
Discovery prospects of a vectorlike top partner decaying to a singlet boson

Akanksha Bhardwaj,1,* Kartik Bhide ,2,† Tanumoy Mandal ,2,‡ Subhadip Mitra ,3,§ and Cyrin Neeraj 3,∥
1School of Physics & Astronomy, University of Glasgow, Glasgow G12 8QQ, United Kingdom

2Indian Institute of Science Education and Research Thiruvananthapuram, Vithura, Kerala 695 551, India
3Center for Computational Natural Sciences and Bioinformatics,

International Institute of Information Technology, Hyderabad 500 032, India

(Received 31 May 2022; accepted 26 September 2022; published 24 October 2022)

The possibility of a vectorlike top partner decaying to a new colorless weak-singlet scalar or
pseudoscalar has attracted some attention in the literature. We investigate the production of a weak-
singlet charge-2=3 T quark that can decay to a spinless boson (Φ) and a top quark at the LHC. Earlier
[A. Bhardwaj et al., Roadmap to explore vectorlike quarks decaying to a new scalar or pseudoscalar,
arXiv:2203.13753.], we showed that in a large part of the parameter space, the T → tΦ and the loop-
induced Φ → gg decays become the dominant decay modes for these particles. Here, we investigate
the discovery prospects of the T quark in this region through the above decays. In particular,
we focus on the pp → TT → ðtΦÞðtΦÞ → ðtðggÞÞðtðggÞÞ channel. Separating this signal from the huge
Standard Model background is a challenging task, forcing us to employ a multivariate machine-learning
technique. We find that the above channel can be a discovery channel of the top partner in the large part of
the parameter space where the above decay chain dominates. Our analysis is largely model independent,
and hence our results would be useful in a broad class of new physics models.

DOI: 10.1103/PhysRevD.106.075024

I. INTRODUCTION

Various beyond the Standard Model (BSM) scenarios
contain heavy companions of the Higgs and the top in the
spectrum. For example, we can consider those addressing
the hierarchy problem like the partial compositeness models
[1–7], extra-dimensional models [8–13], Little-Higgs mod-
els [14–17], etc. Generally, in these models, the top partners
(T) arevectorlike and decay to a third-generation quarkplus a
Higgs or a Standard Model (SM) vector boson, W=Z.
Recently, however, a new exotic decay possibility of T
has attracted considerable attention in the literature [18–42]
where a T quark decays to the top quark along with a scalar
(ϕ) or pseudoscalar (η) that is SM singlet. This is possible if
the singlet boson is lighter than the top partner at least bymt.
In an earlier paper [43], we explored this possibility. If

such a new decay of T exists, the current exclusion limit on
T from the direct LHC searches (that assume the T quark

decays to SM-only final states) relaxes significantly. In that
paper, based on the weak representation of the vectorlike
quarks, we obtained some simple generic phenomenologi-
cal models containing a singlet Φ ¼ fϕ; ηg and either a
weak-singlet vectorlike quark (VLQ) or a ðT BÞT doublet.
For these generic models, we recast the current exclusion
limits on T. In the singlet T model, Φ gains coupling with
the top quark and the gauge bosons through T ↔ t mixing
after electroweak symmetry breaking (EWSB). This leads
to a host of new search possibilities to probe the T þΦ
setup at the LHC.
In that paper, we listed various search channels that can

probe different regions of the parameter space. Prospects
of some of these channels at the high luminosity LHC
(HL-LHC) have been studied in the literature. For example,
Ref. [29] examines the prospects of an unusual channel
containing six top quarks in the final states. The six top
quarks arise from the pair production of T as

pp → TT̄ → ðtΦÞðt̄ΦÞ → ðtðtt̄ÞÞðt̄ðtt̄ÞÞ: ð1Þ

The process is kinematically viable only if MΦ > 2mt and
MT > MΦ þmt. Reference [33] has a detailed analysis
of the pair production of the singlet T quark when the top
partner decays to a photon pair plus a top quark via Φ:
T → tΦ → tγγ. This channel is a clean probe of the new
decay mode of T → tΦ but suffers from low Φ → γγ
branching.
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We made two interesting observations in Ref. [43]. First,
even though Φ decays to a tt̄ pair through a tree-level
process beyond the mass threshold, it can also decay to a
couple of gluons mainly via a T loop. Second, the part of
parameter space where the loop-mediated Φ decay domi-
nates is large, and the corresponding parameters (i.e.,
couplings) are not fine-tuned. Hence, in a large part of
the parameter space, the dominant decay of the T quark is
T → ðtΦÞ → tðggÞ. In other words, the pair production of T
would have the following signature in a large region of the
parameter space:

pp → TT̄ → ðtΦÞðt̄ΦÞ → ðtðggÞÞðt̄ðggÞÞ: ð2Þ

(It is not difficult to achieve a large T → tΦ branching since
the coupling controlling the decay is independent of
the small t ↔ T mixing angle.) Therefore, to probe that
parameter region, one has to rely on the above channel (see
Fig. 1). However, since the SM background is huge for this
channel, isolating this signal is arduous. In this paper, we
take up this task and show that a large parameter region can
be discovered through this channel at the HL-LHC with the
help of jet substructure and multivariate machine-learning
techniques.
This paper is organized as follows: In Sec. II we describe

the singlet T model from Ref. [43] and the constraints on its
parameters, in Sec. III we describe our analysis from event
generation to multivariate analysis and present the results,
and conclude in Sec. IV.

II. THE SINGLET T MODEL

From Ref. [43], we select the simple extension of the SM
containing a TeV-range weak-singlet VLQ, T ≡ ð3; 1; 2=3Þ
and a lighter SM-singlet scalar or pseudoscalar. We can
write the top-sector mass terms in the interaction basis as
(more details are given in the Appendix):

L ⊃ ð t̄L T̄L Þ
�
mt μ1

0 MT

��
tR
TR

�
þ H:c: ð3Þ

Throughout the paper, we use similar notations as Ref. [43].
We diagonalize the mass matrix by biorthogonal rotations
through two mixing angles θL and θR,�

tL=R
TL=R

�
¼

�
cL=R sL=R
−sL=R cL=R

�� t1L=R
t2L=R

�
; ð4Þ

where sP ¼ sin θP and cP ¼ cos θP for the two chirality
projections, and t1 and t2 are the mass eigenstates. We
identify the t1 quark with the physical top quark (we refer to
it just as t for simplicity). For a small t ↔ T overlap, t2 is
mostly the T quark. The top partner can decay to the SM
quarks along with aW, Z, or h boson. With the introduction
of Φ, a new decay mode opens up: t2 → tΦ. For this new
decay, the relevant terms in the Lagrangian are

LT
int ¼ −λaΦΦT̄LΓTR − λbΦΦT̄LΓtR þ H:c:; ð5Þ

where Γ ¼ f1; iγ5g for Φ ¼ fϕ; ηg. Expanding t and T in
terms of t1 and t2 gives

L ⊃ −λaΦΦðcLt̄2L − sLt̄LÞΓðcRt2R − sRtRÞ
− λbΦΦðcLt̄2L − sLt̄LÞΓðcRtR þ sRt2RÞ þ H:c: ð6Þ

Before EWSB, Φ essentially couples only with the top
partner. When the symmetry breaks, T mixes with the SM
top quark, and through it,Φ couples to the top quark. It also
has loop-mediated effective couplings to the SM gauge
bosons. Thus it can decay to tt̄, gg, γγ, Zγ, ZZ final states
(when kinematically allowed). The expressions for the
decay widths in the dominant decay modes of Φ are
available in Ref. [43]. As explained in the Introduction,
in this paper, we consider the Φ boson dominantly
decaying to a pair of gluons.
Exclusion bounds on T.—The VLQ searches at the LHC

assume that a top partner can only decay to a third-
generation quark and a SM boson. Depending on the weak
representations of T and branching ratios (BRs) in the
conventional decay modes, the limits from the LHC
searches vary from 1.29–1.57 TeV [44–47]. Currently,
the mass limit on a weak-singlet T stands at 1.29 TeV
[45]. With the introduction of the singlet Φ, the assumption
on the Φ decays changes to

βbW þ βtZ þ βth ¼ 1 − βtΦ; ð7Þ

where βX is the BR for the t2 → X decay. For a heavy t2,
βbW ≈ 2βtZ ≈ 2βth in the singlet T model. With this, one
can recast the bounds from the latest searches [44,45,48] in
each final state and pick the strongest limit. In Fig. 2, we
show the recast mass limits on T in the presence of the new
decay mode from Ref. [43].
Bounds onΦ.—In this paper, we are primarily concerned

about the BR of the Φ → gg decay. This decay is mediated
by t and t2 loops in the physical basis. As mentioned earlier,

FIG. 1. The signal topology.
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this decay is dominant over a large region of phase space
allowed by the LHC data.1 In other words, we can choose a
value of BRðΦ → ggÞ and find suitable parameter combi-
nation(s) from the allowed region without any fine-tuning
(for both ϕ and η).

