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1. Introduction

Vector-like quarks, for which both left and right chiralities are in the same representation of
SU(2), are not excluded by the present measurements of the Higgs boon properties since, having
no Yukawa coupling to the Higgs doublet, they do not contribute in loops to the gluon fusion
production or decay of the Higgs boson and they do not cause vacuum instability in the SM [1, 2].
They are generically predicted in many theories beyond the standard model (SM) such as Little
Higgs models [3], composite Higgs models [4] or extra-dimension models [5]. They cancel the
ultraviolet divergence in radiative corrections to the Higgs mass and they are often referred to as
top partners since they are generally expected to couple mainly to the third generation quarks of the
SM. Here, we report on recent results on the search for top partners in pair and single production
with the ATLAS detector [6] at the LHC, from Run 2 with an integrated luminosity of 3.2 fb~!.

Final states with the presence of b-jets and tops can give information on 4-top production,
which has a low cross section in the SM of ~ 9 fb, and on a possible 4-point interaction between
top quarks in models of quark compositeness [7, 8, 9]. The contact interaction Lagrangian will be
parametrized by Ly, = (Cy;/A?) (fR"Vutr) (TrYutr)- These states can also be interpreted in terms of a
model with two universal extra dimensions under real projective plane geometry (2UED/RPP) [10].
It is parameterized by the radii R4 and Rs with associated Kaluza-Klein states mggx = 1/R4 or
1/Rs. With Kaluza-Klein (KK) parity conservation, the model allows for a dark matter candidate.
It predicts pair production of a KK photon A(1,1) with mass y/1+ &2 /R4, where & = R4 /Rs, that
decay to ¢f with a branching fraction which will be assumed here to be 100%.

2. Events with b-jets and same-sign leptons

Combined with the requirement of the presence of b-tagged jets and missing transverse mo-
mentum, a backgrround of SM events with same-sign leptons is very low, and good sensitivity can
be obtained in the search for pair production of vector-like quarks: 7T, BB, with T — Zt,Ht or
B — Wt,Zb as well as Ts 3 Ts /3> With T5 3 — Wt. The analysis [11] can also search for evidence of
SM production of 4 tops, or in particular for an excess of such events from contact interactions or
from the 2UED/RPP model of extra dimensions.

B,T, and 75,3 pair production is modelled using the Protos v2.2 [12] generator using the
NNPDF2.3 [13] parton distribution functions (PDFs), with Pythia8 [14] used to model extra gluon
emission and hadronization. Production of four top quarks is modelled under three scenarios: i)
Standard Model, ii) contact interaction, and iii) 2UED/RPP. All three models are generated with
MadGraph_aMC@NLO [15] at leading order, using the NNPDF PDFs followed by Pythia8. Back-
grounds from #W, t1Z, ttWW and ¢fH are simulated with MadGraph_aMC@NLO, while diboson
and triboson backgrounds are simulated with Sherpa [16]. The dominant backgrounds, however,
are detector-related: lepton charge misidentification and non-prompt and jets reconstructed as elec-
trons. These are estimated respectively from Z — ee events, with a systematic uncertainty of 3-8%
and by a method which measures how "loosely" and "tightly" reconstructed leptons are related to
true and false leptons in the data with a systematic uncertainty estimated at 13-26% of the total
background.
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Eight signal regions are defined, based on selection criteria on the scalar sum of the jet and
lepton transerse momenta, Hr, on EX**** and on the number of jets.

From these results, 95% limits are obtained on the mass of the B, T" and T5 3 vector-like quarks,
assuming branching ratios given by the model where the B and T quarks are isospin singlets:
mpg > 830 GeV, mr > 780 GeV and mg;,, > 990 GeV. At high mass, the branching ratios to the
third generation quarks tend to 50% for the charged current decay and 25% for each of the decays
with a Z and with a Higgs boson, while the 75,3 quark naturally decays 100% of the times to Wz.
Fig. 1 shows the contours of observed limits in the plane of BR(B — Hb) versus BR(B — Wt) and
BR(T — Ht) versus BR(T — Wb). Limits on the 4-top cross section are: 95 (67) fb, assuming
SM (contact) kinematics. Fig. 2 (left) shows the 95% limits on the coupling constant |Cy,| of the
contact interaction model as a function of the scale of new physics and (right) the excluded region
in the parameters of the 2UED/RPP model.
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Figure 1: (a) Observed 95% CL lower limit contours on the mass of (left) the B quark and (right) the T
quark in the plane of branching ratios [11].
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Figure 2: left: Expected and observed limits on the coupling constant |Cy| in the contact interaction model
obtained from the search for four-top-quark production as a function of the BSM physics energy scale A.
The region in the upper left, corresponding to [Cy;| /A% > 3.5 TeV~2, is excluded at 95% CL. (c) Expected
and observed limit in the (mxg = 1/R4,& = R4/Rs) plane for the 2UED/RPP model [11].
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3. Events with leptons and jets

