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ABSTRACT: An analysis is presented of events containing jets including at least one b-
tagged jet, sizeable missing transverse momentum, and at least two leptons including a pair
of the same electric charge, with the scalar sum of the jet and lepton transverse momenta
being large. A data sample with an integrated luminosity of 20.3 fb=! of pp collisions
at /s = 8 TeV recorded by the ATLAS detector at the Large Hadron Collider is used.
Standard Model processes rarely produce these final states, but there are several models
of physics beyond the Standard Model that predict an enhanced rate of production of
such events; the ones considered here are production of vector-like quarks, enhanced four-
top-quark production, pair production of chiral b'-quarks, and production of two positively
charged top quarks. Eleven signal regions are defined; subsets of these regions are combined
when searching for each class of models. In the three signal regions primarily sensitive
to positively charged top quark pair production, the data yield is consistent with the
background expectation. There are more data events than expected from background in
the set of eight signal regions defined for searching for vector-like quarks and chiral b'-
quarks, but the significance of the discrepancy is less than two standard deviations. The
discrepancy reaches 2.5 standard deviations in the set of five signal regions defined for
searching for four-top-quark production. The results are used to set 95% CL limits on
various models.
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1 Introduction

The Standard Model (SM) has been repeatedly confirmed experimentally. Nonetheless
there is a need for physics beyond the SM (BSM) at about the TeV scale, with additional
features that explain the baryon asymmetry of the universe, specify the nature of dark
matter, and provide a mechanism to naturally stabilize the Higgs boson mass at its observed
value of approximately 125 GeV [1, 2]. This paper reports on a search for BSM physics
resulting in pairs of isolated high-transverse-momentum (high-pr) leptons! with the same
electric charge, hereafter denoted as same-sign leptons, (or three or more leptons of any
charge) missing transverse momentum, and b-jets. This is a promising search channel since
the SM yields of such events are small, and several types of BSM physics may contribute.

Among the models that predict enhanced same-sign lepton production are those that
postulate the existence of vector-like quarks, an enhancement of the four-top-quark pro-
duction cross section, the existence of a fourth generation of chiral quarks, or production
of two positively charged top quarks. A common data sample is used to search for each of
these signatures, but separate final selection criteria are defined based on the characteristics
of each signal model.

1Only electrons and muons are considered in the search. Tau leptons are not explicitly reconstructed,
but electrons and muons from 7 decay may enter the selected samples.



B T
Mass (model) Wt Zb Hb| Wb Zt Ht
0.50 TeV (singlet) 42 31 27 | 50 17 33
0.50 TeV (doublet) | 100 0 0 0 34 66
0.55 TeV (singlet) 43 30 27 | 49 18 32
0.55 TeV (doublet) | 100 0 0 0 37 63
0.60 TeV (singlet) 4 29 26 49 19 31

(
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0.60 TeV (doublet) | 100 0 0 0 38 62
0.65 TeV (singlet) 45 29 26 | 499 20 30
0.65 TeV (doublet) | 100 0 0 0 40 60

Table 1: B and T quark branching fractions (in percent), assuming the singlet and (7', B)
doublet models of ref. [25]. In the doublet case it is assumed that the mixing of the T'
quark with the Standard Model bottom quark is much smaller than the mixing of the B
quark with the top quark.

Several extensions to the SM that regulate the Higgs boson mass in a natural way
require the existence of vector-like quarks (VLQ) [3-21], where ‘vector-like’ means that the
left- and right-handed components transform identically under the SU(2);, weak isospin
gauge symmetry. Since quarks with this structure do not require a Yukawa coupling to the
Higgs field to attain mass, their existence would not enhance the Higgs boson production
cross section, and thus the motivation persists for a direct search [22]. There are several
possible varieties of VLQ; those having the same electric charge as the SM b- and t-quarks
are called B and T'. In addition the exotic charge states 75,3 and B_,/3 may occur, where
the subscripts indicate the electric charge. Vector-like quarks may exist as isospin singlets,
doublets, or triplets. Arguments based on naturalness suggest that VLQ may not interact
strongly with light SM quarks [23, 24]. Thus it is assumed for this analysis that VLQ
decay predominantly to third-generation SM quarks. For the B and T quarks, charged-
and neutral-current decays may both occur (B — Wt,Zb, or Hb; T — Wb, Zt, or Ht),
providing many paths for same-sign lepton production for events with BB or T'T pairs.

The branching fractions to each allowed final state are model-dependent, and the ones
occurring in models where the B and T exist as singlets or as a (T, B) doublet [25] are used
as a reference. These branching fractions vary with the B or T mass, and values for some
masses are given in table 1. Since the pair production of heavy quarks is mediated by the
strong interaction, the cross section is identical for vector-like quarks and o' quarks (de-
scribed below) of a given mass. The next-to-next-to-leading-order (NNLO) cross sections
from TOP++ v2.0 [26, 27] are used in this paper. The T5/3 quark must decay to Wt,
and therefore both single and pair production of this quark can result in same-sign lepton
pairs, and both sources are considered.

Same-sign lepton pairs may also arise from the production of four top quarks (tttt).
The SM rate for this production is small (~ 1 fb [28, 29]), but there are several BSM physics



models that can enhance the rate, such as top compositeness models [30-32] or Randall-
Sundrum models with SM fields in the bulk [33]. These can generically be described in
terms of a four-fermion contact interaction with coupling strength Cy;/ A%, where Cy is
the coupling constant and A is the scale of the BSM physics [32]. The Lagrangian for this
interaction is

Cy - _
Ly = A—ét (trY"tR) (tRYuIR) (1.1)

where tg is the right handed top spinor and the +,, are the Dirac matrices. Two specific
models are also considered. The first is sgluon pair production, where sgluons are colour-
adjoint scalars that appear in several extensions to the SM [34-39]. If the sgluon mass is
above the top quark pair-production threshold, the dominant decay is to tt, resulting in four
top quarks in the final state? (tftf). The cross sections considered in this paper are rescaled
to the next-to-leading order (NLO) prediction of Ref. [41]. The second model is one with
two universal extra dimensions under the real projective plane geometry (2UED/RPP) [42].
The compactification of the extra dimensions leads to discretization of the momenta along
their directions. The model is parameterized by the radii R4 and Rj5 of the extra dimensions
or, equivalently, by mxx = 1/R4 and £ = R4/ Rs5. This model predicts the pair production
of tier? (1,1) KaluzaKlein excitations of the photon (AELM)) with mass approximately
V2mxk that decay to tf with a branching fraction assumed to be 100%. The model also
predicts a four-top-quark signal from tiers (2,0) and (0,2). Cosmological observations
constrain mxkxk in this model to lie approximately between 600 GeV and 1200 GeV [43].

A fourth generation of SM-like quarks includes a charge —1/3 quark, called the b’ [44-
47]. Under the assumption that the b'-quark decays predominantly to Wt, b pair produc-
tion results in four W bosons in the final state. If two W bosons with the same electric
charge decay leptonically, there will be a same-sign lepton pair in the final state. If the
b'-quark can also decay to Wq, where ¢ is a light (u or ¢) quark, some b pairs would also
result in same-sign lepton pairs or trileptons (provided that at least one b'-quark decays
to Wt), and therefore the possibility of such decays is explored as well. The existence of
additional chiral quark generations greatly enhances the Higgs boson production cross sec-
tion, so if the new boson observed at the LHC is a manifestation of a minimal Higgs sector,
additional quark generations are ruled out [48-53]. However, a more complex Higgs sector,
as in some Two-Higgs-Doublet models [54], allows a fourth generation of chiral quarks.

