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Abstract

The Standard Model of particle physics explains many natural phenomena yet remains incomplete.
Vectorlike quarks and leptoquarks lie at the heart of many extensions to the Standard Model seeking
to address the hierarchy problem, or the flavour sector anomalies. These proceedings present the new

results from searches with the ATLAS detector at the LHC!.

1 Physics beyond the Standard Model

Could more generations of matter exist beyond the
three known ones from the Standard Model (SM)?
The answer is no, at least if we require light neutri-
nos (shown by the LEP experiments [1]). A fourth
generation of fermions that couple to the Higgs bo-
son has also been excluded by electroweak (EW)
precision measurements [2]. Hence, if new matter-
like particles exist, they must be different from
the ones in the SM. Vector-like quarks (VLQs),
vector-like leptons (VLLs) and leptoquarks (LQs)
are possible, not yet excluded, extensions to the
SM particle content.

In these proceedings, searches for VLQs, VLLs
and LQs in the ATLAS experiment [3] are dis-
cussed. All results are based on the full Run 2
dataset at /s = 13 TeV, unless otherwise stated.
All limits are given at the 95% confidence level.

2 Vector-like quarks

VLQs are hypothetical particles beyond the SM
which, like quarks, carry color charge and have
spin % Unlike quarks, their right and left compo-
nents have the same quantum numbers, i.e. they
are “vector-like”, not chiral. A consequence of
this is that they don’t have to acquire mass via
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Figure 1: Examples of single production and de-
cay of VLQs.

the Higgs mechanism. VLQs arise in for example
Composite Higgs models and little Higgs models
and can offer an explanation to the Higgs fine-
tuning problem [4, 5].

VLQs can be produced in pairs (through QCD
processes, not discussed here) or singly through
EW processes, which makes the production cross
section and branching ratios model-dependent.
Two examples of single VLQ production are
shown in Figure 1.

By convention [6], the VLQ T has electric charge
+%, B has charge —%, and Y has charge —%. De-
pending on the model under consideration, there
could also be VLQs with other charges such as
Xs5/3, Yg3, etc. VLQs can be singlet, doublet or
triplet under SU(2), which has consequences for
e.g. their couplings and branching ratios. The
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coupling constant x characterizes the VLQ cou-
pling, e.g. YW of Figure 1(a). k is proportional
to the decay width I' and dependent on the un-
derlying model.

All analyses considered here assume that the VL.Q
decays into SM bosons and a third-generation
quark. A summary of the current best exclusion
limits from all VLQ searches in ATLAS can be
found in the VLQ summary plot [7].

2.1 Search for singly produced 7'/Y — Wb
in the one lepton channel

A recent ATLAS paper describes the search for an
SU(2) singlet T or a Y from the SU(2) (7, B,Y)
triplet in the final state of W +b — e/pu+ v +
b [8]. The process is shown in Figure 1(a). In this
analysis, single lepton triggers are used to look
for a signature of a lepton, ¢ (an electron or a
muon). In addition, candidate events are required
to contain missing transverse energy (E%iss), one
hard b-jet and a forward jet from the light quark
¢ in Figure 1(a). The reconstructed mass of the
VLQ, mvyLq, comes from the lepton, E%ﬁss and
the b-jet. Limits are set in terms of the coupling
constant x: For a singlet T', the x limit ranges
between 0.22 and 0.52 for mp between 1150 and
2300 GeV. For a Y from the triplet, the limit is
found between 0.14 and 0.46 for my from 1150
to 2600 GeV. The limits are also given in terms of
decay width and VLQ mass, as shown in Figure 2,
for the Y case.

The production of Y, as shown in Fig. 1(a), can
interfere with the SM background. This effect
was explicitly investigated and found to be neg-
ligible, since the interference-included (black) and
signal-only (orange) exclusion curves in Figure 2
are nearly indistinguishable. In the T case, there
is no interference with the SM.

The limits reinforce and extend the mass coverage
of the singly produced VLQ upper cross section
limits from ATLAS.

2.2 Search for singly produced T/Y — Wb
in the all-hadronic channel

Complementary to the previous analysis, also a
search for the 7'/Y — Wb process in the all-
hadronic final state has been performed [9], where
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Figure 2: Exclusion limits of Y — Wb(1¢) in the
width — mass plane. From [8].

limits are set on an SU(2) singlet T, and a Y from
the (B,Y) doublet. A large-R jet trigger is used
to select candidate events, with a signature of a
W-tagged large-R jet and an additional small-R
b-jet. The candidate VL(Q mass is reconstructed
as the invariant mass of the W-tagged and the
b-tagged jets.
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Figure 3: Upper cross section limits as a function
of the VLQ mass for the T'/Y — Wb search in the
all-hadronic channel. From [9)].

Limits are set depending on the assumed k cou-
pling value, where the observed lower mass limits
for a Y quark were 2.0 TeV for k = 0.5 and 2.4 TeV
for Kk = 0.7. For the T" quark the limits are 1.4 TeV
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for kK = 0.5 and 1.9 TeV for k = 0.7. Figure 3 shows
the upper cross section limit as a function of VLQ
mass, with the predicted cross sections for the Y
doublet and the T singlet, assuming x = 0.5.