III. COLLIDER ANALYSIS

We use MadGraph5_aMC@NLOv3.2.0 [50] to generate the
signal and background events at the 14 TeV LHC with
CTEQ6L1 parton distribution functions [51], PYTHIA8v8.2 [52]
for parton showering and hadronization, and DELPHESv3.5.0

[53] to simulate the detector environment. We use the default
CMS card with jets of radiusR ¼ 0.4 clustered with the anti-
kt algorithm [54] in FastJet v3.3.4 [55]. For the higher-order
effects, we multiply the leading order cross sections with the
highest order K factors available in the literature. For the
signal, we estimate the next-to-next-to-leading order
(NNLO) K factor as 1.43 in the mass range of interest
using the HATHOR package [56].

A. Pair production: Signal topology
and selection criteria

The signal process is pp → t2t̄2 → ΦtΦt̄, with each Φ
decaying to a couple of gluons and one of the top quarks
decaying leptonically and the other, hadronically. For
simulating the signal events, we set BRðT → tΦÞ ¼
BRðΦ → ggÞ ¼ 1. For our analysis, we scan over the mass

ranges Mt2 ∈ ½1.0; 1.7� TeV in steps of 100 and MΦ ∈
½150; 550� GeV in steps of 50 GeV. For each mass point in
the scan, we choose the parameters such that the narrow-
width approximation is valid for both t2 and Φ. So, from
here on, we treat the BRs as free parameters (rather than the
couplings) as we are interested in the decays. This also
makes our results interpretable in terms of both ϕ and η,
even though we only use the scalar ϕ to generate the signals
for our analysis. When Mt2 ≫ MΦ, the singlet produced
from a t2 decay would be boosted and produce a fatjet.
Based on the signal topology (one lepton, two b jets, twoΦ
jets) we design the following selection criteria:
(1) Exactly one lepton in the event (either e or μ) with

pT > 10 GeV and jηj < 2.5. To be accepted as a
lepton, the separation between a lepton candidate
(identified from the tracks) and its nearest AK4 jet2

should be greater than ΔR ¼ 0.4.
(2) The scalar sum of the pT’s of the AK4 jets,

HT > 900 GeV.
(3) At least two b-tagged jets in the event, where b

tagging is done with the default Delphes module [57].
We compare the efficiency of the default Delphes
module with the DeepCSV algorithm [58] at the
medium working point and find that the tagging
efficiencies of the two algorithms in pT range of our
interest are comparable. We call the leading and
subleading pT b jets as b1 and b2, respectively.

(4) At least two fatjets in the event. The candidate fatjets
are clustered from the calorimeter towers with the
Cambridge-Aachen clustering algorithm [59] and
have R ¼ 1.2 and pT > 300 GeV. The candidates
are then groomed with the SoftDrop [60] algorithm
for zcut ¼ 0.1 and β ¼ 0.2. If a candidate fatjet has at
least three constituent hadrons needed to compute
the three-point energy correlation functions, it is
accepted as a fatjet. We denote the leading and
subleading pT fatjets as J1 and J2, respectively.

A summary of the cross sections, selection efficiencies
and expected number of events at 3 ab−1 for the signal is
shown in Fig. 3.
The efficiency trends seen in Fig. 3(a) can be explained

by the boost of the final state. We see an increase followed
by a decrease in selection efficiency for a fixedMΦ. This is
the result of an interplay between selection criteria: as Mt2
increases, the HT cut becomes more efficient, but the
lepton-number and b-tagging cuts worsen due to poor
isolation and reduction in efficiency in the boosted
regime. In contrast, for a fixed Mt2 , the selection efficiency
monotonically increases. As MΦ increases, the boost
available to the top quark reduces, so the b jet is easily
tagged and the lepton is more isolated. While a slight
reduction in the efficiency of the fatjet cut is seen with

FIG. 2. LHC exclusion limits on t2 in the singlet T model as a
function of the branching ratio in the new decay mode.

1In Ref. [43], we have put bounds on the Φgg coupling from
the ATLAS resonance search data in the diphoton mode [49].