Production of two positively charged top quarks via uu — tt can also result in an excess
of same-sign lepton pairs. This process may be mediated via s- or t-channel exchange of a
heavy particle [55, 56]. In the t-channel exchange case, the process must include a vertex
with a flavour-changing neutral current (FCNC). The neutral particle that is exchanged
may be a vector, Z-like, particle or a scalar, Higgs-like, particle. Past searches for a new
Z' boson have already put strong constraints on this possibility, thus only the scalar case
is considered, with the following generic model Lagrangian [57]:

Lrone = kygtHu + keqegtHe + h.c. (1.2)

2The decays predominantly to tf is model-dependent, as discussed in ref. [40].
3 A tier of the Kaluza—Klein towers is labelled by two integers, corresponding to the two extra dimensions.
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Figure 1: Leading-order diagrams for (a) vector-like top quark pair production, (b) sgluon
pair production, and (c) same-sign top quark pair production through a BSM flavour-
changing Higgs coupling.

where H is a Higgs-like particle with mass my and kg and kg denote the flavour-
changing couplings of H to up-type quarks. Two scenarios are tested, one corresponding
to a possible FCNC coupling of the newly discovered Higgs boson (mpy = 125 GeV) and
the other to a second scalar boson with a mass in the range [250,750] GeV. If the mass
of the mediating particle is much greater than the electroweak symmetry breaking scale,
an effective four-fermion contact interaction can describe the process, thus extending the
search to non-scalar particles. The corresponding Lagrangian contains separate operators
for the different initial-state chiralities [58]:

Ly =

UL (apyPt) (G yute) + 5S8R (Gry”tr) (GRYutR)

(1.3)

1
2
1
2

(! tL) (UrYutr) — 538 (@LaY"tLp) (BRyYutRa) + hec.

where Cy,, C’I(JII)% and CRrp are the coefficients of effective operators corresponding to each
chirality configuration and A is the scale of the BSM physics. The Cpr and C{y terms
lead to kinematically equivalent events, hence only one term is considered in this paper.

Leading-order Feynman diagrams for the production in pp collisions of some of the
signals searched for in this analysis are presented in figure 1.

Previous searches by the ATLAS collaboration [58] using an integrated luminosity of
1.04 fb~! of pp collisions at a centre-of-mass energy /s = 7 TeV and the CMS collabora-
tion [59], using an integrated luminosity of 19.5 fb~! of pp collisions at /s = 8 TeV, did
not observe a significant excess of same-sign dilepton production. The ATLAS result was
used to set a lower limit of 450 GeV on the mass of a heavy down-type quark, under the
assumption that the branching ratio to Wt is 100%, while the CMS result set upper limits
on the four-top-quark production cross section of 49 fb,* on the sum of the tt and #f pro-
duction cross sections of 720 fb, and on the ¢t production cross section of 370 fb. The CMS
collaboration used the same-sign lepton signature to search for 75,3 quarks [60], ruling out
such quarks with mass below 0.80 TeV, and as part of a broader search for vector-like T’
quarks [61], ruling out such quarks with mass less than 0.69 TeV. A more recent search by

4Unless stated otherwise, all limits reported are at the 95% confidence level (CL).



the ATLAS collaboration [62] using an integrated luminosity of 20.3 fb=! of pp collisions at
/s = 8 TeV with similar final states to those reported here was interpreted in the context
of supersymmetric models. The present analysis improves upon the /s = 7 TeV ATLAS
analysis by using a larger data set recorded at a higher centre-of-mass energy, having a
higher signal acceptance, and expanding the range of BSM models considered.

2 Data and Monte Carlo simulations

The data were recorded by the ATLAS detector [63] in LHC pp collisions at /s = 8 TeV
between April and December 2012, corresponding to an integrated luminosity of 20.3 fb~1.
The ATLAS detector consists of an inner tracking system surrounded by a superconducting
solenoid that provides a 2 T magnetic field, electromagnetic (EM) and hadronic calorimet-
ers, and a muon spectrometer. The inner detector provides tracking information from pixel
and silicon microstrip detectors within pseudorapidity® || < 2.5, and from a transition ra-
diation tracker that covers |n| < 2.0. The EM sampling calorimeter uses lead as absorber
and liquid argon (LAr) as the active medium, and is divided into a barrel region that covers
In| < 1.475 and endcap regions that cover 1.375 < |n| < 3.2. The hadronic calorimeter
consists of either LAr or scintillator tile as the active medium, and either steel, copper, or
tungsten as the absorber, and covers || < 4.9. The muon spectrometer covers |n| < 2.7,
and uses multiple layers of high-precision tracking chambers to measure the deflection of
muons as they traverse a toroidal field of approximately 0.5 (1.0) T in the central (endcap)
regions of the detector. A three-level trigger system selects events to be recorded for offline
analysis.

Signal and the background sources that contain prompt same-sign leptons or trileptons
are modelled using Monte Carlo (MC) simulations. The remaining background sources are
determined from the data, as described in section 4. B and T pair production is modelled
using the PROTOS v2.2 [25] generator using the MSTW2008LO [64] parton distribution
functions (PDF's), with PYTHIA v6.4 [65] used to model extra gluon emission and hadroniz-
ation. Ty/3 production (both single and pair) is modelled with MADGRAPH V5.1 [66] using
the CTEQG6L1 [67] PDFs, with pyTHIA v8.1 [68] used for hadronization. Production of
four top quarks is modelled under four scenarios: i) Standard Model, ii) contact interac-
tion, 4i7) sgluon pair, and iv) 2UED/RPP. The sgluon case is generated with PYTHIA v6.4
using the CTEQ6L1 PDFs; the other three models are generated with MADGRAPH using
the MSTW2008LO PDFs followed by PYTHIA v8.1; in the case of 2UED/RPP the BRIDGE
generator [69] is used to decay the pair-produced excitations from MADGRAPH to tt. The
simulated 2UED/RPP samples correspond to the tier (1,1) for the symmetric (R4 = R5)
case, with mgg ranging from 600 to 1200 GeV. Constraints on the asymmetric (R4 > Rj)

SATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP)
in the centre of the detector and the z-axis coinciding with the axis of the beam pipe. The z-axis points
from the IP to the centre of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r,¢) are
used in the transverse plane, ¢ being the azimuthal angle around the beam pipe. The pseudorapidity is
defined in terms of the polar angle 6 as n = —Intan(6/2). For the purpose of the fiducial selection, this
is calculated relative to the geometric centre of the detector; otherwise, it is relative to the reconstructed
primary vertex of each event.



case are derived by an extrapolation that uses kinematical considerations [70]. These con-
siderations also permit the extrapolation to signals arising from tiers (2,0) and (0,2) from
the generated tier (1,1) signal. Pair production of &’ events is modelled with the PYTHIA
v8.1 generator for ' masses ranging from 400 to 1000 GeV, using the MSTW2008LO PDFs.
Production of two positively charged top quarks via a contact interaction is also modelled
using PROTOS [71] and PYTHIA v6.4, with three different chirality configurations of the
contact interaction operator; production via the FCNC exchange of a Higgs-like particle is
modelled with MADGRAPH with PYTHIA v8.1 used for showering and hadronization. The
MSTW2008LO PDFs are used in simulating both types of ¢ production.

The background contributions from ¢tW and ttZ (abbreviated as tt{W/Z hereafter)
and t{tW+W ™ are modelled with MADGRAPH followed by PYTHIA v6.4, while WZ and
ZZ plus jet production and W*W=3j production are modelled using SHERPA v1.4 [72].
Background from the production of three vector bosons is modelled using MADGRAPH and
PYTHIA v6.4, and backgrounds from ttH, WH and ZH production are modelled using
PYTHIA v8.1. The CTEQ6L1 PDFs are used for the ttW/Z, three-vector-boson, WH and
Z H samples, the CT10 [73] PDFs are used for the WZ, ZZ, W¥W¥*jj and ttH samples,
and the MSTW2008LO PDFs are used for the téW+W ™ sample. In most cases (excluding
background contributions that are negligibly small) the cross sections are scaled to match
next-to-leading-order calculations.

A variable number of additional pp interactions are overlaid on simulated events to
model the effect of multiple collisions during a single bunch crossing, and also the effect of
the detector response to collisions from bunch crossings before or after the one containing
the hard interaction. Events are then weighted to reproduce the distribution of the number
of collisions per bunch crossing observed in data. The detector response is modelled using
either a GEANT4 [74, 75] simulation of the entire detector or a GEANT4 simulation of the
inner tracker and of the muon spectrometer combined with a fast simulation of shower
development in the calorimeter [76]. Some samples are generated with both types of sim-
ulation, to allow direct comparison between the two, and agreement was found within the
systematic uncertainty assigned to the efficiency estimate. In all cases the simulated events
were reconstructed using the same algorithms that were applied to the collision data.

