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In this work, we have considered an extension of the standard model (SM) with a SUð2ÞL singlet
vectorlike quark (VLQ) with electric chargeQ ¼ þ2=3. The model also contains an additional local Uð1Þd
symmetry group and the corresponding gauge boson is the dark photon. The VLQ is charged while all the
SM particles are neutral under the new Uð1Þd gauge group. Even though in this model the VLQ possesses
many properties qualitatively similar to that of the traditional top partner (Tp), there are some compelling
differences as well. In particular, its branching ratio to the traditional modes (Tp → bW; tZ; th) are
suppressed which in turn helps to evade many of the existing bounds, mainly coming from the LHC
experiments. In an earlier work, such a VLQ is referred to as “maverick top partner”. It has been shown that
the top partner in this model predominantly decays to a top quark and a dark photon/dark Higgs pair
(Tp → tγd; thd) over a large region of the parameter space. The dark photon can be made invisible and
consequently, it gives rise to the missing transverse energy (=ET) signature at the LHC detector. We have
mainly focused on the LHC signatures and future prospects of such top partners. In particular, we have
studied the tt̄þ =ET and tþ =ET signatures in the context of the LHC via pair and single productions of the
top partner, respectively at 13 and 14 TeV LHC center of mass energies assuming that the dark photon
either decays into an invisible mode or it is invisible at the length scale of the detector. We have shown that
one can exclude sin θL ∼ 0.025 (0.05) for mTp

≤ 2.0 ð2.6Þ TeV at
ffiffiffi
s

p ¼ 14 TeV with an integrated

luminosity of 3 ab−1 using the single top partner production channel.

DOI: 10.1103/PhysRevD.107.115024

I. INTRODUCTION

Search for new resonances or particle-like states pre-
dicted by the physics beyond the Standard Model (BSM) is
an important goal for the Large Hadron Collider (LHC).
One of the foremost among them is search for vectorlike
fermions (VLFs), in particular, vectorlike quarks (VLQs).
VLQs are omnipresent in many extensions of the SM such
as SM with extra dimension [1–3], composite Higgs
model [4–6], primarily motivated to solve the Higgs mass
problem in the SM [7–9]. A lot of studies has been done on
the phenomenological aspects of VLQs in a general setup
[10–27]. However, the existence of VLQ (or VLF in

general) can also be motivated in a class of theories where
the SM is augmented with a dark sector (DS) and the VLFs
act as mediators between the visible and the DS (often
referred as portal matter) [28–31]. The DS in its most
simple form can contain a dark photon [32] corresponding
to a darkUð1Þd gauge symmetry. In many extensions of the
SM motivated by the solution to the dark matter (DM)
problem, dark photon is introduced in order to explain the
small scale structure of the universe [33].
The theoretical framework considered in this study

closely follows that of Ref. [34]. We have considered a
SUð2ÞL singlet vectorlike quark carrying þ2=3 unit of
electric charge. The VLQ is also charged under an addi-
tional Uð1Þd dark gauge symmetry whereas all the SM
fields are neutral under this new symmetry. The Uð1Þd
symmetry is spontaneously broken by the vacuum expect-
ation value (VEV) of a complex scalar field (dark Higgs)
and the gauge boson (dark photon) corresponding to the
local Uð1Þd symmetry becomes massive. The dark Higgs
field is not only responsible for giving mass to the dark
photon in this framework but it also plays an important role,
namely, it induces a mixing between the top-quark and the
VLQ. We will only consider the VLQ mixing with the 3rd
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generation quark with same charge. However, as we will
see later on, the vectorlike quark being charged under the
additional Uð1Þd gauge interaction, its branching ratio into
the traditional decay modes (Tp → bW; tZ; th) are all
suppressed. In this framework, it predominantly decays
to a top-quark and a dark photon/dark Higgs
(Tp → tγd; thd). Such a VLQ having same electric charge
and color quantum number as that of SM top-quark with
traditional decay modes suppressed is referred to as
“maverick top partner” in [34]. Similar extensions with
VLQs carrying −1=3 unit of electric charge was earlier
proposed in [28,29] which also predicts an enhanced
branching ratio of the bottom partner to the non-standard
modes. The origin of this enhancement in branching ratio to
the non-standard modes can be traced back to the hier-
archies between (i) the top and the maverick top partner
masses, (ii) the vacuum expectation values of the two Higgs
fields and (iii) the fermion mass ratio and the fermion
mixing angle. The existence of such a top partner, not only
gives rise to rich collider phenomenology but also helps to
evade the constraints coming from the LHC data depending
on their transformation properties under the SM gauge
group. The collider constraints come from pair production
of top partner or single production of top partner in
association with a forward jet at the LHC. The current
LHC data is mostly sensitive to VLQ searches in the
traditional decay modes (Tp → bW; tZ; th) [35–38].
Nonstandard or exotic decays of the vectorlike quarks in
different setups with different collider signatures have been
considered in the literature [39–49].
In the present work, we will assume that the dark photon

always decays to a pair of DM particles. Consequently, in a
collider experiment the signature of the dark photon
production will be missing momentum. Our motivation is
to constrain the decay of the maverick top partner into a
top-quark and dark photon pair at the LHC in the
tt̄þmissing transverse energy (=ET) and tþ =ET channels
and for that it is sufficient to treat the dark photon and its
subsequent decay products to be invisible at the length
scale of the detector. The details of the DM sector and its
phenomenology is not considered here. We emphasize that

the allowed region of the parameter space that is consistent
with the perturbative unitarity and electroweak precision
(EWP) measurements [50–52] can be excluded at the high-
luminosity (HL) LHC. We have also set the exclusion limit
on the relevant parameter space using the latest LHC data in
the tt̄þ =ET and tþ =ET channels [53–55].
The rest of the paper is organized as follows: In Sec. II,

we briefly outline the theoretical framework considered for
the present analysis including various constraints on the
model parameters. The event selection for both the single
and pair production of maverick top partner(s) is detailed in
Sec. III. In Sec. IV, we present the results of our numerical
simulation and discuss their significances. Finally, we
conclude in Sec. V.

II. THEORETICAL FRAMEWORK

In this section, we briefly summarize the theoretical
framework proposed in [34]. The model contains a
SUð2ÞL singlet vectorlike quark having electric charge
þ2=3 unit. The top partner is also charged under an
additional Uð1Þd dark gauge symmetry. The gauge boson
corresponding to the local Uð1Þd symmetry is the dark
photon (in the limit of very tiny kinetic mixing). The model
also contains a complex scalar field Φd charged under the
Uð1Þd and singlet under the SM gauge group. The dark
photon becomes massive asΦd develops a nonzero vacuum
expectation value, hΦdi ¼ vd=

ffiffiffi
2

p
. The corresponding

Higgs mode in the dark sector after mixing with the SM
Higgs gives a dark Higgs in the mass eigenbasis. All the SM
fields are neutral under theUð1Þd. The full Lagrangian of the
model is detailed below:
The relevant fields content and their representations

under SUð3ÞC×SUð2ÞL×Uð1ÞY×Uð1Þd symmetry groups
are summarized in Table I.
The relevant sectors of the Lagrangian invariant under

SUð3ÞC × SUð2ÞL ×Uð1ÞY ×Uð1Þd symmetry group are
given below:

LGauge ¼ −
1

4
Ga

μνGa;μν −
1

4
Wi

μνWi;μν −
1

4
B0
μνB0;μν

þ ε0

2 cos θW
B0
d;μνB

0μν −
1

4
B0
d;μνB

0;μν
d ; ð1Þ

where Ga
μν are the SUð3ÞC field strength tensor with

a ¼ 1;…; 8, Wi
μν are SUð2ÞL field strength tensor with

i ¼ 1, 2, 3, B0
μν is that of the Uð1ÞY and B0

d;μν corresponds
the field strength tensor of the additionalUð1Þd. The kinetic
mixing term is parametrized by ε0.