2AK4 jets are clustered with the anti-kT algorithm [54] with
radius R ¼ 0.4.
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increasing MΦ (due to subjets not being fully resolved in a
large-R jet as a consequence of the high mass scalar having
lower boost), the overall increase in selection efficiency is
governed by the improvement in b tagging.

B. Background processes

Based on the selection criteria, the significant back-
ground processes we consider are the semileptonic and
leptonic tt̄ production, W þ jets, single top production
via tj and tW processes, and tt̄X production where
X ¼ fW;Z;Hg. Of these, the semileptonic tt̄ process
is the most dominant, followed by the sizable contribu-
tions from the W þ jets, leptonic tt̄, and single top
processes. In order to reduce computation time during the
background event generation, we employ a strong
generation-level cut: HT>500GeV. After passing through

the selection cuts, the contribution of the processes like
Z þ jets, diboson and triboson productions become
negligible. The background cross sections, selection effi-
ciencies and expected number of events at 3 ab−1 are shown
in Table I.

C. Multivariate analysis

We perform a multivariate signal-vs-background dis-
crimination analysis with the boosted decision tree (BDT)
algorithm.
Choice of the input features.—There are six physical

objects from which we can extract information, namely the
lepton, the missing energy, the two leading b-tagged jets
and the two leading fatjets. To determine the best features
as inputs to the BDT, we start with a large set split into
some groups:

(a) (b)

FIG. 3. (a) Selection efficiency for the signal process and (b) effective cross section in fb for the signal process, i.e., σgen × ϵ × K
where σgen refers to the leading order (generation-level) cross section, ϵ is the selection efficiency and K is the K factor.

TABLE I. Selection efficiency and the expected number of events at 3 ab−1 for the background processes. Here σgen refers to the
leading order (generation-level) cross section after the HT > 500 GeV cut. The subscripts l, h refer to the leptonic and hadronic decay
modes. The additional jets (in parentheses) indicate the number of matched hard jets, where the jet-parton shower matching is done using
the MLM prescription [61].

Process Selection cut efficiency (ϵ) Estimated K factor
Effective cross section
σeff ¼ σgen × ϵ × K (fb) Events at 3 ab−1 σeff × L

tlt̄hðþ2jÞ 0.028759 1.783 (N3LO) [62] 838.31 2, 514, 940
Wlðþ2jÞ 0.003657 1.189 (NLO) [63] 57.41 172, 222
tlt̄lðþ2jÞ 0.014806 1.783 (N3LO) [62] 29.31 87, 918
tl þ jðþ2jÞ 0.018136 1.175 (N2LO) [64] 18.01 54, 027
1 lepton tWðþ2jÞ 0.018806 1.333 (aN2LO) [64] 12.58 37, 747
1 lepton tt̄WðþjÞ 0.027047 1.572 (NLOþ N2LL) [65] 6.14 18, 411
tlt̄hHbðþjÞ 0.030843 1.410 (NLOþ N2LL) [65] 4.37 13, 125
tlt̄hZhðþjÞ 0.023209 1.662 (NLO) [66] 3.53 10, 598

2, 908, 998
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(1) Measure of the physical objects: the number of
b-tagged jets, fatjets, and the number of jets with pT
over 20, 40, 50 and 60 GeV. We consider these jet-
number features so that the high pT jets from the Φ
decay are captured. This group also includes the HT
feature.

(2) Basic kinematic variables: This group includes pT ,
η, and Φ of the six objects considered. We also
include the energy E of the visible five objects.

(3) Separation variables: We consider Δη, Δϕ and
ΔR ¼ ðΔη2 þ Δϕ2Þ1=2 among the six objects. In
total, there are 3 × 6C2 ¼ 45 features in this group.

(4) Fatjet features: For the first two leading pT fatjets,
we consider their masses and the number of con-
stituents. Additionally, we include the well-known
jet substructure features of the two fatjets, namely
NSubjettiness [67] τ1, τ2, τ3, τ21 and τ32 with
β ¼ 0.5 and the energy correlation function [68]
features ECF1, ECF2, ECF3 and C2 with β ¼ 0.2.

(5) Reconstructed T mass: One can reconstruct the
transverse mass of T through the semileptonic decay
products as MT

t2 ¼ mðlνbJÞ if one assigns the
missing energy to the neutrino. We calculate four
such reconstructed masses for the two b-tagged jets
and two fatjets and choose the ones with the
minimum and maximum masses.