3 Event selection

The final states considered in this search require the presence of two leptons with the same
electric charge in the event (events with additional leptons beyond the same-sign pair are
also accepted). In addition, two or more jets are required, at least one of which is consistent
with origination from a b-quark, and sizeable missing transverse momentum Effniss is also
required, indicating the presence of neutrinos coming from W boson decays. The criteria
used for each of these objects are given below.

Each event is required to pass either an electron trigger (where the chosen triggers
require either an isolated electron with pt > 24 GeV or an electron with pt > 60 GeV with
no isolation requirement) or a muon trigger (where the triggers chosen require either an
isolated muon with pp > 24 GeV or a muon with pp > 36 GeV with no isolation require-



ment). The trigger efficiency for electrons is ~ 95% while for muons it is &~ 75%, resulting
in trigger efficiencies that range from = 95% for events with two muons to > 99% for events
with two electrons. In addition, events are required to have at least one reconstructed ver-
tex, which must be formed from at least five tracks with pp > 0.4 GeV. If multiple vertices
are reconstructed, the vertex with the largest sum of the squared transverse momenta of
its associated tracks is taken as the primary vertex. Since the events used in this analysis
tend to have vertices with many associated tracks, the correct vertex is selected in more
than 99% of the events.

Electrons are identified by requiring a track to match an electromagnetic calorimeter
energy cluster, subject to several criteria on the shape of the shower and the consistency
between the shower and track. The selection requirements are varied with the n and pr
of the electron candidate to optimize the signal efficiency and background rejection [77].
The track is required to be within 2 mm in z of the reconstructed primary vertex of the
event. A hit in the innermost layer of the inner detector is required to reject photon
conversions. Energy clusters in the calorimeter associated with an electron are required
to have transverse energy Er > 25 GeV and |n| < 2.47, with the barrel/endcap transition
region 1.37 < |n| < 1.52 excluded. The candidate is required to be isolated from additional
tracks within a cone of variable AR = /(An)? + (A¢)? = 10 GeV /pt [78], such that the
sum of the transverse momenta of the tracks within that cone must be less than 5% of the
electron pr. In addition, electrons are required to be separated from any jet by at least
AR =104.

Muons [79] are identified from hits in the muon system matched to a central track,
where the track must be within 2 mm in z of the primary vertex, and are required to have
an impact parameter in the transverse plane that differs from the beam position by less
than three impact parameter standard deviations. Requirements are placed on the number
of hits in various layers of the muon system, and on the maximum number of layers where
hits are missing. Muon pairs that are consistent with the passage of a cosmic ray are
discarded. Muons are subject to the same track-based isolation requirement as electrons.
Muons are also required to be separated from any jet by AR = 0.04 + 10 GeV /pr, and to
have pp > 25 GeV and || < 2.5. Events with a muon within A¢ x Af = 0.005 x 0.005 of
any electron are rejected. At least one of the selected leptons is required to match a lepton
identified by the trigger.

Jets are reconstructed from energy clusters in the calorimeter using an anti-k; al-
gorithm [80-82] with radius parameter 0.4. If one or more jets are within AR = 0.2 of
an electron, the jet closest to the electron is discarded (i.e. the cluster of energy in the
calorimeter is treated as an electron rather than a jet). To suppress jets that do not ori-
ginate from the primary vertex in the event, the jet vertex fraction (JVF) is defined by
considering all tracks with pt > 0.5 GeV within the jet, and finding the fraction of the
summed pr from tracks that originate from the primary vertex. Jets with pp < 50 GeV
and [n| < 2.4 that are matched to at least one track are required to have JVF greater than
0.5. All jets are required to have p greater than 25 GeV (after energy calibration [83])
and |n| less than 2.5.

A multivariate algorithm [84] is used to test if each jet is consistent with having arisen



from a b-quark, based on the properties of the tracks associated with the jet. A requirement
is placed on the output of the discriminant such that &~ 70% of b-quark jets and ~ 1% of
light-quark or gluon jets pass in inclusive simulated ¢t events. All jets that meet this
criterion are called ‘b-tagged’ jets.

The missing transverse momentum is calculated as the negative of the vector Ep
sum from all calorimeter energy clusters, with jet and electron energy calibrations applied
to clusters associated with those objects, and corrected for the energy carried away by
identified muons. Energy scale corrections applied to electrons and jets are also propagated
to Effniss. Events are required to have Effniss > 40 GeV.

If the same-sign leptons are both electrons, their invariant mass me. is required to be
greater than 15 GeV and to satisfy |me. — mz(= 91 GeV)| > 10 GeV. These requirements
reject events from known resonances decaying to an electron—positron pair where the charge
of either the electron or positron is misidentified. Finally, the scalar sum of all jet and
lepton transverse momenta (Hr), is required to be greater than 400 GeV, since the signals
considered here produce a high number of particles with high transverse momenta. These
preselection criteria are applied to all searches; some of them are tightened when optimizing
the selection for each signal model (see section 5). Figure 2 shows the distributions of Hrt
and Effniss after applying this selection (except for the requirements on Ht and Effniss
themselves).
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Figure 2: Distributions of the missing transverse momentum E?iss and scalar sum of jet
and lepton transverse momenta Ht after applying the preselection criteria, for events with
one, two, or more than two b-tagged jets. The points with error bars are the data, the
stacked histograms show the expectation from background, and the shaded band is the



4 Background estimation

Background arises from two distinct sources: SM processes that result in same-sign lepton
pairs, and instrumental backgrounds where objects are misidentified or misreconstructed
such that events appear to have the required set of leptons. The former category includes
production of WEW=*jj, ttW/Z, ttW+tW~, ttH, WH, ZH, tW Z,tH, WZ and ZZ with
a heavy-flavour jet, or three vector bosons. In addition, the four-top-quark production
predicted in the SM is included as a background to all searches for other signals, though
its contribution is small due to the small cross section. All of these processes have small
cross sections, and their expected yields are computed using simulation. Known differences
between the lepton selection and b-tag efficiencies between the MC simulation and data
control samples are taken into account when computing the expected yields.
Instrumental backgrounds have contributions from two categories: i) events where
one or more jets are misidentified as leptons, or which contain non-prompt leptons, and 7)
events that contain two leptons of opposite charge, where one of the charges is mismeasured.
The ‘matrix method’ is used to estimate the contribution from events with misidentified
(fake or non-prompt) leptons. In this method, the default (‘tight’) lepton identification
criteria (section 3) are relaxed to form a ‘loose’ sample. Lepton isolation requirements are
not imposed, and therefore the loose sample contains a larger fraction of fake/non-prompt
leptons than the tight sample. The fraction of real leptons (meaning prompt leptons from
the decay of a W, Z, or H boson) passing the loose criteria that also pass the tight criteria
is referred to as r. Similarly, the fraction of fake/non-prompt leptons passing the loose
cuts that also pass the tight cuts is referred to as f. Using measured values of r and f, one
can construct a matrix that relates the observed yields of dilepton events in the categories
loose—loose, loose-tight, and tight—tight to the real-real, real-fake, and fake—fake yields.
An analogous procedure is applied to three lepton events starting with categories for all
possible combinations of three loose or tight leptons, resulting in an estimate of the number
of events with one or more misidentified leptons in the selected sample (N{ ).
Single-lepton events are used to measure r and f. The criteria used to select these
events are different for electrons and muons due to the differences in the sources of fake/non-
prompt leptons for each flavour. For electrons, r is measured using events with Effniss
> 150 GeV, where the dominant contribution is from W — ev, and f is measured using
events with the transverse mass of the E5 and electron® my(W) < 20 GeV and ERS +
mr(W) < 60 GeV, where the dominant contribution is from multijet production where
one or more jets is misidentified as an electron. For muons, r is measured using events with
m7 (W) > 100 GeV, a sample dominated by W — uv, and f is measured using events where
the impact parameter of the muon with respect to the primary vertex is more than five
standard deviations from zero, consistent with muons arising from heavy-flavour hadron
decays. The small contribution of real leptons to the control samples used to measure f
is estimated from simulation, and this contribution is subtracted from the sample. The

®The transverse mass of a lepton and EF™* is defined as mr (W) = +/2p1. E2(1 — cos A¢) where pry is
the lepton pr and A¢ is the azimuthal angle between the lepton and the direction of the missing transverse
momentum vector.
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values of r and f are parameterized with respect to properties of the leptons (e.g. |n| and
pr) and of the event (e.g. the number of b-tagged jets). Typical values are r = 0.90 and
f =0.20 — 0.40 for electrons, and r = 0.95— 1.00 and f = 0.12 —0.30 for muons.