LScalar ¼ jDμΦj2 þ jDμΦdj2 − VðΦ;ΦdÞ ð2Þ

where Φ and Φd are the SM and dark sector Higgs
fields, respectively and the corresponding scalar
potential is given by

TABLE I. Representations of the relevant field content under
the full symmetry group of the theory. The remaining SM fields
are all neutral under the new Uð1Þd.
Fields SUð3ÞC SUð2ÞL Y Yd

t0R 3 1 2=3 0
bR 3 1 −1=3 0

QL ¼
�

t0L
bL

�
3 2 1=6 0

Φ 1 2 1=2 0
T 0
L 3 1 2=3 1

T 0
R 3 1 2=3 1

Φd 1 1 0 1
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VðΦ;ΦdÞ ¼ −μ2jΦj2 þ λjΦj4 − μ2hd jΦdj2
þ λhd jΦdj4 þ λhhd jΦj2jjΦdj2: ð3Þ

The gauge covariant derivative has the form

Dμ ¼ ∂μ − igStaGa
μ − igTiWi

μ − ig0YB0
μ − ig0dYdB0

d;μ: ð4Þ

Here, gS, g, g0, g0d are the SUð3ÞC, SUð2ÞL,Uð1ÞY andUð1Þd
couplings constants, respectively and ta’s and Ti’s are the
generators of the SUð3ÞC and SUð2ÞL groups, respectively.
When the SUð3ÞC × SUð2ÞL ×Uð1ÞY ×Uð1Þd sym-

metry is spontaneously broken to SUð3ÞC ×Uð1Þem by
the choice of minimum value configurations of Φ and Φd
which in unitary gauge can be written as

Φ ¼
 

0
vEWþh0ffiffi

2
p

!
; Φd ¼

1ffiffiffi
2

p ðvd þ h0dÞ: ð5Þ

one ends up with two massive scalar modes (and massive
gauge bosons of the corresponding broken gauge groups).
Here, vEW has value 246 GeV.
To find the mass basis we rotate h0 and h0d as

�
h

hd

�
¼
�
cos θS − sin θS
sin θS cos θS

��
h0

h0d

�
ð6Þ

The h can be identified as the observed Higgs boson with
mass mh ¼ 125 GeV while hd can be taken as BSM Higgs
with mass mhd . Hence, the free parameters are θS, mhd and
vd as all the other parameters in the potential of Eq. (3) can
be expressed in terms of the above-mentioned free
parameters.
The full Lagrangian for the fermion sector involving 3rd

generation quarks and VLQ is given by

LFermion ¼ Q̄Li=DQL þ t0Ri=Dt0R þ b̄Ri=DbR þ T̄ 0i=DT 0 þLYuk

ð7Þ

where, LYuk is given by

LYuk ¼ −ybQ̄LΦbR − ytQ̄LΦ̃t0R − λTΦdT̄ 0
Lt

0
R

−mTT̄ 0
LT

0
R þ H:c:: ð8Þ

when Φ and Φd get VEVs, mass matrix in t0 and T 0 basis
can be written in a form as

Lu3-mass ¼ −χ̄LMχR þ H:c:; ð9Þ
where,

χτ ¼
�

t0τ
T 0
τ

�
; M ¼

 ytvEWffiffi
2

p 0

λTvdffiffi
2

p mT

!
; ð10Þ

Here τ ¼ L, R.
One requires the biunitary transformation of the follow-

ing kind in order to diagonalize the above mass matrix�
tL
TpL

�
¼
�
cos θL − sin θL
sin θL cos θL

��
t0L
T 0
L

�
;

�
tR
TpR

�
¼
�
cos θR − sin θR
sin θR cos θR

��
t0R
T 0
R

�
ð11Þ

Here t can be identified as the SM top quark having mass
mt ¼ 173.2 GeV. The fermion sector contains two free
parameters: the mass of top partner,mTp

and the mixing angle
involving the left-handed fields, θL. We take sin θL, mt and
mTp

as independent parameters for the rest of the discussion.
To verify the allowed ranges of sin θL consistent with

perturbative unitarity we trade Eq. (B26) to write sin θL as

j sin θLj ¼
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m2

Tp
− 2m2

t − λ2Tv
2
d

m2
Tp

−m2
t

 
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

8λ2Tv
2
dm

2
t

ð2m2
Tp

− 2m2
t − λ2Tv

2
dÞ2

s !vuut ð12Þ

To have real solution for sin θL one needs
jλT j <

ffiffiffi
2

p ðmTp
−mtÞ=vd. On the other hand the perturba-

tive unitarity bound on λT requires λT < 4
ffiffiffiffiffiffi
2π

p
.1 We can

combine these two conditions and write

jλT j <
ffiffiffi
2

p
min

�
mTp

−mt

vd
; 4

ffiffiffi
π

p �
ð13Þ

In Fig. 1, we illustrate the effect of Eq. (13) on the
allowed ranges of sin θL as a function of the top part-
ner mass.
Finally, the relevant parameters which play a crucial role

in the discussion that follows are sin θL, vd, mγd , mhd , and
mTp

. These parameters can be considered as free, albeit
with certain restrictions in their allowed ranges coming
from various constraints such as perturbative unitarity
bound, constraints coming from electroweak precision
observables (EWPO) [51,52] and Higgs signal strength
measurements.

1The perturbative unitarity bound has been estimated by
studying the hdt → hdt scattering process in [34].
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The mixing angle between the SM Higgs and the dark
Higgs is constrained by various observations [56–60]. For
low mass region (10 GeV ≤ mhd ≤ 100 GeV) there is a
stringent lower limit (0.9–0.998) on the allowed values of
j sin θSj for vd ∼ vEW coming from LEP experiment.
For mhd > 100 GeV, the constraint coming from LHC

heavy Higgs searches and Higgs signal strength measure-
ment are relevant and it depends on the mass of the dark
Higgs. Formhd ∼ 200–1000 GeV, the Higgs signal strength
measurement sets a limit on j sin θSj < 0.24 [60]. However,
heavy Higgs searches at the LHC give more stringent
bound on j sin θSj in the range 200–600 GeV and the
present upper limit on the allowed values of j sin θSj is
0.2 [59,60].
For higher masses, the constraint coming from the

correction to W boson mass and the perturbative unitarity
requirement is more stringent, for example, j sin θSj as low
as 0.14 can be ruled out for mhd ∼ 1 TeV [60].
Exotic decays of the SM Higgs via the mixing of the SM

Higgs with the dark Higgs also provides strong constraint
on the scalar mixing angle which is sometimes more
constraining than the bound coming from the Higgs signal

strengths measurements. For example, Higgs to invisible
searches can be used to set limits on j sin θSj using the
formula quoted in Ref. [34],

j sin θSj ≤ 4.6 × 10−4
�

vd
GeV

� ffiffiffiffiffiffiffiffiffiffiffiffi
BRlim

p
ð14Þ

where BRlim is the upper limit on the branching ratio of the
SM Higgs into invisible decay modes. The latest CMS [61]
and ATLAS [62] searches for the Higgs → invisible decay
modes provide,

BRlim ¼
�
0.15 CMS

0.107 ATLAS
ð15Þ

For vd ¼ 100 GeV, this translates to j sin θSj ≤ 0.018
(CMS) and 0.015 (ATLAS).
We define the ratio (RΓ) of the decay widths in the

nonstandard and the standard (or traditional) modes as,

RΓ ¼ ΓðTp → tþ hd=γdÞ
ΓðTp → t=bþW=Z=hÞ ð16Þ

FIG. 1. Allowed ranges of sin θL in the λT −mTp
plane for different choices of vd consistent with perturbative unitarity bound.
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In the limit j sin θdj; j sin θSj; ε,2 andmt=mTp
≪ 1 this ratio

is given by Eq. (17). It illustrates that the enhancement in the
decaywidth in the nonstandardmode compared to that for the
standard one in two different region of the parameter space in
the sin θL −mTp

plane significant for the HE-HL LHC
analysis. In particular, at the HE-HLLHC both largemTp

and
small j sin θLj will be probed. Hence, it is important to con-
sider the following two scenarios: (i) jsinθLj≪mt=mTp

≪1

and (ii) mt=mTp
≪ j sin θLj ≪ 1, relevant for LHC.

