror fermion models (EMF) [10].

Profiting from the abundant 7 final states produced in pp collisions at LHC, the ATLAS ex-
periment [11] has been carrying out several analyses focusing on the top quark sector in the search
for evidence of FCNC. Both, the #7 and single top production, are contemplated in these searches.
A brief description of the analysis strategies and the results for each search is presented next.

2. Top pair production

Within the ATLAS experiment, many new physics searches are performed using top-quark
events, with one top quark decaying through the r — Zq or t — Hg (q=u,c) FCNC channel, and the
other through the dominant SM mode ¢+ — bW. Data collected from pp collisions at a centre-of-
mass energy of /s=13 TeV, corresponding to an integrated luminosity of 36.1 fb~!, are analysed for
these searches and experimental limits on the FCNC branching ratio (BR) are established separately
for each coupling. A few more details of each analysis are detailed below.

21 t—Zq

One of the FCNC searches in top-quark decays analyses the ¢t — Zq [12] coupling. Only Z
boson decays into charged leptons and leptonic W boson decays are considered as signal. Thus, the
final-state topology is characterised by the presence of three isolated charged leptons (electrons or
muons), at least two jets, with exactly one being tagged as a jet containing b-hadrons, and missing
transverse momentum from the undetected neutrino.

A further kinematic selection [12] is applied to keep events with this topology, and Z boson
candidates are reconstructed from the two leptons that have the same flavour, opposite charge, and
a reconstructed mass within 15 GeV of the Z boson mass.

Applying energy—momentum conservation, the kinematic properties of the top quarks are re-
constructed from the corresponding decay particles by minimising
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where mﬁfzh’ m;‘[s‘éov and m° are the reconstructed masses of the gZ, bW and /v systems,

respectively. For each jet combination, j, corresponds to the b-tagged jet, while any jet can be
assigned to j,. The longitudinal component of the neutrino momentum (p?) is then determined by
the minimisation of 2. The central values of the masses and the widths of the top quarks and the
W boson are taken from simulated signal events. The combination with the minimum y?2 is chosen,
which fixes the assignment of reconstructed particles and the corresponding p? value. The final
requirements defining the signal region (SR) are Imz‘&b— 172.5 GeVI < 40 GeV, Imﬂi‘g‘:v— 172.5
GeVI <40 GeV, and Im*;?— 80.4 GeVI < 30 GeV.

The main sources of background events containing three prompt leptons are diboson, tZ, and
tZ production. Events with two or fewer prompt leptons and additional non-prompt! leptons are
also sources of background. Besides the signal region, control regions (CR) are defined using
various techniques to constrain the main backgrounds.

The main uncertainties, in both the background and signal estimations, are from theoretical
normalisation uncertainties and uncertainties in the modelling of background processes in the sim-
ulation.

Results are obtained using a binned likelihood fit to kinematic distributions in the signal and
control regions. The inclusion of the CRs in a combined fit with the SR constrains the backgrounds
and reduces systematic uncertainties. The kinematic distributions used in the fit are the x2 of the
kinematical reconstruction for the SR, the leading lepton’s pt for the non-prompt leptons and t7Z
CRs, the transverse mass for the WZ CR, and the reconstructed mass of the four leptons for the ZZ
CR.

A stastical analysis is performed and since no evidence of a signal is found, 95% CL limits
on the observed(expected) t — Zq BR are established: %(t — Zu) < 1.7(2.4) x 10~* and B(t —
Zc) <2.4(3.2) x 1074,

22 t— Hg

The other prominent FCNC search focuses on top quarks decaying into u or ¢ quarks with the
emission of a Higgs boson. Depending on the subsequent Higgs decay, four signatures are accesible
to the experiment and each one presents a dedicated analysis. Finally, a combined interpretation of
these results is performed by ATLAS.

2.2.1 t — HWW*/ZZ*)q

One of these signatures targets multilepton final states [13]. Two categories are defined: two
same-charge light leptons (e or () with four or more jets, of which one or two must be b-tagged
(24SS); and three light leptons with two or more jets, with one jet b-tagged (3/). These are sensitive
primarily to H — WW* decays, with subleading contributions from H — t7 and H — ZZ*.

IPrompt leptons are leptons from the decay of W or Z bosons, either directly or through an intermediate T — £vv
decay, or from the semileptonic decay of top quarks.
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The largest sources of background are those arising from non-prompt leptons (from hadron de-
cays, photon conversions, and charge miss-assignment), mainly from #f decays, and prompt lepton
backgrounds from #fV production (V = W or Z) with leptonic decays of the vector boson. These
are estimated using simulation and data-driven techniques.