The triggers used for low-pr leptons require isolation; since the tight and loose lepton
criteria differ in their isolation requirements, fake/non-prompt leptons in events where only
the low-pr triggers fired are more isolated, on average, than those from an unbiased trigger,
meaning that f for these leptons is substantially higher. Therefore, r and f are measured
separately for samples collected with the different triggers, and the appropriate values are
applied based on the lepton triggers that fired in each event. A further complication may
arise due to the small number of events in the loose sample, which can lead to a calculated
value of N that is negative or very close to zero. In the case of negative values NE
is set to zero when computing limits. To properly estimate the statistical uncertainty
on the fake/non-prompt lepton contribution given the small number of events, a Poisson
likelihood for the estimate from the matrix method is used, and the standard deviation of
the probability density function (p.d.f.) from this likelihood is used to set the uncertainty.
In cases where the prediction from the matrix method is less than or near zero, the standard
deviation is computed relative to zero rather than to the mean of the p.d.f.

Charge misidentification (‘Q mis-Id’) is negligible for muons due to the small probab-
ility for muons to radiate photons, the long lever arm to the muon system and the fact
that the charge is measured in both the inner detector and the muon spectrometer. For
electrons, the rate of charge misidentification is calculated from a sample of Z — ee events,
selected with no requirement placed on the charge of the two electron tracks. It is assumed
that the rate at which the charge of an electron is misidentified varies with the |n| and
pr of each electron but is uncorrelated between the two electrons in each event. Further
assuming that the sample consists entirely of opposite-sign electron pairs, the number of
measured same-sign events NeZ where one electron is in the it® (Inl,pT) bin and the other
in the j* bin is expected to be

Nslg %NZ](EZ—FEJ) (41)

where N is the total number of events in the i-j |n|-pr bin, and ¢ is the rate of charge
mismeasurement. The value of € in each |n|-pr bin is then extracted by maximizing the
Poisson likelihood for the observed number of same-sign pairs in each |n|-pp bin to be
consistent with the expectation from equation 4.1. One limitation of this estimate is that
electrons from Z decay only rarely have large pr, rendering the uncertainty on the charge
misidentification rate for high-p electrons large. To reduce this uncertainty, the rate of
charge misidentification is estimated using simulated ¢ events as a function of the electron
pr. This rate is scaled to match the rate observed in data for the pt range covered by
the Z events, and the rate for electrons with larger pr is extrapolated according to the
scaled prediction from simulation. Closure tests comparing the number of events in the
same-sign Z peak to the expectation based on the opposite-sign Z peak and the charge
mismeasurement rates were performed in data and simulation and show good agreement.
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To determine the number of events expected from charge mismeasurement in the sig-
nal region, a sample is selected using the same criteria as for the analysis selection, except
that an opposite-sign rather than same-sign ee or ep pair is required. The measured e
values are then applied to each electron in this sample to determine the expected number
of mismeasured same-sign events in the analysis sample. One source of charge mismeasure-
ment is from ‘trident’ electrons, where the electron emits a hard photon that subsequently
produces an electron—positron pair, resulting in three tracks with small spatial separation.
If the wrong track is matched to the EM cluster, the charge may be incorrect. However,
such electrons would also appear to be isolated far less frequently than electrons that do
not emit hard radiation. Therefore the value of r for trident electrons is lower than for
electrons that have a correctly measured charge, meaning that they also contribute to the
fake/non-prompt electron estimate from the matrix method. To avoid double-counting
events with trident electrons in the background estimate, the charge mismeasurement rate
is measured in a data sample where the non-prompt /fake contribution, estimated using the
matrix method, has been removed.

Simulation was used to estimate the sources of events in the signal regions that have
fake /non-prompt leptons and/or electrons with mismeasured charge, and it is found that
tt events provide the dominant contribution.

The background estimates are validated using samples where one or more of the
preselection criteria are vetoed so that the samples are statistically independent and the ex-
pected yield from signal events is small. One such validation region, called the ‘low Hp+10’
region, is defined by applying the preselection criteria, except that the requirement on Hp
is modified to 100 GeV < Ht < 400 GeV. This validation region is particularly useful be-
cause the background composition is similar to that of the preselection (including the fact
that tt events are the dominant source of the fake/non-prompt lepton and charge mismeas-
urement background contributions). The predicted and observed yields in this validation
region are given in tables 2 and 3. Events with three leptons are considered explicitly in
table 3 since the fake/non-prompt lepton background contribution from trilepton events
is not negligible, and it is important to check that this component of the background is
well understood. The “other bkg.” category includes WWW, WWZ, WH, ZH, ttWW,
SM four-top-quark, and single-top-quark production. Similar agreement between the data
yield and background expectation is observed in validation regions where no requirement
on b-tagged jets is imposed, and where E%‘iss is required to be less than 40 GeV or Hr is
required to be in the range 100-400 GeV.

- 12 —



Sample ee el L

Q mis-Id 136 £2+41 118 £1+35 —
Fake/Non-prompt 153 £ 11 £ 107 225+ 11 + 158 29 +3+£20
W)z 457+£0.19£1.88 142£03+£58 843+0.27+3.56
ttH 0.39£0.04+0.04 1.31£0.08+0.13 0.76 £ 0.06 £0.07
Dibosons 5.57+0.45+1.08 15.94+08+29 9.00+0.58£1.79
Other bkg. 0.32+0.11£0.11 0.75+0.20+0.20 0.27 +0.06 + 0.06
Total bkg. 299 £ 11 £ 115 375 £ 11+ 162 47+ 3£20
Data 271 307 52

Table 2: Observed and expected numbers of events in the low-Hr+1b validation region
for the same-sign dilepton channels. The first uncertainty is statistical and the second is

systematic (systematic uncertainties are described in section 6).

Sample

eee

eep

Fake/Non-prompt

8.0£23+£5.6

132424492

ttwW/Z 1.20 +£0.09 £ 0.46  2.55 +0.13 & 0.87
ttH 0.07£0.0240.01 0.28 +0.03 +0.03
Dibosons 578 +£0.51 £1.14 6.78 & 0.57 + 1.33
Other bkg. 0.04 £0.02+£0.02 0.11 4 0.02 £ 0.02
Total bkg. 151424457 229+25+94
Data 15 18
Sample epft Johepe

Fake/Non-prompt

17.9+28+£12.5

1.34 £0.55 £ 0.94

twW/zZ 3.384+0.16 +1.15 2.70+0.14 +1.00
ttH 0.32 +0.03 = 0.03 0.14 +=0.02 +0.01
Dibosons 842+ 0.57+1.78 9.23 +0.65 +=1.82
Other bkg. 0.124+0.02+0.02 0.1540.03 +=0.03
Total bkg. 30.1 £2.8 +12.7 13.6 £0.9+2.4
Data 36 14

Table 3: Observed and expected numbers of events in the low-H1+1b validation region
for the trilepton channels. The first uncertainty is statistical and the second is systematic

(systematic uncertainties are described in section 6).