By looking at the above features for the generated signal
and background events, we narrow down the list by
discarding objects with less than 1% method-unspecific
separation, defined in Ref. [69] as

hS2i ¼ 1

2

Z
dy

ðŷSðyÞ − ŷBðyÞÞ2
ŷSðyÞ þ ŷBðyÞ

; ð8Þ

where ŷS and ŷB are the probability density functions of the
signal and background respectively for a particular feature y.
This quantity is equal to zero for identical signal and

background shapes and 1 for shapes with no overlap.
Naturally, features with higher method-unspecific separation
are better at discriminating between signal and background
events. We also reject features like (most of) the separation
variables that are highly correlated with others or do not
perform well for different BDT parameter settings. A large
number of basic kinematic features and the reconstructed
masses are also discarded for the same reasons. Among the
measures of physical objects,we retainHT , the number of jets
with pT > 50 GeV (since this one has the best separation
compared to the other jet count features) and the number of
fatjets.
In the signal, we have two boosted Φ jets that are fatjets

basically made up of two gluons. Simple variables such as
Nconsti, i.e., the number of (charged) hadrons in the fatjet, are
known to be good discriminators between q- and g-initiated
jets [70]. However, since it is highly correlated with the fatjet
mass, we do not consider it. The traditional observables like
τ21 and C2 hint at the two-pronged nature of the signal fatjets
but similar behavior is also seen in the background fatjets
since the dominant semileptonic tt̄ background has both a
boosted W jet and a three-pronged t jet. As a result, the
distributions of these observables show little separation
between the signal and background (see Fig. 4). In addition,
we find that the simpler observables τ1;2;3 and ECF1;2;3 show
a slight separation but are correlated with each other andwith
the fatjet masses and pT’s. Hence, we do not include any jet
substructure observables in our analysis.
The final list.—The final list of features chosen as inputs

to the boosted decision tree algorithm are3

(i) HT , the scalar sum of pT ’s of all final state
hadrons.

(a) (b)

FIG. 4. The features (a) τ21 and (b) C2 calculated for the leading pT fatjet for different ðmt2 ; mϕÞ mass points.

3During preliminary analysis, we found the Lund Jet Plane to
be a promising tool in tagging the gg fatjets, similar to the H →
gg tagging done in Ref. [71]. However, it requires complex neural
network machinery beyond the scope of this paper.

DISCOVERY PROSPECTS OF A VECTORLIKE TOP PARTNER … PHYS. REV. D 106, 075024 (2022)

075024-5



(ii) Njð50Þ and NJ, the number of AK4 jets with pT >
50 GeV and the number of fatjets respectively.

(iii) mJ1 and mJ2 , the masses of the leading and sub-
leading fatjets respectively.

(iv) pTl
andMET, the pT of the lepton and the transverse

missing energy respectively.
(v) pTJ1

and ηJ1, the pT and η coordinate of the leading
fatjet respectively.

In Fig. 5, we show the linear correlation coefficients
between the input features, defined as

ρðX; YÞ ¼ hXYi − hXihYi
σXσY

;

where hAi and σA denote the expectation value and standard
deviation respectively for a one-dimensional dataset A.
We see some positive correlation between fHT; pTJ1

g for
both the signal and background. However, we retain both
since HT is our highest performing variable and pTJ1

is a
good low-level fatjet feature. We also see some positive
correlation between fpTJ1

; mJ1g only for the signal. Since
this correlation is not present for the background, we retain
mJ1 in our analysis.
We show the input feature distributions for MΦ ¼ 150

and 450 GeV in Figs. 6 and 7, respectively. In these plots,
the background distributions are obtained by a weighted
sum of the separate processes:

H ¼
P

ihiwiP
iwi

; ð9Þ

where wi ¼ Nexp=Ngen (Nexp and Ngen are the expected
number of events at 3 ab−1 and the number of generated
events passing the selection criteria, respectively). The

variable HT is driven by the mass of t2—a heavier t2
imparts more momentum to the AK4 jets and conse-
quently pushes HT to higher values. A heavier Φ takes a
larger fraction of the momentum of the parent t2, leaving
a smaller budget for the top quark, and as a consequence,
the lepton and neutrino from the top decay are less
boosted. This can be seen in the distributions for pTl

and
MET as they are slightly pushed towards the lower values
for MΦ ¼ 450 GeV than the MΦ ¼ 150 GeV case. The
ηJ1 and pTJ1

features are more or less similar for the twoΦ
masses as they merely describe the kinematics of the
leading fatjet in the event, be it a top jet or a gg fatjet
from a Φ.
While most of the feature distributions look similar

for MΦ ¼ 150 GeV and MΦ ¼ 450 GeV, some of them
do show differences. Since the Φ’s originate in t2 decays,
for a fixed Mt2 , a heavier Φ is less boosted than a lighter
one. As a result, the two subjets from Φ are more
separated for heavy scalars, leading to a shift in the
number of AK4 jets and a lower clustering efficiency for
R ¼ 1.2 fatjets. This in turn affects NJ, mJ1 and mJ2
(see Fig. 7).

D. BDT results

We optimize the statistical significance of the signal
in the BDT analysis. In the absence of any systematic
uncertainty, the signal significance over the background
can be estimated by the approximate Poisson significance
for the Asimov dataset:

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðNS þ NBÞ ln

�
1þ NS

NB

�
− 2NS

s
; ð10Þ

(a) (b)

FIG. 5. Linear correlation coefficients for (a) signal and (b) background between the inputs chosen for multivariate analysis at the
benchmark mass point. Note that the scale goes from þ1 to −0.2.
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where NS and NB are the number of signal and background
events after the optimal cut is applied on the BDT response.
For NS ≪ NB, Eq. (10) reduces to

Z ¼ NSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NS þ NB

p : ð11Þ

The above expression is our definition of statistical
significance.
We optimize the BDT hyperparameters with the adaptive

boosting algorithm [72] at the benchmark mass point:

ðMt2 ;MΦÞ ¼ ð1.30 TeV; 0.35 TeVÞ which is roughly in
the middle of the mass region considered. We split the
dataset into statistically independent subsets for training
and testing in a 50–50 ratio. The criteria for optimizing the
BDT hyperparameters are (i) Kolmogorov-Smirnov test
values between 0.1 and 0.9 for both signal and background,
and (ii) a smooth significance curve. A summary of the
optimized BDT parameters is given in Table II. In Table III,
we show the method-specific and method-unspecific
rankings for the optimized BDT hyperparameters at the
benchmark point. Defined in Ref. [69], the input features

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 6. Normalized input feature distributions for signal and background at a fixedMΦ ¼ 150 GeV and for three differentMt2 points:
Mt2 ¼ 1.0, 1.3 and 1.6 TeV. The background distribution includes all the background processes mentioned in the text.
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are ranked by how often they are used to split nodes in
decision trees, weighted by the number of events in the
node and the separation gain squared achieved at the node
(in our case it is the GiniIndex squared).
We use the hyperparameters optimized at the benchmark

mass point to obtain the statistical significance Z with the
optimal BDT cut at all mass points. For Mt2 > 1.5 TeV,
where the signal cross sections are low, we use the Z value
obtained for a slightly relaxed cut on the BDT response.
We show the BDT response and cut efficiency at the
benchmark mass point in Fig. 8. We list Z at each point in

the mass parameter scan in Fig. 9. We see that, unlike
the selection efficiency, the 5σ and 2σ contours follow
approximately constant Mt2 lines near Mt2 ¼ 1.4 TeV and
Mt2 ¼ 1.7 TeV, respectively. For a fixed Mt2 , the decay
products of a heavy Φ are more separated than that of a
lighter Φ, so the clustering algorithm is less likely to pick
up the entire gg fatjet. Hence, the fatjet features become less
separated between the signal and background distributions,
leading to a drop in significance. As a result, the gain in the
selection efficiency for a heavier Φ [see Fig. 3(a)] is lost to
a slight degree in the multivariate analysis (MVA).