RΓ≈
1

2

8>><
>>:
�
mTp

mt

�
2
�
vEW
vd

�
2

for; jsinθLj≪ mt
mTp

≪1�
mt

mTp sin
2θL

�
2
�
vEW
vd

�
2
for; mt

mTp
≪ jsinθLj≪1

ð17Þ

Eq. (17) explains when j sin θLj ≪ mt=mTp
≪ 1, the

enhancement in RΓ has its origin in the hierarchy between
the fermion masses (mTp

=mt) and the two VEVs (vEW=vd).
Whereas, in the other limit, i.e., mt=mTp

≪
j sin θLj ≪ 1

3 the enhancement can be traced back to the
hierarchy between the two VEVs, i.e., (vEW=vd) and that of
mt=ðmTp

sin2θLÞ. It shows even when vd ∼ vEW one can

have a small enhancement in RΓ if, mt=ðmTp
sin2θLÞ > 1,

i.e., when sin2θL < mt=mTp
< j sin θLj ≪ 1.

Figure 2 shows that the ratio of the decay widths (RΓ)
of the top partner in the nonstandard and the
traditional modes without making any approximation
mentioned in Eq. (17). The RΓ is calculated using
Eq. (16) and supplying various decay widths provided
in Appendix B.

FIG. 2. Ratio of the decay widths in the non-standard (tγd; thd) and traditional (bW; tZ; th) modes of the maverick top partner in the
sin θL −mTp

plane for different choices of vd consistent with perturbative unitarity bound.

2ε and ε0 are related via ε ¼ ε0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ε02=cos2θ̂W

q
, where

cos θ̂W ¼ cos θW þOðε2Þ.
3However, this region of parameter space is disfavored by

perturbative unitarity constraint.
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To calculate various decay widths, we use the following values for the relevant SM parameters [63],

mh ¼ 125.5 GeV; mt ¼ 173.2 GeV; mb ¼ 4.18 GeV

mW ¼ 80.377 GeV; mZ ¼ 91.187 GeV; vEW ¼ 246 GeV

Throughout our analyses we set, j sin θSj ¼ 10−6.
The branching ratio in the sin θL—mTp

plane is dis-
played in Fig. 3 for various choices of vd, mγd , and mhd . In
Table II we list the branching ratios of the top partner
decaying into a top quark and a dark photon for various
benchmark points. We have mostly restricted ourselves to
the case of light dark photon in the mass range 1–10 GeV.
In this mass range the corresponding bound on the kinetic
mixing parameter (ε) is found to be ε≲ 10−3 [64–66]. For

small kinetic mixing the Uð1ÞY and Uð1Þd gauge sectors
remain practically decoupled and it hardly plays any role in
the remaining discussions.
For the present analysis, we assume that the dark

photon decays to an invisible mode (for example a pair
of dark matter particles) so that it gives rise to =ET signature
in a collider experiment. To achieve this, one needs to
augment the present model with an additional dark sector
particle charged under Uð1Þd (a possible dark matter

FIG. 3. Variation of the branching ratio of Tp → tγd in the sin θL −mTp
plane for several choices of vd, mγd , and mhd .

TABLE II. Branching ratios of Tp → tγd for various benchmark points, assuming sin θL ¼ 0.1, vd ¼ 200 GeV, mγd ¼ 10 GeV, and
mhd ¼ 400 GeV.

mTp
800 1000 1200 1400 1600 1800 2000 2200 2400 2500 2600 2800

BR 0.593 0.560 0.542 0.531 0.522 0.516 0.511 0.507 0.503 0.502 0.500 0.497
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candidate4,5). Throughout this article we, therefore, simply
assume that the dark photon is invisible and evade any
detection by the detector.

III. TOP PARTNER AT THE LHC

In this section we describe in detail our collider analysis
in the context of the LHC. We have considered both the
single (pp → Tpj) and the pair (pp → TpT̄p) production
of top partner(s). We have used MADGRAPH5_AMC@NLO

(version 3.2.0) [67] event generator to simulate
both the single and pair production of top partner in
the context of 13 and 14 TeV LHC energies. In order to
achieve this, we have used FeynRules [68] where we have
implemented the model described in Sec. II at the
Lagrangian level. The Universal FeynRules Output [69]
is then interfaced with Madgraph5_AMC@NLO for event
generation. We have used parton distributions provided
by NNPDF (version 2.3) [70] to simulate the parton-
parton hard scattering in a pp collision. Events generated
by Madgraph are then interfaced with PYTHIA (version 6.4)6

[72] for parton shower, hadronization, and further
analysis.
The energy and momenta of all the final state objects are

smeared with appropriate Gaussian smearing function
[73,74] to take into account the finite detector resolution
effects and the resolution function considered is,

σðxÞ
x

¼ N
x
⊕

Sffiffiffi
x

p ⊕ C ð18Þ

where, x ¼ pT (for electron and muon) or E (for jet), N
encapsulates the effect of electronic and pile-up noise, S
characterizes stochastic effects arising from the sampling
nature of calorimeters and C describes the x independent
offset term.
We follow the functional form of resolution function as

well as the fitted values of N, S, and C parameters as
given in Table III from default ATLAS card in DELPHES

(version 3.5.0) [75].
Since the top partner dominantly decays to top-quark and

a dark photon Tp → tγd in our model, presence of top-
quark is ubiquitous in both the single and pair production
channels. We will mostly confine ourselves to the fully
hadronic decay of the top-quark (t → bW → bqq0). In the
following we consider the top partner in the mass range
1 TeVð800 GeVÞ≤ mTp

≤ 2.6 (1.6) TeV for the single

(pair) production of the top partner at the LHC. The top-
quarks thus produced in the decay of the top partners are
highly boosted for most of the ranges of top partner mass.
Hence, the top decay products are highly collimated. Since
the identification of top-quark and reconstruction of its four
momenta will play an important role in our analysis, we
make use of the Johns Hopkins (J-H) Top Tagger [76] to
identify and reconstruct boosted top-quark initiated jet(s)
implemented within the framework of FastJet (version
3.4.0) [77] jet finding and analysis package.
In the boosted top tagging analysis, we consider only

those events that have total transverse momentum (Etot)
greater than 400 GeV. We use Cambridge-Achen (C-A)
clustering algorithm [78] to define a fat jet with jet radius
(R) having values in accordance with the Etot of these
events and these are tabulated in Table IV. The jets thus
obtained are then sorted in decreasing order of their
transverse momentum. The J-H top tagger iteratively
declusters a C-A clustered jet to find the substructure
inside a fat jet of radius R.
The J-H top tagging algorithm requires the specification

of the following additional parameters: the fraction of the
jet pT carried by a subjet and the Manhattan distance
(defined as jΔηj þ jΔϕj) between two subjets to satisfy
minimum values, δp and δr, respectively to be considered
as hard and resolved. We tabulate the values of R, δp and δr
for different total transverse energy of an event, Etot in
Table IV.
The efficiency of tagging a true top quark initiated jet in

the pT range 400–1000 GeV is found to be 25%–50% and
corresponding light quark/gluon initiated jet being tagged
as a top is found to be in the range 0.5%–1.5% in the
same range.

TABLE III. N, S, and C parameters for resolution function.

N (GeV) S ðGeVÞ1=2 C

Jet η ≤ 1.7 1.59 0.521 0.030
1.7 < η ≤ 3.2 0 0.706 0.05
3.2 < η ≤ 5.0 0 1 0.0942

Electron η ≤ 1.5 0.05 0 1.7 × 10−3

1.5 < η ≤ 2.5 0.15 0 3.1 × 10−3

Muon η ≤ 1.5 0.015 0 1.5 × 10−4

1.5 < η ≤ 2.5 0.025 0 3.5 × 10−4

TABLE IV. Choices of R, δp; δr for various total transverse
momentum range.

Etot 400 600 800 1000 1600 2600

R 1.4 1.2 1.0 0.8 0.6 0.4
δp 0.10 0.10 0.05 0.05 0.05 0.05
δr 0.19 0.19 0.19 0.19 0.19 0.19

4We do not present explicit details of the DM content of the DS
here. For more details we refer to [28].

5Alternatively, the dark photon can be made stable at the length
scale of the detector provided the kinetic mixing parameter is very
small (≲10−7).