5 Selection optimization

The selection is defined to optimize the expected limit on signals. Since many BSM physics
models (each of them dependent on mass and/or coupling parameters) could result in
anomalous production of the sort sought in this analysis, defining a selection that is sensitive
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to all of them is a challenge. As a first step toward a solution, the same-sign top signal is
considered separately from the others, as it has unique characteristics: contributions are
expected dominantly from positively charged lepton pairs’, and the jet multiplicity tends
to be lower. The selection for same-sign top events is optimized with respect to Hr, E%iss,
and the number of b-tagged jets Ny, with contributions from the ee, ey, and pp channels
considered separately.

The remaining signals share a similar final-state topology, but the distribution of events
differs between them in several variables. Therefore several event categories are defined,
based on features of the events such as Hr, Elfmss, and Ny, as shown in table 4. Splitting
the sample in this manner provides good overall efficiency for signal events, while allowing
events that are least likely to arise from background (i.e. events with large values of Hr,
E%iss, or Np) to be treated separately in the analysis, thereby enhancing the sensitivity to
BSM physics. The boundaries between categories in Ht and E%liss were chosen to optimize
the sensitivity to four-top-quark signals; these values are close to optimal for the other
signals considered as well.

All of the categories are considered when searching for vector-like quarks or chiral b'-
quarks, while only the categories that require at least two b-tagged jets are considered when
searching for the production of four top quarks. One consequence of defining several signal
categories is that the data-driven background estimates are subject to large statistical
fluctuations. To mitigate this, all lepton flavours are summed within each category. The
signal regions are defined based on the expected yields of signal and background, taking
into account statistical and systematic effects, without considering the distribution of data.

"Production of @i — # is also possible through these processes but the production cross section in pp
collisions for this process is two orders of magnitude lower than that for uu — tt. Therefore, considering
only the tt final state reduces the background by a factor of two while having only a small impact on the
signal.
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Definition ‘ Name
etet + ei,ui + ,ui,ui + eece + eep + epp + pppn, Nj > 2

Ny =1 SRVLQO
400 < Ht < 700 GeV | N =2 Emiss > 40 GeV SRVLQ1 SR4t0
N, >3 SRVLQ2 SR4t1

40 < B < 100 GeV | SRVLQ3
Emiss > 100 GeV SRVLQ4
Hp > 700 GeV | 40 < B <100 GeV | SRVLQ5 SR4t2
Emiss > 100 GeV SRVLQ6 SR4t3
N, >3 Emiss > 40 GeV SRVLQ7 SR4t4
ete, etp®, ptut, Nj € (2,4], Agy > 2.5
Hr > 450 GeV ‘ Ny >1 ‘ Emiss > 40 GeV ‘ SRttee, SRtteu, SRttuu

Table 4: Definitions of the different signal regions. N; is the number of jets that pass the
selection requirements, and Agyy is the separation in ¢ between the leptons. In regions
SRVLQO-SRVLQ?7, contributions from all lepton flavours are summed.

6 Systematic uncertainties

Tables 5 and 6 show the sources of systematic uncertainties that contribute more than 1%
uncertainty on the expected background or signal yield for the four-top/b’'/VLQ selection.
These uncertainties have similar impact on the expected yields for the other signal models.
For the yields derived from simulation, the largest source of uncertainty is the cross-section
calculation. For the W /Z background, this is based on variations in the PDF's, variations
of the renormalization and factorization mass scales (varied up and down by a factor of four
from the nominal value of 172.5 GeV) [85], and variations in the parameters controlling
the initial-state radiation model, resulting in a 43% uncertainty. For other background
contrbutions, varying the renormalization and factorization scales results in uncertainties
of 30% for WZ and ZZ production, 25% for WEW=*jj production, +38%/ — 26% for
ttW W = production, and 10% for ttH, tH, WH, ZH, tWZ, WWW and ZW W produc-
tion. These uncertainties, applied to the event yields shown in tables 8 and 9, result in the
overall cross section uncertainties reported in table 5. The uncertainty on the integrated
luminosity is 2.8% [86]. This uncertainty applies only to the backgrounds estimated from
simulation, not to the data-driven estimates of the fake/non-prompt lepton and electron
charge mismeasurement backgrounds, so the overall contribution of the luminosity uncer-
tainty shown in table 5 is less than 2.8%. The largest detector-specific uncertainties arise
from the jet energy scale [83], the b-tagging efficiency [84], and the lepton identification
efficiency [77, 79].

Systematic uncertainties on the background contributions estimated from data are
evaluated separately. Six effects are considered when assigning the systematic uncertainty
on the predicted yield of events from electron charge mismeasurement: i) the statistical
uncertainty on the probability for an electron to have its charge mismeasured, ii) the
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Source VLQ signal region number
0 1 2 3 4 5 6 7

Cross section +8.0 =+13.6 +151 +11.1 £12.1 +£16.8 +£25.2 +23.8
Jet energy scale R I S s S v S v S
b-tagging efficiency ‘ +1.0 =£26 fgg f%:g ﬂ:? fg:? f?;é fg:g
Lepton ID efficiency ‘ +1.3 =£1.6 +1.6 f%:é f%:(l) f%% f%:g +2.5
Jet energy resolution ‘ +05 402 £31 +19 £03 £09 08 £34
Luminosity ‘ +09 +1.1 +13 £14 15 15 +21 +1.9
Fake/non-prompt leptons ‘ +33  £18 +25 +23 +26 +16 +1.5 +£3.8
Charge misID A G R ¢ S v SR A v S Tk

Table 5: The largest systematic uncertainties (in %) on the total background yield for the
four-top /b’ /VLQ selection.

S VLQ signal region number
ource
0 1 2 3 4 5 6 7

- FII3  FI15 F280 3.7 ¥54 139 F45 1606
Jet energy scale -9.0 -63 -17.3 -21 -24 —-20 —65 —3.0
. . +25 463 4164 +3.1  +34  +74  +7.6  +12.1
b-tagging efficiency -30 -61 -159 -37 —40 -7.2 -74 —11.9
+3.2  +3.0
1 —29

+0.8 +25 +£39 £03 +£0.7 £0.7 1.0 =£0.1
+2.8 £28 £28 28 £28 2.8 2.8 £2.8

Jet energy resolution

Lepton ID efficiency | £2.9 +29 +2.8 =+29 2 129 5

Luminosity

Table 6: The largest systematic uncertainties (in %) on the yield of a representative signal
(600 GeV vector-like B pair production) for the four-top/b’'/VLQ selection.

statistical uncertainty on the pp-dependent scale factor, #ii) the difference observed in sim-
ulated Z boson events between the true charge mismeasurement rate and the rate obtained
by applying the same method as is used for the data, iv) the difference in the pr-dependent
scale factor when measured using different ¢t simulated samples, v) the variation in the
result observed when the width of the Z peak region is varied, and vi) the statistical uncer-
tainty on the correction for the overlap in the measurement of charge misidentification and
fake-electron background estimates. The magnitudes of these effects depend on the event
characteristics, so the uncertainty on the background from electron charge misidentification
varies from 23 to 40% in the signal and control regions, as presented in Tables 2 and 7-9.
The expected yield of fake/non-prompt leptons is subject to uncertainties in the real and
fake /non-prompt lepton efficiencies that arise from ¢) variations in the values of r and f
when different control regions are used to measure them, i) the small number of events in
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those control regions, and iii) the MC model used to subtract the real lepton contribution
from the fake/non-prompt lepton control region. When assessing effect i, the following
alternative control regions are used: for electrons, the alternative fake/non-prompt control
region requires one loose electron and E%iss < 20 GeV, while for muons, the alternative
control region requires one loose muon, mr(W) < 20 GeV and EXSS +mp(W) < 60 GeV.
In both cases the expected contribution from real leptons in the control region is subtrac-
ted using simulation. The alternative control regions for r are formed by increasing the
requirement on EXSS from > 150 GeV to > 175 GeV for electrons and by increasing the
requirement on m7(W) from > 100 GeV to > 110 GeV for muons. Effects i)—iii) sum to
a 70% uncertainty on the predicted yield of fake/non-prompt leptons.