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 7. Normalized input feature distributions for signal and background at a fixedMΦ ¼ 450 GeV and for three differentMt2 points:
Mt2 ¼ 1.0, 1.3 and 1.6 TeV. The background distribution includes all the background processes mentioned in the text.
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E. Inclusive signal

With a MVA optimized for the ΦtΦt̄ channel with
βtΦ ¼ 1, we explore the discovery reach for more realistic
scenarios where BRðT → tΦÞ < 1. Since the signal scales
as β2tΦ in the exclusive mode, its significance drops very fast

with a decreasing βtΦ (see Fig. 10). However, for βtΦ < 1,
when other t2 decay modes open up, they can be added to
the signal definition. If we consider the mixed mode, i.e.,
consider

pp → t2t̄2 → ðtΦÞðt̄Φ=b̄W=t̄Z=t̄hÞ þ c:c: ð12Þ

as our signal, a significant fraction of events from all
other decay modes would also pass the selection criteria
(Sec. III A) because of their inclusive nature in addition to
the tΦ events. We analyze this case for some representative
branching ratios. The mixed mode events generated for
βtΦ < 1 are passed through the selection cuts and are fed to
the optimized MVA. We plot the 3 ab−1 5σ (discovery) and
2σ (exclusion) contours with the three values of βtΦ for both
the exclusive and inclusive signals in Fig. 10. We see that
the discovery and exclusion reaches in the inclusive mode
are significantly higher than those in the exclusive mode.
From the figure, we see that a discovery in the exclusive
mode is not possible if βtΦ ≤ 0.6 as the region is excluded
by the LHC limits from Fig. 2, whereas for βtΦ ∼ 0.7,
it is possible if MΦ ≳ 300 GeV. In the inclusive mode,
βtΦ ∼ 0.6 is the lower limit for a discovery.

F. Single production

We also analyze the single production of t2. In the
absence of the top quark in the initial state, producing it
singly at the LHC is tough. The dominant process is pp →
t2bj through a t-channel W boson exchange. We generate
the process and decay the VLQ as t2 → tΦ → ðlνbÞðggÞ.
Since a single production is less phase space suppressed
than the pair production, its cross section falls slower than
that of the pair production with increasing Mt2 . Therefore,
one might naively expect the single production to have a
better discovery potential in the high VLQ mass region.

TABLE II. Summary of optimized BDT hyperparameters.

BDT parameter Optimized choice

NTrees 300
MinNodeSize 5.0%
MaxDepth 3
BoostType AdaBoost
AdaBoostBeta 0.07
UseBaggedBoost True
BaggedSampleFraction 0.5
SeparationType GiniIndex
nCuts 50

TABLE III. Summary of method-unspecific and method-spe-
cific ranking for the input features at the benchmark mass point.

Feature
Method-unspecific

separation Feature
Method-specific

ranking

HT 0.6689 HT 0.3606
pTJ1

0.4326 Njð50Þ 0.1663
Njð50Þ 0.4241 pTl

0.1205
mJ1 0.3220 mJ1 0.0923
NJ 0.2913 mJ2 0.0706
pTl

0.2104 MET 0.0598
mJ2 0.1608 NJ 0.0585
MET 0.1068 ηJ1 0.0406
ηJ1 0.0722 pTJ1

0.0305

(a) (b)

FIG. 8. The BDT response curve and overtraining check are shown in (a) and the cut efficiencies and Z value at the optimal BDT cut
are shown in (b).
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However, two factors go against it. There is a competition
between the mixing angle θL and βtΦ—it is difficult to
obtain a large single-production cross section (the t2bW
coupling goes as sin θL times the tbW coupling [43]) and
a significant BR in the t2 → tΦ mode simultaneously.
Second, the single production signal suffers from a low
selection efficiency due to a relatively lower HT (as a
consequence of only one T being present in the process)
and the absence of boosted fatjets. The HT distribution for

single production looks very similar to the background, so
its discriminating power is also lower than the ΦtΦt
channel. We have tested these by generating the single
production signal with sin θL ∼ 0.1. Overall, we find that
with the t2 decaying to the singlet Φ, the single production
of t2 is not a promising channel.

IV. SUMMARY AND CONCLUSIONS

In this paper, we have analyzed the pair production of a
heavy weak-singlet vectorlike top partner and its sub-
sequent decay into a top quark and a weak-singlet
(pseudo)scalar Φ, which gives a dijet signature. In an
earlier paper [43], we had shown that the available
parameter space in a singlet T model, where the singlet
Φ dominantly decays into two gluons, is pretty large and
that the collider searches specific to this signature can be
used to probe the ðMt2 ;MΦÞ parameter space effectively.
However, the signal for this signature is particularly
challenging to isolate from a formidable SM background.
We have made use of multivariate analysis techniques,
specifically BDTs. We have also utilized jet substructure
techniques to tag Φ as a two-prong structure; these features
in the signal provided an extra handle to control the SM
backgrounds. We optimized the analysis for an ideal
scenario where BRðt2 → tΦÞ ¼ 1.0 and BRðΦ → ggÞ ¼
1.0 and then presented some realistic cases for the t2 → tΦ
branching which can be probed at the LHC. We have
shown the discovery and exclusion prospects for various

FIG. 9. Statistical significance Z over the mass range consid-
ered. Benchmark mass is highlighted.