6For pp → QCD multijet simulation we have used PYTHIA
(version 8.3) [71] in order to implement the jet parton matching.
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A. Pair production of top partner

The pair production of top partner at the LHC is
dominated by strong production and it depends on the
strong coupling constant (αS), the mass of the top partner
(mTp

) and it’s spin. This channel is less model dependent,
i.e., the production cross section is independent of the
details of the model parameters other than the top partner
mass. The relevant Feynman diagrams for this process are
depicted in Fig. 4. The production cross section as a
function of mTp

is presented in Fig. 5 for 13 and
14 TeV LHC centre of mass energies. The NNLO corrected
cross sections at

ffiffiffi
s

p ¼ 13 TeV are quoted from [79]. We
also use these NNLO corrected cross sections at

ffiffiffi
s

p ¼
13 TeV to extract the mTp

dependent k-factors by compar-
ing them to the LO cross sections obtained from
MADGRAPH5_AMC@NLO at the same center of mass energy.
These k-factors are then used to get the NNLO corrected
cross section at

ffiffiffi
s

p ¼ 14 TeV from the LO cross section
provided by Madgraph5_AMC@NLO at this center of mass
energy.
The top partner thus produced further decays substan-

tially to a top quark and a dark photon in this model. So the
final state consists of a tt̄ pair and a pair of invisible dark
photons (pp → TpT̄p → tt̄þ 2γd). The schematic diagram
for the same is shown in Fig. 6.

The presence of dark photons in the final state gives rise
to missing transverse energy signature as it goes undetected
at the detector for the reasons already mentioned in
previous sections.
Since the top quark produced in the decay of the top

partner are highly boosted we have considered fully
hadronic decays of the top quark to implement the boosted

FIG. 4. Feynman diagrams for the pair production of top partner at the LHC.

FIG. 5. pp → TpT̄p cross section as a function of the top
partner mass at

ffiffiffi
s

p ¼ 13 and 14 TeV. [αSðmZÞ ¼ 0.1179 [63] is
used to estimate above cross section].

VERMA, BISWAS, CHATTERJEE, and GANGULY PHYS. REV. D 107, 115024 (2023)

115024-8



top tagging algorithm efficiently. The final state thus
consists of jets + missing transverse energy with additional
top structure present in it. We require at least two central
jets with pT > 20 GeV, jηj < 2.5 and no isolated leptons.
The SM backgrounds that contribute to such a final state are
tt̄, tt̄V (where V ¼ Z=W), tW, and QCDmultijet processes.
Since our final state requirement is at least one boosted top
quark jet, SM tj process in principle constitutes a potential
background. However, the contribution from this back-
ground can be eliminated after further event selection
criteria that we discuss later. We have listed the SM
backgrounds relevant for the pair production analysis in
Table V along with their cross sections.
The cross sections quoted in Table V are beyond leading

order7 except for the QCD multijet background which is at
leading order. For the simulation of QCD multijet back-
ground we have generated pp → 2j; 3j; 4j samples using
Madgraph5_AMC@NLO and interfaced with PYTHIA 8.3 to
implement jet parton matching using the MLM matching
scheme [83].

1. Event selection criteria

We require the final state to have at least one boosted top
quark jet. If the event contains exactly one tagged top quark
jet, we take the untagged one of the two hardest jets as a top
candidate. We have compared the significances for the two
different categories: i.e., requiring exactly two boosted top
quarks vs at least one boosted top quark requirement. It is
the later one which gives better significance because of
higher signal acceptance ratio. In addition, the kinematic
variables we have used later in our analysis (for example,
stransverse mass (MT2

) variable) capture the topology of an
event where the top partners are pair produced and decay to
semi-invisible mode.

We propose several kinematic observables including
MT2

which can be useful to efficiently discriminate the
signal from the SM backgrounds. Below, we define these
variables and present their corresponding distributions.

(i) Transverse momentum (pT): The transverse momen-
tum of a particle is defined as,

pT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
x þ p2

y

q
ð19Þ

and corresponding transverse momentum distribu-
tion of the tagged top quark jet for both the signal
benchmark points and SM backgrounds are shown
in Fig. 7.

(ii) Missing transverse energy (=ET): The missing trans-
verse energy is associated with the particles which
go undetected at the detector. In a hadronic collider
such as the LHC one can use the momentum
conservation in the transverse plane to find the
transverse components of the total missing momen-
tum associated with all the invisible particles

=⃗pT ¼ −
X

i∈visible
p⃗i
T ð20Þ

The missing transverse energy is then simply,

=ET ¼ j=⃗pT j. Corresponding distributions for both the
signal benchmark points and SM backgrounds are
shown in Fig. 8.

(iii) Stransverse mass (MT2): When a heavy particle is
pair produced and subsequently decays to a mode
which contains both visible as well as a invisible
particles in such a situation the final state contains at
least two invisible particles coming from both end of
the two decay chains (see Fig. 6). The transverse
mass variable (MT) defined as

MT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðET;vis þ =ETÞ2 − ðp⃗T;vis þ =⃗pTÞ2

q
ð21Þ

is not useful since it will be difficult to reconstruct
the missing momentum carried by the individual
invisible particle. In this case, one can then make use
of the stransverse mass variable [84] defined as

TABLE V. Cross sections of the background processes con-
sidered for the top partner pair production analysis at

ffiffiffi
s

p ¼ 13
and 14 TeV.

Cross section (fb)

Process 13 TeV 14 TeV

pp → tt̄ 8.39 × 105 [80] 9.9 × 105 [80]
pp → tt̄Z 8.63 × 102 [81] 1.045 × 103 [81]
pp → tt̄W 5.66 × 102 [81] 6.53 × 102 [81]
pp → tW 7.95 × 104 [82] 9.4 × 104 [82]
pp → QCD multijet 1.96 × 1011 2.16 × 1011

FIG. 6. Schematic diagram for the signal process pp → TpT̄p
and further decay of Tp → tγd.

7In this analysis the tt̄ and tW is considered at aN3LO and tt̄Z,
tt̄W are considered at NLOþ NNLL in QCD.
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M2
T2 ¼ min

⃗=p
1
þ ⃗=p

2
¼ ⃗=p

T

fmax½M2
Tðp⃗1;vis; =⃗p1Þ

þM2
Tðp⃗2;vis; =⃗p2Þ�g ≤ m2

Tp
ð22Þ

where p⃗1;vis and p⃗2;vis represent the momenta of the
reconstructed top-jets originated in the two decay
chains as shown in Fig. 6. The corresponding MT2

distributions for signal benchmark points and back-
grounds are shown in Fig. 9.

All these variables play a crucial role in separating the
signal from the SM backgrounds quite efficiently as evident
from the respective distributions. The optimized event selec-
tion criteria8 are summarized in TableVI after comparing the

kinematic distributions for various signal benchmark points
and the corresponding SM backgrounds.

B. Single production of top partner

The single production of top partner in association with a
light-quark jet occurs via t-channelW boson exchange and
requires the presence of b-quark Parton Distribution
Function (PDF) in the five flavor PDF scheme [85]. The
relevant Feynman diagrams for this process are shown in
Fig. 10. Since the top partner is SUð2ÞL singlet, the single
production cross section depends on the mixing of the top-
quark with the top partner, parametrized by the mixing
angle sin θL. The Tp − b −W coupling being proportional
to the mixing angle sin θL, the single top partner production
cross section is proportional to sin2 θL. Figure 11 depicts
the σðpp → TpjÞ as a function of the top partner mass
(mTP

) at 13 and 14 TeV LHC center of mass energies
assuming sin θL ¼ 0.1. In this case the cross sections are
quoted at leading order (LO) using Madgraph_AMC@NLO.

FIG. 7. Transverse momentum (pT) distributions of leading (or only) tagged top quark jet for various signal benchmark points and
background processes at 13 and 14 TeV center of mass energies.

FIG. 8. Distribution of missing transverse energy (=ET) variable for signal (top partner pair production) and background processes at 13
and 14 TeV center of mass energies.

8The choice of benchmark point dependent cuts can be justified
by the fact that the endpoint of stransverse mass distribution
contains the information about the mass of the top partner.
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The top partner produced in pp collision further decays
into a top-quark and a dark photon (Tp → tγd). Thus giving
rise to tþ =ET þ jet final state. Fig. 12 represents a schematic
diagram for pp → Tpj → tγdj process. In this analysis the
fully hadronic decay of the top-quark has been considered
for the same reason as that in the previous section. We also
require the final state to have at least two central jets with
pT > 20 GeV, jηj < 2.5 and no isolated leptons.
The relevant SM backgrounds in this case are tt̄, tt̄V

(where V ¼ Z=W), tW, tj and QCD multijet processes.
The dominant contribution comes from the tt̄ process and
to some extent QCD multijet process given their over-
whelming production rate at the LHC. The process pp →
tZj with Z → ν̄ν constitutes a irreducible background,
however, we have estimated its contribution to be negli-
gible and hence, not considered in the following discussion.
In Table VII we list these background processes along with
their cross sections.
The cross sections quoted in Table VII are beyond

leading order9 except for the QCD multijet background
which is at leading order.