The FCNC processes are simulated and specialised boosted decision trees (BDT) using the
kinematic properties of the final-state particles are used to distinguish FCNC signals from non-
prompt lepton backgrounds and from ##W and ¢7Z production. BDTs are trained separately in the
two categories and for each case, two separate discriminants are trained: one to separate t — Hgq
from non-prompt leptons and one to separate t — Hgq from ¢V processes. Finally, all the results
are combined.

Inputs to the BDTs include lepton flavour and kinematic observables, jet properties including
whether they are b-tagged, angular separations between objects, the E%““ , and the quantity m,sr =
EMss 4 Hy , where Hr is the scalar sum of the pr of the leptons and jets in the event. Signal events
can be distinguished from SM background by having only one true b-jet and being relatively soft
events with low m, sy and Hr.

Binned maximum-likelihood fits to the distributions of the 2/SS and 3¢ FCNC discriminants
are performed to extract the best-fit values of the t — Hg branching fractions. Since no evidence
of FCNC decays is found, upper limits are set on the observed(expected) BR: #(t — Hu) <
1.6(1.5) x 1073 and (¢t — Hc) < 1.9(1.5) x 1073 at 95% CL.

2.2.2 t — H(bb)q

Another analysis focuses on the H — bb decay [15], exploiting the high multiplicity of b-
quarks in the final state.

Only leptonically decaying W's are considered, so signal is expected to have one isolated lepton
(e or u) and at least four jets in the final state, three of them originating from b-quarks, which can
be effectively exploited to suppress the background which mainly comes from 7 and heavy flavour
jets.

In order to optimise the sensitivity of the search, the selected events are categorised into differ-
ent analysis regions depending on the number of jets (4, 5 and > 6) and on the number of b-tagged
jets (2, 3 and > 4). Therefore, a total of nine analysis regions is considered. In this way, regions
with exactly two b-tagged jets are dominated by ¢7+light-jets, while regions with at least four are
dominated by 17+ > 1b. Intermediate compositions are found in regions with exactly three b-tagged
jets. Regions with four or five jets and exactly three b-tagged jets dominate the sensitivity of this
search.

The main systematic uncertainties arise from the background modelling and the c-jet mistag-
ging.

This search uses a likelihood (LH) discriminant to separate signal and background events. The
LH variable for a given event is defined as:

- Psig (X)
 Psig(x) + Pbke(x)

L(x) (2.2)

where PSi2(x) and PP*¢(x) stand for the probability density functions (pdf) of a given event
under the signal hypothesis and under the background hypothesis, respectively. Both are functions
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of x, representing the four-momentum vectors of all final-state particles at the reconstruction level:
the lepton, the missing transverse momentum, and the selected jets in a given analysis region. The
value of the multivariate b-tagging discriminant for each jet is also included in x.

Finally, a binned likelihood fit under the signal-plus-background hypothesis is performed on
the LH discriminant distributions in the nine analysis regions considered.

In the absence of a significant excess of data events above the background expectation, 95%
CL observed(expected) limits are set on the BR: %(t — Hu) < 5.2(4.9) x 1073 and #(t — Hc) <
4.2(4.0) x 1073,

223 t—H(tht)g

The other Higgs boson fermionic decay considered is H — t" 7~ [15]. The signal is charac-
terised by the presence of 7-leptons from the decay of the Higgs boson and at least four jets, only
one of which originates from a b-quark. If one of the 7-leptons decays leptonically, an isolated
electron or muon and significant E' are also expected. However, in a significant fraction of the
events the lowest-pr jet from the W boson decay fails the minimum pr requirement, resulting in
signal events with only three jets reconstructed. In order to optimise the sensitivity of the search,
the selected events are categorised into four SRs depending on the number of 7-lep and 7-had can-
didates, and on the number of jets: (t-lep 7-had, 3j), (t-lep 7-had, >4j), (r-had 7-had, 3j), and
(t-had 7-had, >4j). This event categorisation is primarily motivated by the different quality of the
event kinematic reconstruction, depending on the amount of ]%m"“ in the event, and whether a jet
from the hadronic top-quark decay is missing or not.

The main background comes from fake leptons, estimated using data-driven techniques on
CRs. Their modelling also represents the main systematic uncertainty for this search.

BDTs are used in each SR to improve the separation between signal and background. They
used kinematic variables as inputs, mainly reconstructed masses of the objects as well as their pr
and the EJ'sS.