7 Results

The observed yields for each signal selection are given in tables 7-9 and figure 3. The C'L,
method [87, 88] is used to assess the consistency between the observed yields and each
potential BSM physics signal, where the log-likelihood ratio Ly is used as the test statistic.
For each model, Ly is defined as

Ls+b

LR = —210g L—
b

(7.1)

where Lgyp, (Lp) is the Poisson likelihood to observe the data under the signal-plus-
background (background-only) hypothesis. Pseudo-experiments are generated under each
hypothesis, taking into account statistical fluctuations of the total predictions according
to Poisson statistics, as well as Gaussian fluctuations in the signal and background ex-

pectations describing the effect of systematic uncertainties. The quantities C'Ls1, and

SRttee

SRtteu

SRt

ttW/Z

ttH

Dibosons

Fake /Non-prompt
Q mis-Id

0.58 £ 0.06 £ 0.25
0.05 £ 0.02 £ 0.01
0.27 £ 0.14 £ 0.07
0.87 £ 0.79 £ 0.61
2.66 £ 0.25 7305

1.20 + 0.09 + 0.53
0.12 £ 0.02 + 0.02
0.38 £ 0.09 = 0.10
2.92 £+ 1.27 £ 2.04
2.79 £ 0.26 7099

0.64 £ 0.07 £ 0.28
0.03 £ 0.01 £ 0.01
0.19 £ 0.12 £ 0.04
0.34 £ 0.29 £+ 0.24

Other bkg. 0.01 £ 0.08 = 0.00 0.05 & 0.08 + 0.01 0.12 4 0.11 4 0.03
Total bkg. 45+ 0.8 33 75+ 13425 13+ 03+04
Data 6 5 2

p-value 0.38 0.84 0.45

Table 7: Observed and expected numbers of events with statistical (first) and systematic
(second) uncertainties for the positively charged top pair signal selection. The p-values for
agreement between the observed yield and the expected background in each signal region

are reported.
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SRVLQO SRVLQI1/SR4t0  SRVLQ2/SR4tl
W/ Z 162+ 03+70 126+ 03+54 1.24+ 0.09 + 0.53
tTH 25+ 01403 1.8+ 01+02 0.26=+0.03=+0.05
Dibosons 112+ 06+28 0.95+0.19+0.25 0.07 =+ 0.12 & 0.05
Fake/Non-prompt 42.1 + 5.4 + 24.6 8.61 &+ 2.34 £ 5.02 1.17 £ 0.82 £ 0.68
Q mis-Id 208+ 07+52 151+ 06435 0.74+0.11 4 0.18

Other bkg. 1.76 £ 0.13 £ 0.17 0.75 £+ 0.04 £ 0.10 0.10 4+ 0.08 + 0.03
Total bkg. 945+ 54+249 400+ 24+73 3.6+ 09+038
Data 107 54 6
p-value 0.36 0.12 0.24
SRVLQ3 SRVLQ4

ttW/zZ 2.07 £ 0.10 £ 0.89 3.14 + 0.13 + 1.35

ttH 0.40 + 0.04 + 0.07 0.57 £ 0.05 £+ 0.07

Dibosons 2.36 £ 0.29 £ 0.61 2.03 & 0.25 4+ 0.49

Fake/Non-prompt
Q mis-Id

3.09 £1.29 £ 1.80
1.72 £ 0.22 £+ 0.63

4.24 £ 1.59 £ 2.47
1.45 + 0.17 £ 0.52

Other bkg. 0.22 + 0.08 + 0.03 0.41 4+ 0.10 4+ 0.06
Total bkg. 9.87 +1.35 £ 210 1194+ 1.6 +2.8
Data 7 10

p-value 0.83 0.71

Table 8: Observed and expected numbers of events with statistical (first) and systematic
(second) uncertainties for five of the signal regions defined for VLQ, chiral ¢/-quark and
four-top-quark production searches. The p-values for agreement between the observed yield
and the expected background in each signal region are reported.

CLy are defined as the fractions of signal plus background and background-only pseudo-
experiments with Ly larger than the observed value. Signal cross sections for which
CLs = CLgyyp/CLy < 0.05 are deemed excluded at the 95% CL. Expected limits assum-
ing the absence of signal are also computed; these are the basis for assessing the intrinsic
sensitivity of the analysis.

In the signal regions defined for searching for positively charged top quark pair produc-
tion, the observed yields agree well with the expectation from background. The resulting
limits on the cross section for this process are shown in table 10 in both the contact inter-
action and Higgs-like FCNC models. For the special case of the 125 GeV Higgs boson, the
limit on the cross section leads to a limit of BR(t — uH) < 0.01. The results can also be
expressed as limits on the parameters defined in equations 1.2 and 1.3: for each chirality,
the upper limit on C as a function of A is shown in figure 4; the same figure also shows the
limits on Ky and ke in the Higgs-like FCNC model.

In contrast to the same-sign top signal regions, some of the signal regions defined for
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SRVLQ5/SR4t2

SRVLQ6/SR4t3

SRVLQ7/SR4t4

HW/Z

ttH

Dibosons

Fake /Non-prompt
Q mis-Id

1.87 £ 0.09 £+ 0.80
0.31 & 0.04 £ 0.05
0.33 £ 0.14 £ 0.10
1.03 £ 0.97 £ 0.60
1.17 + 0.16 £+ 0.38

2.46 £ 0.11 £ 1.06
0.44 £+ 0.04 £+ 0.06
0.04 £ 0.12 £+ 0.03
0.00 £ 1.02 £ 0.28
1.09 + 0.14 £+ 0.34

0.57 £ 0.05 &£ 0.25
0.08 £ 0.02 £ 0.02
0.00 £ 0.12 £ 0.00
0.04 £ 0.83 £ 0.24
0.30 £ 0.09 £ 0.10

Other bkg. 0.16 + 0.08 & 0.02 0.23 + 0.08 = 0.05 0.14 4+ 0.08 £ 0.08
Total bkg. 494+ 1.0+£1.0 43+ 1.1+£1.1 1.1+ 09404
Data 6 12 6

p-value 0.46 0.029 0.036

Table 9: Observed and expected numbers of events with statistical (first) and systematic
(second) uncertainties for three of the signal regions defined for VLQ, chiral b’-quark and
four-top-quark production searches. The p-values for agreement between the observed yield
and the expected background in each signal region are reported.

Model o(pp — tt) [fb] | Coupling const.
Exp. ‘ Obs. Observed

Contact interaction model |C|/A% [TeV—2]

Left—left 64 62 0.053

Left—right 53 51 0.137

Right right 40 38 0.042

Higgs-like FCNC model KutH O KetH

uu — tt (myg =125 GeV) | 37 35 0.16

uu — tt (myg =250 GeV) | 21 20 0.17

uu — tt (myg = 500 GeV) | 12 11 0.20

uu — tt (myg = 750 GeV) | 9.3 8.4 0.24

cc — tt (myg = 250 GeV) 71 69 0.81

cc — tt (my = 500 GeV) 37 35 1.02

cc — tt (myg = 750 GeV) 28 27 1.29

Table 10: Observed and expected 95% CL upper limits on the cross section for same-sign
top-quark production, and on the coupling constants.

VLQ, b'-quark, and four-top-quark production exhibit an excess over expected background.
The excess is largest in the subset of the signal regions used for the four-top-quark search,
where at least two b-tagged jets are required. While it is still of interest to limit the set
of models consistent with the data as described above, it is also important in this case
to assess the consistency of the data with the background-only hypothesis. This is done
by computing p = 1 — C'Ly. The resulting p-values depend on the signal model and the
signal regions considered, as shown in figures 5a and 5b. For signals where all eight signal
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SR4t0 SR4t1 SR4t2 SR4t3 SR4t4

Figure 3: Expected background yields and observed data events in various signal regions.
Uncertainties include both the statistical and systematic errors. The difference between
data and expectations is quantified by the means of the significance, computed from the

p-values in tables 8 and 9.

regions are considered (as is the case for VLQ and b models), the significance is above
one standard deviation but less than two. For signals for which only SR4t0-SR4t4 are
considered (as is the case for four-top-quark production models) the significance reaches
2.5 standard deviations. Several checks (detailed in section 8) of the background estimates
were performed. Some features of the events in the signal regions that exhibit the most
significant excesses (SR4t3 and SR4t4) are presented in section 9.