1. Event selection criteria

In the context of collider simulation of the single top
partner production in pp collision we require the final state
to have exactly one boosted top quark jet. Furthermore, we
again propose certain kinematical variables that can dis-
criminate between the signal and the SM backgrounds.
Some of these variables are already defined in the context
of pair production of top partner in pp collision (see
Sec. III A) such as transverse momentum (pT) of the
reconstructed top and missing transverse energy (=ET) will
be useful in this analysis as well.

However, instead of the stranverse mass variable used in
the previous analysis we will use the transverse mass
variable (MT) itself as the final state in this case contain
only one invisible particle barring the neutrinos from the
decay of the top-quarks.
We also use an additional forward jet rapidity cut

(jηj > 2.1) where the forward jet is defined as the maxi-
mum rapidity jet which is not tagged as a top quark initiated
jet. Figures 13–15 display the distributions of pT of the top
quark, =ET , and MT of the top quark and the invisible
system.

(i) Transverse momentum (pT):
(ii) Missing transverse energy (=ET):
(iii) Transverse mass (MT):

The transverse mass MT of the reconstructed top
quark jet and the missing momentum system follow-
ing the definition in Eq. (21) is given by,

MT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðET;t þ =ETÞ2 − ðp⃗T;t þ =⃗pTÞ2

q
≤ mTp

ð23Þ

where ET;t and p⃗T;t represent the reconstructed
energy and momentum of the top-jet, respectively.

TABLE VI. Minimum values of the observables MT2; pT , and
=ET in the context of pp → TpT̄p analysis at

ffiffiffi
s

p ¼ 13 and
14 TeV.

Minimum
values 13 TeV 14 TeV

MT20 467 ðmTp
< 1000Þ 472

523 ðmTp
≥ 1000Þ

pT0
300 300

=ET0
463 ðmTp

< 1000Þ 0.674 ×mTp
ðmTp

< 1200Þ
663 ðmTp

≥ 1000Þ 708 ðmTp
≥ 1200Þ

FIG. 9. Distribution of stransverse mass (MT2) variable for signal (top partner pair production) and background processes at 13 and
14 TeV center of mass energies.

9In this analysis the tt̄, tW and tj are considered at aN3LO
in QCD.
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Depending on above distributions, we have imposed the
following set of cuts presented in Table VIII, in order to
optimize the signal significance.

IV. RESULTS AND DISCUSSIONS

In this section, we present the results of our analysis for
both the single and pair production of top partner in pp

collisions at two different LHC center of mass energies (13
and 14 TeV) after implementing the event selection criteria
detailed in the previous section for both of these produc-
tion modes.

A. Pair production case

For the top partner pair production process, we
consider 5 × 104 simulated pp → TpT̄p signal events
for various choices of the top partner’s mass in the range
f0.8; 1; 1.2; 1.4; 1.6g TeV against the 5 × 106 simulated tt̄,
and 106 simulated tW; tt̄Z; tt̄W, and 1.21 × 106 QCD
multijet background events. Cross sections for each of
the background processes are quoted in Table V and the
values for MT20 ; pT0

; =ET0
are given in Table VI.

We illustrate the effects of the cut flow on cross
sections for both the signal benchmark points and the
estimated total SM background in Table IX and X.
The estimated signal significance (defined as
S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where S and B are the number of signal

and background events after applying the hard cuts) at 13
(14) TeV LHC collision energy assuming an integrated
luminosity of 139 ð300Þ fb−1 is also mentioned in
Table IX (X).
One can see from Table X that at 14 TeV LHC center of

mass energy with 300 fb−1 integrated luminosity it is
possible to exclude mTp

≤ 1.6 TeV at 2σ significance
level. The expected 2σ exclusion limits on the σðpp →
TpT̄pÞ × BR2ðTp → tγdÞ for both the

ffiffiffi
s

p ¼ 13 and
14 TeV are depicted in Fig. 16. We also depict the
constraint coming from the CMS stop searches
(pp → t̃t̃�; t̃ → tχ̃01) [53] in the tt̄þmissing transverse
energy channel in Fig. 16(a). It is evident that the
CMS analysis in this channel gives better limit compared
to our analysis in the low mTp

region and converges
near mTp

¼ 1.4 TeV.

B. Single top partner production case

To analyze the pp → Tpj process, we have simulated
5 × 104 signal events for top partner mass in the range

FIG. 11. The cross sections for pp → Tpj process at
ffiffiffi
s

p ¼ 13
and 14 TeV respectively, as a function of the top partner mass.
[α−1EM ¼ 137.036 [63] is used to estimate the above cross section].

FIG. 12. Schematic diagram for the process
pp → Tpj → ðTp → tγdÞj.

TABLE VII. Cross sections of the background processes
considered for the analysis of single top partner production atffiffiffi
s

p ¼ 13 and 14 TeV.

Cross section (fb)

Process 13 TeV 14 TeV

pp → tt̄ 8.39 × 105 [80] 9.9 × 105 [80]
pp → tt̄Z 8.63 × 102 [81] 1.045 × 103 [81]
pp → tt̄W 5.66 × 102 [81] 6.53 × 102 [81]
pp → tW 7.95 × 104 [82] 9.4 × 104 [82]
pp → tj 1.579 × 105 [82] 1.797 × 105 [82]
pp → QCD multijet 1.96 × 1011 2.16 × 1011FIG. 10. Feynman diagrams for the single production of top

partner at the LHC.
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FIG. 13. Transverse momentum (pT) distribution of tagged top quark for signal and background processes at 13 and 14 TeV center of
mass energies.

FIG. 14. Distribution of missing transverse energy (=ET ) variable for signal (single top partner production) and background processes at
13 and 14 TeV center of mass energies.

FIG. 15. Distribution of transverse mass (MT ) variable for signal (single top partner production) and background processes for 13 and
14 TeV center of mass energies.
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1–2.6 TeV against 5 × 106 simulated tt̄,10 106 simulated
tW; tt̄Z; tt̄W; tj and 1.21 × 106 QCD multijet background
events.

The signal cross sections for various choices of the top
partnermasses and the effects of various kinematic cuts (listed
in Table VIII) for

ffiffiffi
s

p ¼ 13 TeV are depicted in Table XI. It
also contains the estimated signal significance at 13TeVLHC
collision energy assuming an integrated luminosity of
139 fb−1. The results of the corresponding 14 TeV analysis

TABLE VIII. Minimum values of the observables MT , pT , and =ET in the context of pp → Tpj analysis at
ffiffiffi
s

p ¼ 13 and 14 TeV.