Then, a binned likelihood fit under the signal-plus-background hypothesis is performed on the
BDT discriminant distributions in the four analysis regions considered.

Since no significant excess of data events above the background expectation is found, ob-
served(expected) limits at 95% CL are set on BR: %(t — Hu) < 1.7(2.0) x 1073 and %(t —
Hc) < 1.9(2.1) x 1073, These results are dominated by the 7-had 7-had channel, which has a

sensitivity a factor of two better than that of the 7-lep 7-had channel.

224 t— H(yy)q

The last signature refers to a Higgs decay into two photons [14]. The search is split into two
categories depending on the decay nature of the W boson from the SM top quark decay. In both
cases, the final state is characterised by the presence of two photons. For the hadronic category, at
least four jets are expected and at least one must be b-tagged. While for the leptonic one, at least
two jets are expected, as well as one lepton and E%”'”.

The largest backgrounds are ¢y, WYy and yy+jets in the leptonic case, while only the last one
affects the hadronic one. All these backgrounds are estimated using data-driven techniques.

The analysis strategy is similar for both categories, in order to verify if the final state particles
are kinematically compatible with the decay of two top quarks, three-body objects are formed:
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the two photons plus one jet on one side (Topl), and the three other jets on the other side or the
remaining jet, the lepton, and the neutrino (Top2) depending on the W decaying mode. Hence,
(Top1,Top2) pairs are constructed with corresponding invariant masses (M1,M2). For an event to
be selected, there must be at least one combination (Top1,Top2) with masses (M1,M2) compatible
with the top quark mass. By studying these distributions, selection range windows are chosen for
M1 and M2 in each category.

For the hadronic category, an unbinned likelihood fit is performed to the diphoton invariant
mass spectra (already constrained by the selection mass window). While for the leptonic, the ob-
served number of events is so small after the selection that an event counting is performed instead.

No significant excess is observed and an upper limits are set on the observed(expected) BR:
B(t — Hu) < 1.7(2.4) x 1073 and %(t — Hc) < 2.2(1.6) x 1073 at the 95% CL. These results
are also translated into limits on the off-diagonal Yukawa coupling [14] where the corresponding
limit on the tcH coupling is 0.090 at the 95% CL.

2.2.5 t - Hq Combination

The tqH (bb) and tqH(t7) searches are combined with the ATLAS searches in diphoton and
multilepton final states of events in the same data set and the results are shown in Figure 1.
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Figure 1: 95% CL upper limits on Z(t — Hgq) for the individual searches as well as their combination.
The observed limits (solid lines) are compared with the expected (median) limits under the background-
only hypothesis (dotted lines). The surrounding shaded bands correspond to the 68% and 95% CL intervals
around the expected limits, denoted by +10 and 20, respectively.

The final combination sets the following observed (expected) limits on the BR: Z(t — Hu) <
1.2(0.83) x 1073 and %(t — Hc) < 1.1(0.83) x 1073,

Upper limits on the branching ratios are also translated into upper limits on the non-flavour-
diagonal Yukawa couplings [15] 4,4, resulting in |A;.¢| < 0.064(0.055) and |A;,z| < 0.066(0.055).

3. Single top production

The ATLAS Collaboration also performs searches for single top-quark production via FCNC
processes, from gluon or photon plus u or ¢ quark initial states. These two analyses are briefly
described in the following sections. Data collected from pp collisions at a centre-of-mass energy
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of \/s=13 TeV, corresponding to an integrated luminosity of 81 fb~! are analysed for the yg — ¢
coupling; while 20.3 fb~! of /s=8 TeV data are used for the gg — ¢ one.

31 yg—t

The search [16] strategy selects events with a final state containing one prompt photon and
the decay products of a top quark, namely an electron or a muon, a b-tagged jet and missing
transverse momentum. With this selection, the search is most sensitive to FCNCs in production
mode, but the decay mode is included in the analysis. The main background contribution stems
from electrons misidentified as photons, primarily in ## events. These contributions and those
from hadrons misidentified as photons (both labelled “fakes”) are modelled by Monte Carlo (MC)
simulations and scaled to data-driven estimates. Also processes with a prompt photon represent an
important source of background.

Signal and background events are distinguished using a neural network (NN). Separate NNs
are trained for FCNC processes with a fuy or a f¢7y vertex and with left-handed (LH) or right-handed
(RH) couplings. For the signal sample, the production mode was chosen, since the kinematic
differences between the production mode and the background are more pronounced than for the
decay mode and thus lead to better discrimination between signal and background. Ten variables
are inputs to the NN: the pr of the photon, the lepton and the jet, the charge of the lepton, E’T”iss, the
lepton—photon and lepton—jet invariant masses, the AR between the lepton and the photon, between
the lepton and the jet, and between the jet and the photon.