The excess is not significant enough to support a claim of BSM physics. Therefore
95% CL limits (upper limits on cross sections, or lower limits on masses) relevant for each
model are calculated. The observed excess causes these limits to be less restrictive than
expected for the background-only hypothesis. The data place 95% CL upper limits on
the b’-quark pair production cross section that vary with the mass of the b’-quark. Limits
obtained assuming a 100% branching ratio to Wt are presented in figure 6a (expected mass
limit at 0.79 TeV, observed at 0.73 TeV), and limits where decays to u- or c-quarks are also
considered are shown in figures 6b and 6c.

Limits on the VLQ pair-production cross section, assuming the branching fractions to
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Figure 4: Expected and observed limits on the coupling constant |C| in the contact
interaction model for same-sign top quark pair production as a function of the BSM physics
energy scale A for the (a) left-left, (b) left-right and (c) right-right terms. Plot (d) shows
the observed limits on the Higgs-like exchange with FCNC coupling in the plane (Ky¢fr, ket )
for three different hypotheses on the mass of the heavy Higgs-like particle.

W, Z, and H modes prescribed by the singlet model, are shown in figure 7. Comparison
with the calculated cross-section results in lower limits on the B-quark mass of 0.62 TeV
and on the T quark mass of 0.59 TeV at 95% CL. The expected limits in the absence of
a signal contribution are 0.69 TeV for the B-quark mass and 0.66 TeV for the T-quark
mass. If the three branching fractions are allowed to vary independently (subject to the
constraint that they sum to one), the data can be interpreted as excluding at 95% CL some
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Figure 5: (a) Probability for the data in the four-top-quark signal regions (SR4t0-SR4t4)
to be consistent with a zero cross section for anomalous four-top-quark production under
two model scenarios, as a function of the characteristic mass scale of the models. (b)
Probability for the data in the VLQ/b'-quark signal regions (SRVLQO-SRVLQT7) to be
consistent with a zero cross section for various heavy quarks, as a function of the quark
mass.

of the possible sets of branching ratios for a given B- or T-quark mass. These exclusions
are shown in figures 8 and 9.

Limits on 75,3 production are set for pair production only, and for the sum of pair
and single production for two different values of the coupling A of the 5,3 to Wt (A=0.5
and 1.0) [89]. This coupling is related to the mixing parameter g* used by the model in
refs. [90, 91]: X\ = mr, /399*/ mw /2. The pair-production limits are shown in figure 10a,
and correspond to a mass limit of 0.74 TeV (0.81 TeV expected). The limits on pair plus
single production with A = 0.5 are shown in figure 10b, where the observed mass limit is
0.75 TeV and the expected limit is 0.81 TeV. Finally, limits on pair plus single production
with A = 1.0 are shown in figure 10c, where again the observed mass limit is 0.75 TeV and
the expected limit is 0.81 TeV.

The upper limit on the cross section for four-top-quark production is 70 fb assuming
SM kinematics, and 61 fb for production with a BSM-physics contact interaction (expected
limits are respectively 27 fb and 22 fb). The cross-section limit for the contact interaction
case is lower than for the SM since the contact interaction tends to result in final-state
objects with larger pr, which increases the selection efficiency. The limits are also inter-
preted in the context of specific BSM physics models. For the contact interaction model,
the upper limit on |Cy|/A? is 15.1 TeV~2, as illustrated in figure 11a. The lower limit on
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Figure 6: Limits on V'-quark pair production: (a) Expected and observed upper limits
on the V' pair-production cross section times the branching ratio for ¥t/ — WtW ¢, as a
function of the b’-quark mass (the vertical dashed lines indicate the expected and observed
limits on the b'-quark mass, and the shaded band around the theory cross section indicates
the total uncertainty on the calculation); (b) expected and (c) observed exclusion limits on
the b’-quark mass as a function of the assumed branching ratios into c- and ¢-quarks.

the sgluon mass is 0.83 TeV, assuming that the sgluons are pair-produced and always decay
to tt (for an expected limit of 0.94 TeV), as shown in figure 11b. The observed limits on the
cross section times branching ratio for the 2UED/RPP signal are shown in figures 11c, 11d
and 12. These imply the following limits on mkxk: in the symmetric case (R4 = R5), the ob-
served limit coming from tier (1, 1) is 0.96 TeV (where the expected limit is 1.05 TeV). The
observed limit coming from tiers (2,0) 4 (0,2) alone (BR(AMY) — titt) = 0) is 0.50 TeV
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indicate the expected and observed limits on the vector-like quark mass. These limits
assume branching ratios given by the model where the B and T quarks exist as singlets [25].
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calculation.
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Figure 8: Expected (a) and observed (b) vector-like B quark mass hypotheses excluded
at 95% CL as a function of the assumed branching ratios.

(where the expected limit is 0.55 TeV). In the highly asymmetric case (R4 > Rj), tier
(0,2) does not contribute any longer and the observed limit on mgg from tier (2,0) alone
is 0.45 TeV (where the expected limit is 0.51 TeV). Figure 12 shows the limits in the mgg—¢§
plane, with the constraints from cosmological considerations superimposed.

— 24 —



g ATLAS s g ATLAS =
1 Vs=8TeV, 20.3fb* Eor Vs=8TeV, 20.3fb? E
~ £ = E
& & B &
- -
(@) (8]
X X
Yo} Yol
[} [}
he] o
Q [
S c
] [)
o [%2]
X Qo
] o)

% 01020304 0506070809 1 % 01020304 0506070809 1

BR (T - Wb) BR (T - Wb)

(a) (b)

Figure 9: Expected (a) and observed (b) vector-like 7" quark mass hypotheses excluded
at 95% CL as a function of the assumed branching ratios.

— 925 —



E \\\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\ 3‘ \\\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\
2 1F —e— 95% CL observed limit E 2 1 —e— 95% CL observed limit =
7\“\_, E -------- 95% CL expected limit E @ E -------- 95% CL expected limit E
B : - + 10 95% CL expected limit : |57 : - + 10 95% CL expected limit :
"F,) r |:| + 20 95% CL expected limit B 1 r |:| + 20 95% CL expected limit B
Elo_lf 7/% Theory . & 10_1 % Theory .
1 E Pair Production 3 B Pair+Single Production, A =0.5 3
% E ] + ]
s 2
| = ‘

102 3 - D102 3 o =
g s B oo F - 1

L & 8! - L ai g
C s i 1 r e a ]
[ ATLAS | 1 2 [ATLAS | | ]

, (s=8TeV,20.3fo! 5 {s=8TeV, 20.3fo*
10 v b d b B b b b 10 e b e b b by
0.65 0.7 0.75 0.8 0.85 0.9 0.95 0.65 0.7 0.75 0.8 0.85 0.9 0.95
m Te m TeV
Ts/3 [TeV] T5/3 [ ]
(a) (b)
L L e
1 —e— 95% CL observed limit

-------- 95% CL expected limit
- + 10 95% CL expected limit
|:| + 20 95% CL expected limit
% Theory

Pair+Single Production, A = 1

T I
ol

|

o(pp - T5/3T5/3) + o(pp—Ts/3) [pb]

=
Q
w

T T T
Observed
Expected

Lokl

ATLAS |
Vs=8TeV, 20.3 fb’*

0.65 0.7 0.75 0.8 0.85 0.9 0.95
m Te
T5/3 [ V]

(c)

Figure 10: Expected and observed cross section limits as a function of mass on (a) Tj /3
pair production, (b) T5/3 pair plus single production for coupling A = 0.5, and (c) 75,3
pair plus single production for A = 1.0. The vertical dashed lines indicate the expected
and observed limits on the 75,3 mass, and the shaded band around the theory cross section
indicates the total uncertainty on the calculation.