Minimum values 13 TeV 14 TeV

MT0
0.5 ×mTp

0.5 ×mTp

pT0
300 300

=ET0
0.40 ×mTp

ðmTp
< 1600Þ 0.42 ×mTp

ðmTp
< 1800Þ

708 ðmTp
≥ 1600Þ 774 ðmTp

≥ 1800Þ

TABLE X. Columns [2-7] represent the effects of cut flow on cross sections for both the signal (bold) and the total SM background atffiffiffi
s

p ¼ 14 TeV. sin θL ¼ 0.1 is assumed to estimate the branching ratios for various benchmark choices of mTP
. The cross sections

presented in column [2-7] assume BRðTp → tγdÞ ¼ 100%. The estimated signal significance is quoted in the last column assuming
actual BR (100% BR) with an integrated luminosity of 300 fb−1. [vd ¼ 200 GeV, mγd ¼ 10 GeV and mhd ¼ 400 GeV are assumed to
obtain the above results].

mTp
(TeV)

Production cross
section (fb)

Basic
cuts (fb)

Boosted top
requirement (fb)

MT2 cut
MT2 > MT20 (fb)

pT cut
pT > pT0

(fb)
=ET cut

=ET > =ET0
(fb)

Significance�
Sffiffiffiffiffiffiffi
SþB

p
�

0.8 249.61 162.60 41.52 14.71 14.31 10.06 26.2 (50.3)
2.16 × 1011 8.15 × 1010 2.14 × 107 8.55 8.04 1.94

1.0 58.16 38.91 11.28 5.50 5.44 2.90 13.0 (27.0)
2.16 × 1011 8.15 × 1010 2.14 × 107 8.55 8.04 0.57

1.2 16.15 11.15 3.51 2.07 2.06 1.25 7.5 (17.1)
2.16 × 1011 8.15 × 1010 2.14 × 107 8.55 8.04 0.36

1.4 5.06 3.62 1.21 0.80 0.80 0.57 3.8 (10.2)
2.16 × 1011 8.15 × 1010 2.14 × 107 8.55 8.04 0.36

1.6 1.72 1.25 0.49 0.33 0.33 0.26 1.9 (5.7)
2.16 × 1011 8.15 × 1010 2.14 × 107 8.55 8.04 0.36

TABLE IX. Columns [2-7] represent the effects of cut flow on cross sections for both the signal (bold) and the total SM background atffiffiffi
s

p ¼ 13 TeV. sin θL ¼ 0.1 is assumed to estimate the branching ratios for the various benchmark choices of mTP
. The cross sections

presented in column [2-7] assume BRðTp → tγdÞ ¼ 100%. The estimated signal significance is quoted in the last column assuming
actual BR (100% BR) with an integrated luminosity of 139 fb−1. [vd ¼ 200 GeV, mγd ¼ 10 GeV and mhd ¼ 400 GeV are assumed to
obtain the above results].

mTp
(TeV)

Production cross
section (fb)

Basic
cuts (fb)

Boosted top
requirement (fb)

MT2 cut
MT2 >MT20 (fb)

pT cut
pT >pT0

(fb)
=ET cut

=ET > =ET0
(fb)

Significance�
Sffiffiffiffiffiffiffi
SþB

p
�

0.8 190.0 124.24 31.71 11.35 11.03 9.86 16.6 (32.9)
1.96 × 1011 7.42 × 1010 1.93 × 107 6.14 5.87 2.61

1.0 42.70 28.69 8.45 3.45 3.42 2.15 8.4 (16.5)
1.96 × 1011 7.42 × 1010 1.93 × 107 2.48 2.47 0.22

1.2 11.40 7.93 2.47 1.28 1.27 0.96 4.7 (10.4)
1.96 × 1011 7.42 × 1010 1.93 × 107 2.48 2.47 0.22

1.4 3.42 2.44 0.82 0.49 0.49 0.40 2.3 (6.0)
1.96 × 1011 7.42 × 1010 1.93 × 107 2.48 2.47 0.22

1.6 1.11 0.82 0.32 0.20 0.20 0.17 1.1 (3.3)
1.96 × 1010 7.42 × 1010 1.93 × 107 2.48 2.47 0.22

10For mTp
≥ 1.6 (1.8) TeV, we have simulated 107 tt̄ back-

ground events at center of mass energy 13 (14) TeV.
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are depicted in Table XII which contains the signal cross
sections, effects of the cut flow on the signal as well as SM
background cross sections and the estimated signal signifi-
cance assuming an integrated luminosity of 300 fb−1.
In Table XI (XII), the final background cross sections for

mTP
> 1.6ð1.8Þ TeV at

ffiffiffi
s

p ¼ 13 TeVð14 TeVÞ are all
same even though different cross sections are expected
as the cuts depend on benchmark point choices. This is
visible after the MT cut level for mTP

> 1.6ð1.8Þ TeV atffiffiffi
s

p ¼ 13 TeVð14 TeVÞ and also after the pT cut level one
has the effects of mass dependence in the cross section even

though the pT cut is same for these benchmark
point. However, after the =ET cut we have only two
simulated tt̄ background event left out of 107 for these
benchmark points due to high =ET cut and a small but
nonzero tt̄V background contribution. This is the reason
why the final cross sections are the same for all these
benchmark points.
The 2σ exclusion limits on σðpp→TpjÞ×BRðTp→tγdÞ

in the sin θL −mTp
plane for 13 TeV (139 fb−1) and 14 TeV

(300 fb−1 and 3000 fb−1) LHC center of mass energies
have been presented in Figs. 17(a), 17(b), and 17(c),

FIG. 16. 2σ exclusion limit on the σðpp → TpT̄pÞ × BR2ðTp → tγdÞ as a function of mTp
at (a) 13 TeV (139 fb−1) and (b) 14 TeV

(300 fb−1). [sin θL ¼ 0.1, vd ¼ 200 GeV, mγd ¼ 10 GeV and mhd ¼ 400 GeV are assumed to obtain the above results].

TABLE XI. Columns [2-8] depict the effects of cut flow on cross sections for both the signal (bold) and total background atffiffiffi
s

p ¼ 13 TeV. sin θL ¼ 0.1 is assumed to estimate the signal cross sections and branching ratios at various benchmark choices of mTP
.

The cross sections presented in column [2-8] assume BRðTp → tγdÞ ¼ 100%. The estimated signal significance is quoted in the last
column assuming actual BR (100% BR) with an integrated luminosity of 139 fb−1. [vd ¼ 200 GeV, mγd ¼ 10 GeV and mhd ¼
400 GeV are assumed to obtain the above results].

mTp
(TeV)

Production cross
section (fb)

Basic
cuts (fb)

Boosted top
requirement (fb) jηj > 2.1

MT cut
MT >MT0

(fb)
pT cut

pT >pT0
(fb)

=ET cut
=ET >=ET0

(fb)

Significance�
Sffiffiffiffiffiffiffi
SþB

p
�

1 37.57 28.38 7.26 6.45 6.30 5.82 3.61 5.2 (9.0)
1.96 × 1011 7.42 × 1010 1.81 × 107 3.91 × 106 567.88 427.88 19.04

1.2 20.92 16.05 4.58 4.12 3.94 3.85 2.35 5.1 (8.8)
1.96 × 1011 7.42 × 1010 1.81 × 107 3.91 × 106 254.31 240.55 7.43

1.4 12.16 9.37 2.89 2.62 2.47 2.46 1.50 5.3 (9.0)
1.96 × 1011 7.42 × 1010 1.81 × 107 3.91 × 106 113.26 113.26 2.28

1.6 7.33 5.65 1.85 1.69 1.56 1.56 0.66 5.6 (8.4)
1.96 × 1011 7.42 × 1010 1.81 × 107 3.91 × 106 54.5 54.5 0.19

1.8 4.50 3.46 1.16 1.06 0.97 0.97 0.62 5.3 (8.1)
1.96 × 1011 7.42 × 1010 1.81 × 107 3.91 × 106 27.2 27.2 0.19

2.0 2.83 2.14 0.71 0.64 0.58 0.58 0.43 4.1 (6.5)
1.96 × 1011 7.42 × 1010 1.81 × 107 3.91 × 106 14.6 14.6 0.19

2.2 1.80 1.34 0.42 0.39 0.34 0.34 0.28 3.0 (4.9)
1.96 × 1011 7.42 × 1010 1.81 × 107 3.91 × 106 9.23 9.23 0.19

2.4 1.16 0.85 0.25 0.23 0.19 0.19 0.17 2.0 (3.4)
1.96 × 1011 7.42 × 1010 1.81 × 107 3.91 × 106 5.60 5.60 0.19
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respectively, assuming vd¼200GeV, mγd ¼10GeV, and
mhd ¼ 400 GeV.
In these figures, we also depict the constraints

coming from various other observations in the sin θL −
mTp

plane. The most stringent of these constraints is the
one coming from the latest LHC data which rules out
sin θL > 0.11 for mTp

≤ 1.95 TeV [54]. However, for
mTp

≥ 1.95 TeV the EWP datasets more stringent limit
on sin θL, which rules out sin θL > 0.11 in this mass range.
Figure 17(a) shows that the region of parameter space that

can be ruled out using ATLAS data [54], namely, sin θL ≳
0.1 for mTp

≳ 2 TeV is already excluded by the EWP data
for the singlet top partner case irrespective of its decay
branching ratio. Our analysis at

ffiffiffi
s

p ¼ 13 TeV with inte-
grated luminosity of 139 fb−1 in the single top partner mode
gives comparatively better limit in the sin θL—mTp

plane.
More importantly, in the high-luminosity phase of the

LHC run which will be able to probe even a smaller
production cross section corresponding to sin θL ∼
0.03–0.05 in the mass range 1.0 TeV≲mTp

≲ 2.6 TeV,
the analysis we presented here for the single top partner
channel will be of much relevance. This is because it is
exactly the range of parameter space where the decay width
of the top partner in the traditional modes are highly

suppressed compared to the nonstandard modes
(see Fig. 2).
In fact, the branching ratio of Tp → tγd could

be as large as 60%–70% (see Fig. 3) depending on the
masses of the dark photon and dark Higgs and the choice
of vd.

