
A
TL

-P
H

Y
S-

PR
O

C
-2

01
6-

23
7

20
/1

1/
20

16

SNSN-323-63
November 20, 2016

Search for single production of vector-like quarks decaying into
a W-boson and a b-quark at 13 TeV

Dustin Biedermann
on behalf of the ATLAS Collaboration

Institut für Physik
Humboldt-Universität zu Berlin, 12489 Berlin, Germany

A search for singly-produced vector-like quarks Q, where Q can be
either a T quark with charge 2/3 or a Y quark with charge −4/3, is
performed in 3.2 fb−1 of proton–proton collision data at a centre-of-mass
energy of 13 TeV recorded with the ATLAS detector at the LHC. The
analysis targets Q→ Wb decays where the W boson decays leptonically.
No significant excess over Standard Model backgrounds is observed and
upper limits on the Q→ Wb cross-section times branching ratio are set as
a function of the vector-like quark mass. For a QWb coupling strength of√

(cWb
L )2 + (cWb

R )2 = 1/
√

2, the observed (expected) 95% confidence level
lower limit on the Y -quark mass is 1.44 TeV (1.45 TeV). The results are
also interpreted as limits on the QWb coupling strength and the mixing
with the Standard Model sector for a singlet T quark or a Y quark from
a (B, Y ) doublet. The smallest excluded coupling-strength values are ob-
tained for vector-like quark masses around 1000 GeV; they are as small as

|cWb
L | = 0.45 for a T quark and

√
(cWb

L )2 + (cWb
R )2 = 0.33 for a Y quark.

Within a (B, Y ) doublet model, the excluded mixing parameter, | sin θR|,
in this mass region is comparable to the exclusion limits from electroweak
precision observables.

PRESENTED AT

9th International Workshop on Top Quark Physics
Olomouc, Czech Republic, September 19–23, 2016



1 Introduction

The Standard Model of particle physics (SM) describes all experimental laboratory
results up to great accuracy. However, there are several problems mainly due to
astrophysical observations but also due to theoretical deliberations related to the
mechanism of electro-weak symmetry breaking (hierarchy problem).
Several extensions of the SM which address the hierarchy problem predict so called
vector-like quarks (VLQ). VLQs are hypothetical spin-1/2 color-charged particles
with left- and right-handed components that transform in the same way under the
SM gauge group and therefore their masses don’t have to be generated by a Yukawa
coupling to the Higgs boson. These particles can occur in different SU(2) multiplets
depending on the specific model, such as a T singlet or a (B, Y ) doublet. Their single
production cross section is proportional to the square of the coupling strength to third
generation SM quarks. The couplings can be interpreted in terms of different models,
such as [3] (coupling sin θL/R) and [4, 5] (coupling cWb

L/R).
This analysis [2] searches for single production of heavy vector-like Q quarks produced
via Wb fusion in pp collisions at 13 TeVwith an integrated luminosity of 3.2 fb−1,
pp→ Qqb+X, with a subsequent Q→ Wb decay, recorded with the ATLAS detector
[1] at the LHC. Here Q can be either a T quark with charge +2/3 or a Y quark with
charge −4/3 or their anti-quarks. Limits on the single production cross section as
well as on sin θL/R and cWb

L/R are presented.

2 Analysis Strategy

This search focuses on single-lepton final states, characterised by the presence of one
isolated lepton (electron or muon) from the W decay, at least one b-jet with pT

∗> 350
GeVand large missing transverse momentum, Emiss

T , from the escaping neutrino. Re-
quiring Emiss

T > 120 GeV reduces the fraction of selected events originating from
non-prompt or misidentified leptons as well as from diboson production. To further
exploit the low multiplicity of high-energy jets in the signal process, events contain-
ing any jet with pT > 75 GeV and |η| < 2.5 and satisfying ∆R(jet, leading b-tagged
jet) /∈ [1.2, 2.7] are rejected. This selection reduces in particular background from
tt production characterised by a higher multiplicity of high-pT jets at central η, in

∗The ATLAS reference system is a Cartesian right-handed coordinate system with its origin at the
nominal interaction point (IP) in the center of the detector and the z-axis along the beam direction.
The x-axis points from the IP to the center of the LHC ring and the y-axis points upward. Cylindrical
coordinates (r,φ) are used in the plane that is transverse to the beam direction, where φ describes
the azimuthal angle around the beam pipe as measured from the positive x-axis. Pseudorapidity
(η) is defined as η = − ln(tan θ/2) where θ is the polar angle. Transverse momentum (pT ) is defined
relative to the beam axis and is calculated as pT = p sin θ where p is the momentum. Angular
distance between two objects 1 and 2 is defined as ∆R(1, 2) =