— 26 —



—e— 95% CL observed limit
--------- 95% CL expected limit
- + 10 95% CL expected limit

|:| + 20 95% CL expected limit
%44 Theory [BR(G — tf) = 100%)]

[y
o

Lol

o x BR(ttt) [pb]

Lol

ATLAS b
Vs=8TeV, 20.3fb™ ]

[
e
__I—‘

95% CL excluded region |

95% CL observed limit —

----- 95% CL expected limit -

[5=Y
Q
N

ATLAS

Q
-j_ el

I + 10 95% CL expected limit —| 10—3 &
[ + 20 95% CL expected limit ] (s=8TeV, 20.3 ot
1111 l 1111 l 1111 l 1111 l 1111 l 1111 ] : 4 O
O2 2.5 3 3.5 4 4.5 5 040506070809 1 1112
N [TeV] Sgluon mass [TeV]
(a) (b)
E T 1 1T { T 1 1T { T T T T { T 1 1T { T 1T { T 1 T T VT { L { TTITT { T T { TT 1T { T T { TT 1T { TTITT T
L 1 1 E
1e ATLAS g ATLAS :
L \'s = 8 TeV, 20.3 fb* ] 10 Vs = 8 TeV, 20.3 fi5*

|

=
Q
[N

T

1l

(=Y
Q
N

—&— 95% CL observed limit 95% CL c!,)served limit
--------- 95% CL expected limit median
[ + 10 95% CL expected limit

[ ] +2095% CL expected limit

--------- 95% CL ei(pected limit median
i

- +1o 95°/quL expected limit

i
+ 2 0 95% CL expected limit
i

(=Y
Q
w

o(pp — (2)+(2)) x BR(((2)+(2)) ~ tith) [pb]

o(pp — AYALY) x BRAMIAMY _, i) [pb]

10 %44 Theory BRA™ - t)=100%] 4 Theory |
lllllllllllllllll 1111:1111111 lllllllllllll:lllllllllllllllllllllllll
06 07 08 09 1 1.1 1.2 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
My [TeV] My [TeV]
(c) (d)

Figure 11: Limits obtained from the search for four-top-quark production. (a) Expected
and observed limits on the coupling constant |Cy| in the contact interaction model for four-
top production as a function of the BSM physics energy scale A. The region in the top left
corner, corresponding to |Cy|/A? > 15.1 TeV~2, is excluded at 95% CL. (b) Expected and
observed limits for the sgluon pair-production cross section times branching ratio to four
top quarks as a function of the sgluon mass. (c) Expected and observed limits on the four-
top-quark production rate for the 2UED/RPP model in the symmetric case. The theory
line corresponds to the production of four-top-quark events by tier (1,1) with a branching
ratio of ALY to titf of 100%. (d) Expected and observed limits on the four-top-quark
production rate for the 2UED/RPP model in the symmetric case. The notation (2) + (2)
is a shorthand for A9 A20) 4 A02) 402)  The theory line corresponds to the four-top-
quark production by tiers (2,0) + (0,2) alone (BR(A®MY — t#tf) = 0). The vertical dashed
lines in (b), (c), and (d) indicate the expected and observed limits on the sgluon mass or on
mkk, and the shaded band around the theory cross section indicates the total uncertainty

on the calculation.
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8 Checks of the background estimate

Several checks were performed to assess the validity of the background estimate. The most
important tests are summarized here. For the simulation-based background estimates:
variations in the cross section, in the generators, and their settings that span the range
consistent with theoretical expectations or direct measurements were applied. Variations
in the expected yield are part of the systematic uncertainty. The data-driven estimates
(for the charge misidentification and fake/non-prompt lepton backgrounds) were checked in
several ways. The particular leptons observed in SRVLQ6 and SRVLQ7 were scrutinized,
and their quality was found to be consistent with a sample dominated by real leptons. Sim-
ilarly, the multivariate discriminant for b-tagging is well above the required threshold for
tagged jets found in the sample. In addition, the expected contribution from charge misid-
entification and from fake/non-prompt leptons was assessed using samples of simulated
events. It is found that the yields are consistent within uncertainties with the expectations
from the data-driven estimates. To further investigate whether the matrix method accur-
ately predicts the number of fake/non-prompt leptons in ¢t events, the entire procedure
was repeated with samples of simulated events, with r and f measured using simulated
single-lepton and multijet samples respectively. The predicted number of fake/non-prompt
leptons in simulated tt samples is consistent with the actual number present in the MC
samples.

9 Features of events in signal regions with most significant excesses

Information about the lepton charges and flavours, as well as some key kinematic inform-
ation, for the observed events in signal regions SR4t3/SRVLQ6 and SR4t4/SRVLQ7 are
presented in tables 11-12. One unexpected feature is the dominance of one electric charge
over another: in SR4t3/SRVLQG there are 10 negatively charged and 16 positively charged
leptons, and in SR4t4/SRVLQT there are only 2 negatively charged leptons and 11 posit-
ively charged leptons. Similar effects are observed in two other signal regions, with SRVLQ3
being dominated by negatively charged leptons and SR4t2/SRVLQ5 being dominated by
positively charged leptons. These charge asymmetries are interpreted as statistical fluctu-
ations. This interpretation is bolstered by the fact that i) there is no known mechanism
for the selection to favour one electric charge over the other; i) the asymmetry is present
only in some of the signal regions (and both negative and positive charges dominate in the
various regions); and i7i) that the asymmetries do not persist in the loose lepton samples
selected with the same kinematic criteria as are applied in the signal regions.
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Type N; Hr [GeV] EXs [GeV]
e e 3 807 171
etet 5 862 268
etet 5 868 113
woe” 6 1346 353
etut 5 810 106
e u- 3 707 184
e 1 2 706 174
ptet 8 882 150
ptet 4 860 112
ptpt 5 888 111
pu-etet 5 773 197
pu-etet 9 968 355

Table 11: List of data events in the SR4t3/SRVLQG6 category (by definition, all events
have exactly two b-jets, the E%iss is above 100 GeV and the Ht above 700 GeV).

Type N; N, Hr[GeV] EXS [GeV]
etel 4 3 709 298
ete™ 6 3 800 137
etut 5 3 744 216
etut 4 3 888 155
ptet 3 3 1439 239
wptpT 4 4 1072 176

Table 12: List of data events in the SR4t4/SRVLQT category (by definition, the EIisS is
above 40 GeV and the Ht above 700 GeV).

10 Conclusion

A search for BSM physics has been performed using pp collisions at /s = 8 TeV corres-
ponding to an integrated luminosity of 20.3 fb~! recorded by the ATLAS detector at the
LHC, where events with at least two leptons, including a pair of the same electric charge,
at least one b-tagged jet, sizeable missing transverse momentum, and large Hp were con-
sidered. Several BSM physics effects could enhance the yield of such events over the small
SM expectation. The search was performed in the context of several BSM physics models,
with signal regions defined for different models. The regions of parameter space excluded
by the data are quantified by setting 95% CL limits. The observed yield in the signal
region for positively charged top quark pair production is consistent with the expected
background, resulting in limits of 8.4-62 fb on the cross section of this process (depending
on the model considered) and a limit BR(t — uH) < 1%. In the set of signal regions
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defined for vector-like quark, four-top-quark, and chiral &’-quark searches there is an excess
of observed events over the SM prediction, particularly in the subset of those signal regions
that require at least two b-tagged jets (and thus are relevant to the search for four-top-
quark production). The significance of the excess varies with the signal being considered,
reaching 2.5 standard deviations for hypotheses involving heavy resonances decaying to
four top quarks. Nonetheless the data can still constrain some of the BSM physics models
considered; 95% CL limits are set as follows: the mass of the chiral &’-quark is constrained
as a function of the branching ratio to Wi, the masses of vector-like B and T quarks are
constrained to mp > 0.62 TeV, mg > 0.59 TeV (assuming branching fractions to the W,
Z, and H decay modes arising from a singlet model), the mass of the T 5 quark is greater
than 0.75 TeV, the SM four-top production cross section is less than 70 fb, the sgluon mass
is greater than 0.83 TeV and the Kaluza-Klein mass (in the context of models with two
universal extra dimensions) is greater than 0.96 TeV.
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