11

The study of the single production of the top partner at
the LHC in the single topþ =ET þ jet final state and the
event selection criteria listed in Sec. III shows if the top
partner dominantly decays to a top quark and an invisible
dark photon, it will be possible to set potentially stringent
limit in the sin θL −mTp

plane. We obtained a 2σ exclusion
limit on sin θL as low as ∼0.025 up to mTp

∼ 2.0 TeV atffiffiffi
s

p ¼ 14 TeV with 3 ab−1 integrated luminosity. For mTp

up to 2.6 TeV sin θL ≥ 0.05 can be excluded at 2σ
significance with the same specification.
We also present a 5σ (3σ) discovery (exclusion) limit on

mTp
using the single production of top partner analysis as a

function of the integrated luminosity at
ffiffiffi
s

p ¼ 14 TeV,
assuming sin θL ¼ 0.1, 0.05. Figure 18 shows that at

TABLE XII. Columns [2-8] depict the effects of cut flow on cross sections for both the signal (bold) and total background atffiffiffi
s

p ¼ 14 TeV. sin θL ¼ 0.1 is assumed to estimate the signal cross sections and branching ratios at various benchmark choices of mTP
.

The cross sections presented in column [2-8] assume BRðTp → tγdÞ ¼ 100%. The estimated signal significance is quoted in the last
column assuming actual BR (100% BR) with an integrated luminosity of 300 fb−1. [vd ¼ 200 GeV, mγd ¼ 10 GeV and mhd ¼
400 GeV are assumed to obtain the above results].

mTp
(TeV)

Production cross
section (fb)

Basic
cuts (fb)

Boosted top
requirement (fb) jηj > 2.1

MT cut
MT >MT0

(fb)
pT cut

pT >pT0
(fb)

=ET cut
=ET >=ET0

(fb)

Significance�
Sffiffiffiffiffiffiffi
SþB

p
�

1 46.89 35.63 9.01 8.07 7.88 7.35 3.91 8.2 (14.1)
2.16 × 1011 8.17 × 1010 2.00 × 107 5.73 × 106 713.3 533.1 19.2

1.2 26.65 20.46 5.85 5.29 5.07 4.96 2.56 8.3 (14.4)
2.16 × 1011 8.17 × 1010 2.00 × 107 5.73 × 106 320.5 303.2 7.0

1.4 15.81 12.14 3.79 3.46 3.25 3.24 1.69 7.8 (13.4)
2.16 × 1011 8.17 × 1010 2.00 × 107 5.73 × 106 147.8 147.7 3.1

1.6 9.70 7.48 2.48 2.26 2.10 2.10 1.09 8.0 (13.2)
2.16 × 1011 8.17 × 1010 2.00 × 107 5.73 × 106 73.4 73.4 0.95

1.8 6.09 4.67 1.56 1.43 1.31 1.31 0.60 7.3 (11.5)
2.16 × 1011 8.17 × 1010 2.00 × 107 5.73 × 106 36.2 36.2 0.23

2.0 3.91 2.96 0.97 0.90 0.80 0.80 0.50 6.4 (10.2)
2.16 × 1011 8.17 × 1010 2.00 × 107 5.73 × 106 18.0 18.0 0.23

2.2 2.54 1.89 0.59 0.54 0.48 0.48 0.35 4.8 (7.9)
2.16 × 1011 8.17 × 1010 2.00 × 107 5.73 × 106 10.8 10.8 0.23

2.4 1.67 1.22 0.36 0.33 0.28 0.28 0.22 3.3 (5.7)
2.16 × 1011 8.17 × 1010 2.00 × 107 5.73 × 106 6.53 6.53 0.23

2.5 1.36 0.98 0.28 0.26 0.22 0.22 0.18 2.7 (4.8)
2.16 × 1011 8.17 × 1010 2.00 × 107 5.73 × 106 4.54 4.54 0.23

2.6 1.11 0.79 0.22 0.20 0.17 0.17 0.14 2.3 (4.1)
2.16 × 1011 8.17 × 1010 2.00 × 107 5.73 × 106 3.14 3.14 0.23

11For low, vd ∼ 1 GeV the allowed ranges of sin θL consistent
with the perturbative unitarity bound are so small
[j sin θLj≲ 0.002, see Fig. 1(a)] that it is not sensitive to LHC
analyses.
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FIG. 17. 2σ exclusion limit on σðpp → TpjÞ × BRðTp → tγdÞ in the sin θL −mTp
plane at (a) 13 TeV(139 fb−1), (b) 14 TeV

(300 fb−1) and (c) 14 TeV (3000 fb−1). [vd ¼ 200 GeV, mγd ¼ 10 GeV and mhd ¼ 400 GeV are assumed to obtain the above results].

FIG. 18. The LHC reach for mTp
at 3σ and 5σ significance level as a function of the integrated luminosity at

ffiffiffi
s

p ¼ 14 TeV for two
different choices of (a). sin θL ¼ 0.1 and (b). sin θL ¼ 0.05.
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ffiffiffi
s

p ¼ 14 TeV assuming 3 ab−1 integrated luminosity one
can exclude mTp

≤ 2.4 TeV for sin θL ¼ 0.05 at 3σ signifi-
cance level.

V. CONCLUSIONS

We have discussed the phenomenology of a VLQ which
is charged under both the SM gauge interaction and also
carries an additional dark Uð1Þd charge. This gives rise to
some new consequences in terms of its decay. We have
shown that in a large region of the parameter space, the top
partner predominantly decays to a top and a dark photon/
dark Higgs (Tp → tþ γd=hd) with its traditional decay
modes suppressed. This not only helps one to evade the
strong bounds coming from LHC searches for a top
partner in the traditional channels such as Tp →
bW; tZ; or th it opens up a new possibility to search
for them at the LHC. We have focused on the Tp → tγd
decay mode and analyzed the pair and single production
of top partner at the LHC in the tt̄þ =ET and tþ =ET final
states, respectively, assuming that the dark photon decays
to an invisible system or is stable at the length scale of the
detector.
A striking feature of our signal is that the top quark

produced in the decay of the top partner is highly boosted
and one can use the boosted top tagging technique to
reconstruct the momentum of the top quark initiated jet in
the hadronic channel. We have proposed several kinematic
variables such as transverse momentum of the recon-
structed top quark, missing transverse momentum and
stransverse mass or transverse mass to suppress the
dominant SM backgrounds in these channels. We have
shown that top partner mass up to 1.6 TeV can be exclude
with more than 2σ significance using the top-pair produc-
tion channel. We have also incorporated the limit coming
from the LHC analysis for stop pair searches
[pp → t̃t̃� → ðtχ̃01Þðt̄χ̃01Þ] in the same final state.
The single production of the top partner is sensitive to the

mass of the top partner, mTp
and the mixing angle, sin θL.