The analysis improves the mass limits on Y in the
(B,Y) doublet w.r.t. previous ATLAS results, and
the search regions for Y and the T singlet have
been extended.

2.3 Search for ¢ in a mono-top and Efl‘}iss
final state

A search for events with a single high-energy
boosted top quark (a mono-top) in addition to
large amounts of E%liss has been performed in the
ATLAS experiment [10]. This final state can be
interpreted as candidates for singly produced T
decaying into Zt, where the Z decays into two neu-
trinos, detected as Effmss. The process is shown in
Figure 1(b). For this analysis, EX triggers are
used and the selected events must contain a top-
tagged large-R jet in addition to a large amount
of EMiss. The XGBoost classifier [11] is used to
separate the background from signal.

The lower mass limit on an SU(2) singlet 7' mass
was found to be 1.8 TeV for a coupling parameter
value of k7 = 0.5 and under the assumption that
the branching ratio fulfills BR(T' — Zt) = 25%.
The upper cross section limit as a function of mass
is shown in Figure 4.
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Figure 4: Upper cross section limits on T —
Z(vv)t as a function of mass. From [10].
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Figure 5: Lower mass limit on 7" as a function of
the relative coupling &y (which is BR(T — Wb)
for large my). From [12].

2.4 Single T combination

Recent ATLAS searches for singly produced 1" de-
caying into ¢ and H or Z, including the mono-top
search from the previous section, have been com-
bined [12].

Results are given as a function of the decay
width I' and the branching ratio into W, H, Z.
In Figure 5 the observed lower mass limit is
parametrised as a function of the relative coupling
&w, which corresponds to the branching ratio into
Wb for large T' masses. In this plot, & = 0.5
corresponds to the SU(2) singlet 7" and &y = 0.0
corresponds to the SU(2) doublet 7. This holds
under the assumption that the T only decays into
a H, Z or W, and a third generation quark.

3 Leptoquarks

LQs can arise in GUT models with extended gauge
groups. They are hypothetical particles which
carry both lepton and baryon numbers, as well
as electric charge and color. They are expected
to decay into a lepton-quark pair. The models
usually predict them to be scalars (spin 0) or vec-
tors (spin 1). If they exist, they would lead to
lepton flavor universality violations. Like VLQs,
they can be produced in pair (through QCD pro-
cesses) or singly, which is model-dependent. Ex-
amples of single production can be seen in Fig-
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(a) Leading order reso-
nant LQ production.

(b) Next-to-leading order
resonant LQ production.

Figure 6: Examples of single resonant produc-
tion of a LQ and its subsequent decay into a lepton
and a quark. The parameter y is the LQ Yukawa
coupling to leptons and quarks.

ure 6. In these proceedings, one search for sin-
gle resonant production of LQs is covered, which
is complementary to previous ATLAS searches for
pair-produced LQs. A recent search for vector-like
leptons (VLLs) decaying into vector-like quarks is
also discussed. An overview of the current best
exclusion limits of LQs can be found in the LQ
summary plot [14].

3.1 Search for a lepton-jet resonance

The ATLAS collaboration has performed a search
for a single resonant production of a scalar LQ,
as shown in Figure 6, which couples to charged
leptons and down-type quarks [15]. The full Run 2
data set as well as 55 fb~! of Run 3 data have been
used, and this search is complementary to earlier
pair-produced LQ searches.

Lower limits on the mass are given depending on
the coupling y. The lower mass limit is 3.4 TeV
for yge = 1.0 (assuming decay into an electron
and a d quark), 4.3 TeV for y,, = 3.5, 3.1 TeV for
Ype = 3.5 and 2.8 TeV for y, = 3.5. Limits for the
latter case, stated as y,, versus the LQ mass are
shown in Figure 7. These results extend previous
mass limits for LQs.

3.2 Vector-like leptons decaying to a LQ

If you can have vector-like quarks, why not lep-
tons? In a recent ATLAS analysis, a search for
VLL is performed, under the hypothesis that they
decay into vector LQs, which decay into a 7 lepton
or a neutrino and a b-quark or a top quark [16].
The production mode and decay are shown in Fig-
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Figure 7: Lower mass limits for a scalar lep-
toquark decaying into a muon and a b-quark.
From [15].

Figure 8: Pair-production of VLLs (E and N and
their decay into vector LQs U; which decay into
third-generation leptons and quarks. From [16].

ure 8. Here N is a VLL which is electrically neu-
tral like the neutrino, and the VLL F is charged
like the electron. The vector LQ is called Uy in
this model, an ultraviolet-complete extension to
the SM, called “4321” [17].

The analysis excludes masses of the VLL from 200
to 910 GeV for the cross-section predicted by the
“4321” model, as shown in Figure 9.

4 Summary and conclusions

VLQs, VLLs and LQs are possible new particles
beyond the Standard Model which have not yet
been excluded by direct observations or precision
tests. ATLAS has extensive programmes to search
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Figure 9: Upper cross section limit as a function
of VLL mass in the “4321” model. From [16].

for these particles in a wide range of channels. The
recent results, mostly searches in single production
channels, expand the exclusion limits in both mass
and couplings and improve our knowledge of what
properties heavy particles in scenarios beyond the
Standard Model could have.
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