√
(η1 − η2)2 + (φ1 − φ2)2.
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contrast to signal events. Furthermore, in signal events a large azimuthal separation
between the lepton and the leading b-tagged jet is expected, since the lepton from the
leptonic W -boson decay recoils against the b-quark jet in the event and therefore |∆φ
(lepton, leading b-tagged jet)| > 2.5 is required. Similar to t-channel single top-quark
production, single VLQ production gives rise to a forward jet, defined to be in the
region 2.5 < |η| < 4.5. Only events with at least one forward jet with a pT > 40 GeV
are considered. This event selection is referred to as the signal region (SR).
The remaining SM background in the SR is dominated by production of W+jets,
single and pair-produced top quarks. To determine the normalization of these back-
ground processes, control regions (CR) that are close to the SR are defined. For the
W+jets CR, the leading jet is not allowed to be b-tagged and its transverse momen-
tum has to be larger than 250 GeV, whereas for the tt CR an additional central jet
with 1.2 < ∆R(jet, leading b-tagged jet) < 2.7 and pT > 75 GeV is required and the
transverse momentum of the leading jet has to be larger than 200 GeV.
The final discriminant used in this analysis is the mass of the VLQ candidate (mVLQ)
derived from the four-momenta of the leading b-tagged jet, the lepton and the neu-
trino, for which the z-component is reconstructed.

3 Results

A binned profile-likelihood fit to the data is performed in mVLQ for each discrete mass
hypothesis (700 to 1600 GeV in 100 GeV steps) to test for the presence of a signal.
As shown in Figure 1, no significant excess over the expected SM background predic-
tion is found and thus upper limits on the cross section times branching ratio (σ ·BR)
are set. Figure 2 shows the corresponding expected and observed upper limit at 95%
CL on σ ·BR for singly-produced VLQs decaying into Wb as a function of the mass of
the VLQ Q. As a comparison, the theoretical prediction of the next-to-leading order
(NLO) cross section times branching ratio for VLQ production in bW fusion from

Ref. [5] is shown, where the coupling
√

(cWb
L )2 + (cWb

R )2 was set to ≈ 1/
√

2. For such
a coupling, the observed (expected) exclusion region for Q VLQ masses is smaller
than 1.44 TeV (1.45 TeV).

The limit on σ · BR can be translated into a limit on the NLO cross section pre-
diction for VLQ production in Wb fusion [5] and the Q-Wb coupling. The expected
and observed limits on the couplings are shown in Fig. 3(a), for a T singlet as a
function of the T mass assuming BR(T → Wb) = 0.5. The smallest coupling limits
of |cWb

L | = 0.45 for a T quark are set for masses around 1000 GeV.
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Figure 1: Observed data with their statistical uncertainties and predicted SM back-
ground distribution of mVLQ in the signal region. Lower panel: ratio between data
and the fitted background yields. The band represents the systematic uncertainty
after the likelihood fit. Taken from Ref. [2].
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Figure 2: Expected and observed upper limits at 95% CL on the cross section times
branching ratio as a function of the VLQ mass mQ. In addition, three theoretical
predictions of the NLO production cross section, σth, from Ref. [5] for a coupling of
1/
√

2, 1 and 0.32, setting the branching ratio BR(Q → Wb) = 1, are shown. Taken
from Ref. [2].
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Limits on the mixing parameter sin θR/L can also be derived from the limit on
σ · BR. These limits on the mixing angle between the vector-like quark and the SM
sector are shown in Figure 3(b). For a (B, Y ) doublet, exclusion limits on | sin θR|
vary between 0.23 and 0.56 for masses between 1 and 1.5 TeV. These direct bounds
are also compared to those from electroweak precision observables taken from Ref. [3]
assuming no other multiplets besides the one considered exist. For the (B, Y ) doublet
model, the bounds presented here are close to these indirect constraints for masses
between 900 and 1100 GeV.
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Figure 3: Expected and observed 95% CL limits (a) on the coupling for a T singlet
and (b) on | sin θR| for (B, Y ) doublet as a function of the VLQ mass mQ, where the
BR (Q→ Wb) is assumed to be 50% for a singlet T -quark, 100% for a Y quark in a
(B, Y ) doublet model. Taken from Ref. [2].
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