The constraints coming from the EWPO and perturbative
unitarity mostly prefer a very small mixing angle
(j sin θLj≲ 0.1). Such a small mixing angle will imply
small cross section in the single top partner production
case. The future run of LHC at 14 TeV center of mass
energy with 3 ab−1 integrated luminosity will be sensitive
to such small mixing angle, i.e., sin θL ∼ 0.05–0.1. For
mTp

∼ 2.5 TeV, this is exactly the range consistent with the
hierarchy j sin θLj ≪ mt=mTp

≪ 1. This is also the case
where one has the branching ratio enhancement in the tγd
and thd channels. Using simple cut based analysis we have
set an exclusion limit in the sin θL −mTp

plane. We have
shown that sin θL ∼ 0.025 (0.05) can be ruled out formTp

≤
2.0 (2.6) TeV at a 95% confidence level using the future

LHC data corresponding to 3 ab−1 integrated luminosity
and

ffiffiffi
s

p ¼ 14 TeV. We have also considered bounds
coming from the latest LHC data in the single top partner
channel with T → tZ → tðZ → νν̄Þ. We have also pre-
sented LHC reach for top partner mass as a function of
integrated luminosity at 14 TeV center of mass energy. Our
collider analysis will also be applicable whenever the top
partner decays to a top and an invisible system other
than dark photon assuming mTp

; sin θL and BRðTp → tþ
invisibleÞ as independent parameters.
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APPENDIX A: EWPO

For a singlet top partner model, we follow [52] to get the
general expression for corrections to oblique parameters
and Zbb̄ couplings,

ΔT ¼ Ncm2
t

16π sin2W m2
W
sin2 θL

�
−ð1þ cos2θLÞ

þ 2cos2θL
rT

rT − 1
logðrTÞ þ rTsin2θL

	
ðA1Þ

ΔS ¼ Nc

18π
sin2θL

�
logðrTÞ þ cos2θL

�
5ðr2T þ 1Þ − 22rT

ð1 − rTÞ2

þ 3ðrT þ 1Þðr2T − 4rT þ 1Þ
ð1 − rTÞ3

logðrTÞ
�	

ðA2Þ

δXL
bb ¼

g2

32π2
sin2θL½f1ðx; x0Þ þ cos2θLf2ðx; x0Þ� ðA3Þ

where, rT ¼ mTp
=mt, x ¼ m2

t =m2
W , x

0 ¼ m2
Tp
=m2

W and,

f1ðx; x0Þ ¼ x0 − xþ 3 log

�
x0

x

�
ðA4Þ

f2ðx; x0Þ ¼ −x0 − xþ 2x0x
x0 − x

log

�
x0

x

�
ðA5Þ
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APPENDIX B: PARTIAL DECAY WIDTHS

In this section we list the formulas for the decay widths
of the top partner in various modes.12

1. Tp → bW

LTp-b-W ¼ T̄pγ
μðVLPLÞbWμ þ H:c: ðB1Þ

The exact model independent expression for
ΓðTp → bWÞ is given by

ΓðTp → bWÞ ¼ 1

16π

m3
Tp

m2
W
λ1=2
�
1;

m2
b

m2
Tp

;
m2

W

m2
Tp

�
��

1 −
m2

b

m2
Tp

�
2

þ m2
W

m2
Tp

− 2
m4

W

m4
Tp

þm2
Wm

2
b

m2
Tp

	

×

�jV2
Lj
2

�
ðB2Þ

where,

λða; b; cÞ ¼ a2 þ b2 þ c2 − 2ab − 2bc − 2ca ðB3Þ

In the present model, we have

VL ¼ g sin θLffiffiffi
2

p ðB4Þ

In the limit j sin θdj; j sin θSj; ε; mt=mTp
≪ 1 Eq. (B2)

reduces to

ΓðTp → bWÞ ≈ 1

16π

m3
Tp

v2EW
sin2θL ðB5Þ

2. Tp → tV

LTp−t−V ¼ −T̄pγ
μðVLPL þ VRPRÞtVμ þ H:c: ðB6Þ

The exact model independent expression for
ΓðTp → tVÞ is given by

ΓðTp → tVÞ ¼ 1

16π

m3
Tp

m2
V
λ1=2
�
1;

m2
t

m2
Tp

;
m2

V

m2
Tp

�
���

1 −
m2

t

m2
Tp

�
2

þ m2
V

m2
Tp

− 2
m4

V

m4
Tp

þm2
Vm

2
t

m2
Tp

	

×

�jV2
Lj þ jV2

Rj
2

�

−3
mt

mTp

m2
V

m2
Tp

ðVLV�
R þ V�

LVRÞ



ðB7Þ

In this model, for V ¼ Z, we have

VL ¼ 1

4
sin 2θL½ĝZðcos θd þ sin θdt̂WεÞ þ 2gd sin θd� ðB8Þ

VR ¼ 1

2
gd sin θd sin 2θR

¼ 1

2
gd sin θd sin 2θL

mTp
mt

m2
t cos2θL þm2

Tp
sin2θL

ðB9Þ

and for V ¼ γd, we have

VL¼
1

4
sin2θL½ĝZðsinθd−cosθdt̂WεÞ−2gdcosθd� ðB10Þ

VR ¼ −
1

2
gd cos θd sin 2θR

¼ −
1

2
gd cos θd sin 2θL

mTp
mt

m2
t cos2θL þm2

Tp
sin2θL

ðB11Þ

where θd is the mixing angle between the Abelian gauge
bosons.

t̂W ¼ sin θ̂W
cos θ̂W

ðB12Þ

sin θ̂W ¼ sin θW þOðε2Þ ðB13Þ

ĝZ ¼ g

cos θ̂W
ðB14Þ

gd ¼
mγd

vd
þOðε2Þ ðB15Þ

gd ¼
g0dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − ðε02=cos2θ̂WÞ
q ðB16Þ

In the limit j sin θdj; j sin θSj; ε; mt=mTp
≪ 1 Eq. (B7)

simplifies to the following two equations for V ¼ Z and γd

ΓðTp → tZÞ ≈ 1

32π

m3
Tp

v2EW
sin2θLcos2θL ðB17Þ

12We have calculated both the general and model specific
expressions for the decay widths independently. The general
expressions for the decay widths agree with Refs. [12,13] in
various special cases or limits.
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and,

ΓðTp → tγdÞ ≈
1

32π

m3
Tp

v2d
sin2θLcos2θL ×

�
1þ

m2
Tp
m2

t

D2

�
ðB18Þ

where, D ¼ m2
t cos2θL þm2

Tp
sin2θL.

3. Tp → tS

LTp-t-S ¼ −T̄pðYLPL þ YRPRÞtSþ H:c: ðB19Þ

The exact model independent expression for ΓðTp → tSÞ
is given by

ΓðTp → tSÞ ¼ 1

16π
mTp

λ1=2
�
1;

m2
t

m2
Tp

;
m2

S

m2
Tp

�
��

1þ m2
t

m2
Tp

−
m2

S

m2
Tp

	�jY2
Lj þ jY2

Rj
2

�

þ mt

mTp

ðYLY�
R þ Y�

LYRÞ



ðB20Þ

In this model, for S ¼ h

YL¼
1ffiffiffi
2

p sinθRðyt cosθL cosθSþλT sinθL sinθSÞ ðB21Þ

YR¼
1ffiffiffi
2

p cosθRðyt sinθL cosθS−λT cosθL sinθSÞ ðB22Þ

and for S ¼ hd

YL ¼ 1ffiffiffi
2

p sin θRðyt cos θL sin θS − λT sin θL cos θSÞ ðB23Þ

YR¼
1ffiffiffi
2

p cosθRðyt sinθL sinθSþλT cosθL cosθSÞ ðB24Þ

where

yt ¼
ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

t cos2θL þm2
Tp
sin2θL

q
vEW

ðB25Þ

λT ¼
ðm2

Tp
−m2

t Þ sin 2θLffiffiffi
2

p
vd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

t cos2θL þm2
Tp
sin2θL

q ðB26Þ

mT ¼ mtmTpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

t cos2θL þm2
Tp
sin2θL

q ðB27Þ

sin θR ¼ mT

mt
sin θL ðB28Þ

cos θR ¼ mT

mTp

cos θL ðB29Þ

and θS is a mixing angle in the scalar sector.
In the limit j sin θdj; j sin θSj; ε; mt=mTp

≪ 1 Eq. (B20)
simplifies to the following two equations for S ¼ h
and hd

ΓðTp → thÞ ≈ 1

32π

m3
Tp

v2EW
sin2θLcos2θL ðB30Þ

and,

ΓðTp→ thdÞ≈
1

32π

m3
Tp

v2d
sin2θLcos2θL

×
m4

Tp

D2

�
sin4θLþ

m2
t

m2
Tp

cos4θL

þ4
m2

t

m2
Tp

sin2θLcos2θL

�
ðB31Þ
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