The search for production of vector-like top quark pairs and of four top quarks was also carried
out by selecting events with leptons and multiple jets in the final state [17]. After a preselection
of events with one isolated lepton, different signal regions are defined based on the number of jets
(6-8), at least two of which are b-tagged and with up to 2 jets required to be boosted top jets. The
latter are reconstructed from large-radius (R=1.0) jets of mass > 300 GeV made up of at least two
subjets of smaller radius (R=0.4). The large-R jets are trimmed to remove subjets with pr < 5%
of the pr of the large-R jet. Fig 3 shows the jet multiplicity after the preselection and the large-
R jet mass distribution of events with at least 6 jets and 2 b-tagged jets. Backgrounds ¢, Wt are
simulated with PowhegBox[18] and MadGraph, W+jets, dibosons by Sherpa and 7 + W.,Z or H
by MadGraph. The total systematic uncertainty on the background normalisation is approximately
24%, with the largest contributions originating from uncertainties on #f +jets modelling, b-tagging,
c-tagging and light-jet tagging efficiencies. The limits obtained on the mass of the T quarks are:
mr (singlet) > 750 GeV (or 900 GeV if BR(T — Wb) = 1. and my (doublet) > 800 GeV.

This analysis [17], as well as one based based on a high multiplicity of jets (9-10) and at
least 3 b-tagged jets [19], yield limits on the production of 4-tops: o (4¢) < 190(140) fb assuming
SM (contact) interaction kinematics. Limits obtained on parameters of the contact interaction are:
|C4r| /A < 4.8 TeV~2 and of the 2ED/RPP model of extra dimensions: 1/Ry > 1.45 TeV.
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Figure 3: Left: jet multiplicity distribution after preselection of the total background (shaded histogram) and
several signal scenarios considered in this search; Right: shape of the invariant mass distribution of selected
large-R jets [17].

4. Single Production: 7,Yy /3 — Wb

Single production of vector-like quarks, gg — ¢'b+ (W +b — Q — Wb), is kinematically fa-
vored for high masses but depends on a sufficiently strong coupling to gauge bosons. This coupling
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can be expressed either as a mixing angle cos 6y g of the SM ¢ quark with T (and similarly for the

b — B mixing) [2] or more generally as a coupling, c"?, in a phenomenological Lagrangian in an

L/R
effective model [20], with the relation c{% =+/2sin GL/ /R-

In a recent analysis [21], simulated events for signal processes are generated at leading order
(LO) with the Madgraph5_aMC@NLO generator using the NNPDF2.3 PDF set, and interfaced to
Pythia8. The T and Yj/3 quarks have the same kinematic distributions, but the Y quark naturally
decays 100% to Wb. Background 7 and single top are generated with Powheg-Box and Pythia, and
W or Z + jets and dibosons with Sherpa. The event selection requires exactly one lepton, a high-pr
b-tagged jet and a forward jet, a veto of a high pr central jet to suppress the ¢f background and a
large opening angle between the lepton and leading jet. Control regions enriched in W+jets and
1t events are used to normalize the main backgrounds. Systematic uncertainties are dominated by

uncertainties in b-tagging (10%) and modelling of W+jets at high pr (~ 25%).

Assuming 4/ (V)2 + (c}?)2 = 1/+/2, alimit of 1.44 TeV is obtained on the mass of the heavy
quark (BR = 1.0). Fig. 4 shows limits obtained on the mixing angles sin 6, in the case of T —t for
the singlet case and sin 6g for B — b mixing for the (B,Y) doublet cases.
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Figure 4: Limits at 95% CL on (left) sin 6, for singlet T quark models assuming a BR(T — Wb) = 0.5 and
(right) on sin O for (B,Y) doublet models as a function of the VLQ mass. As a comparison, constraints from
electroweak precision observables taken from Ref. [2] are shown as well [21].

5. Conclusion

With early Run 2 data, based on 3.2 fb~! of integrated luminosity, improved limits have been
obtained on masses of third generation vector-like quarks and four-top production cross section.
Much more data is expected this year and in the next years and stronger limits, or hopefully a
discovery, can be expected!
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