(a) (b)

FIG. 10. Discovery reach for BRðT → tΦÞ ≤ 1 for (a) the exclusive ðtΦÞðt̄ΦÞ mode and (b) the inclusive tΦþ X mode. The 5σ
discovery contours are drawn in green (solid lines) and the 2σ exclusion contours are in red (dashed lines), marked with the
corresponding branching ratios. The parts marked in gray (dot-dashed lines) are excluded by the LHC data as shown in Fig. 2.
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combinations of t2 and Φ masses in both exclusive
(t2 t̄2 → tΦt̄Φ) as well as inclusive (t2t̄2 → tΦþ X) modes,
where X is any of the standard decay modes of t2.
There are other similar extensions to the SM containing

heavy top partners in different weak representations (e.g.,
doublet) with a new decay mode ðt2 → tΦÞ. Since we treat
the branching ratios as independent quantities, our search
strategy allows for straightforward projection of limits in
these models as well. Our study also offers predictive
insights into exclusive and inclusive VLQ searches at
the LHC.

The UNIVERSAL FeynRules output [73] files used in this
paper are available; see [74].
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APPENDIX: LAGRANGIAN AND BENCHMARKS

We reproduce the terms relevant for the top sector mass
matrix from Ref. [43] as

L ⊃ −fλtðQ̄LHTÞtR þ ωTðQ̄LHTÞTR

þMTT̄LTR þ H:c:g;

where QL is the third-generation left-handed quark doublet
and HT ¼ iσ2H�, with H being the Higgs doublet. The top
Yukawa coupling is denoted by λt, ωT is the off-diagonal
coupling andMT is the vectorlike mass term. After EWSB,
we get the mass matrix M as

Lmass ¼ ð t̄L T̄L Þ
�
λt

vffiffi
2

p ωT
vffiffi
2

p

0 MT

��
tR
TR

�
þ H:c:;

where v is the Higgs vacuum expectation value. The matrix
M can be diagonalized by biorthogonal rotations and the
left and right mixing angles are given by

tanð2θLÞ ¼
2MTμ1

m2
t þ μ21 −M2

T
;

tan ð2θRÞ ¼
2mtμ1

m2
t −M2

T − μ21
;

where mt ¼ λt
vffiffi
2

p and μ1 ¼ ωT
vffiffi
2

p . The mass eigenvalues

mt1 and Mt2 are

m2
t1 ; M

2
t2 ¼

1

2

�
ðm2

t þ μ21 þM2
TÞ

∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

t þ μ21 þM2
TÞ − 4m2

t M2
T

q �
:

Expressions for the partial decay widths of t2 and Φ are
found in Ref. [43]. With those expressions, one can
obtain the BRs of these particles. The BR plots for some
benchmark points are shown in Figs. 11(a)–11(f) and
relate to the benchmarks presented in Ref. [43] for the
singlet T model with a scalar ϕ. Figures 11(g) and 11(h)
show the behavior of the benchmark point fMt2 ;Mϕg ¼
f1.3; 0.35g TeV for which the analysis is optimized. All
of the plots show scenarios in which the t2 → tΦ mode
dominates. From the exclusion plot in Fig. 2, we see that
only beyond Mt2 ¼ 1.3 TeV, the standard decays of t2
can dominate, i.e., BRðt2 → tϕÞ≲ 0.5. For example, we
get BRðt2 → tϕÞ ≈ 0.5 for Mt2 ¼ 1.3 TeV, λaϕ ≈ 0.26,

λbϕ ≈ 0.1, μ1 ≈ 10 GeV and Mϕ ≈ 350 GeV. Hence, if
the couplings are smaller for the same mass parameters
(or if μ1 is bigger with the other parameters held fixed),
the standard decays of the singlet top partner will
dominate over the new mode.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 11. Illustrative BR plots for t2 and Φ decays. Panels (a)–(f) relate to the benchmark parameters identified in Ref. [43] for the
singlet T model. Panels (g) and (h) correspond to the parameters we have used to optimize the analysis in this paper.
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