Finally, simultaneous binned profile-likelihood fits to the NN-output distribution of the SR and
W + y+jet CR as well as the photon-pr distribution of the Z+ y CR are performed.

No significant FCNC contributions are observed. From the 95% CL limits on the signal con-
tribution, the corresponding limits on the effective coupling” parameters [19] are calculated, and
from these the limits on the production cross section and BR [17][18] are calculated separately for
LH and RH couplings. Results can be seen in Table 1.

3.2 gg—t

This search [20] only focuses on the production mode. Events are expected to contain exactly
one isolated electron or muon, missing transverse momentum and one jet, which is required to
be identified as a jet originating from a b-quark. Several SM processes have the same final-state
topology and are considered as backgrounds to the FCNC analysis. The main backgrounds are
V+jets production (especially in association with heavy quarks), where V denotes a W or a Z
boson, SM top-quark production, diboson production, and multijet production via QCD processes.
The studied process can be differentiated from SM single top-quark production, which is usually
accompanied by additional jets. Furthermore, FCNC production has kinematic differences from
the background processes, such as lower transverse momenta of the top quark.

As no single variable provides sufficient discrimination between signal and background events,
multivariate analysis techniques are used to separate signal candidates from background candidates.
A neural-network (NN) classifier is used with several categories of variables. Apart from basic
event kinematics such as the mt(W) or H (the scalar sum of the transverse momenta of all objects

2The corresponding operators are 0,(4? and OI(PM',), where i # j are indices for the quark generation.
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Observable Vertex Coupling Obs. Exp.

U Uy LH 019 022700
cB) By RH 027 027100
ICB 1B ey LH 052 057704
cB2 B ey RH 048 0591012
o(pp —ty) [fb]  tuy LH 36 524
o(pp —1ty)[fb]  tuy RH 78 75131
o(pp —1ty)[fb]  tey LH 40 49129
o(pp—1y) [fb]  tcy RH 33 52fh
Bt —qy)[107]  tuy LH 28 40710
Bt — qy)[1075]  tuy RH 6.1  5.977¢
Bt — qy)[107°]  tey LH 22 27t
Bt — qy)[107°]  tey RH 18 287}

Table 1: Observed (expected) 95% CL limits on the effective coupling strengths for different vertices and
couplings, the production cross section, and the branching ratio. For the former, the energy scale is assumed
tobe A=1TeV.

in the final state), various object combinations are considered like the basic kinematic properties of
reconstructed objects like the W boson and the top quark, as well as angular distances in 17 and ¢
between the reconstructed and final-state objects.

Finally, a binned maximum-likelihood fit is performed to the complete NN output distributions
in the signal region. And since no evidence of FCNC processes is seen, limits are set at a 95%CL
to the observed (expected) BR: Z(t — gu) < 0.4(0.35) x 10~* and Z(t — gc) < 2.0(1.8) x 107+,
Also, a limit at a 95%CL on the production cross-section multiplied by the branching fraction is
established: oy x A(t — Wb) < 3.4(2.9)pb. Upper limits on the coupling constants divided
by the scale of new physics A [21] Kygr /A < 5.8 x 10 3TeV~! and k.o /A < 13 x 10 3TeV ! are
derived from the observed limit too at the same 95%CL.

4. Summary of results

A strong programme searching for FCNC evidence in the top quark sector is currently under-
going within the ATLAS experiment. Several couplings and final states are investigated and upper
limits are set mainly on the BR, and these results are also translated into effective couplings with
different interpretations for some searches. A summary of the limit on the BR for each search is
shown in Table 2.
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Observable Observed (Expected)

B(t — Zu) 1.7(2.4) x 10~*
B(t — Zc) 2.4(3.2) x 107
B(t — Hu) 1.2(0.83) x 1073

(
B(t — Hc) 1.1(0.83) x 1073
B(t — yu) LH 2.8(4.0) x 1072
At —y)RH  6.1(5.9)x 1073
B(t — yc) LH 22(27) x 1073
B(t — yc) RH 18(28) x 1073
B(t — gu) 0.4(0.35) x 104
B(t — gc) 2.0(1.8) x 107*

Table 2: 95% CL upper limits on BR for the individual searches and the combination for the Higgs coupling.
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