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Background

• LQs are color triplet bosons with lepton numbers - can couple to leptons and quarks. 
Currently, they are receiving a lot of attention in the literature as they are one of the leading 
candidates to resolve the persistent B-decay anomalies (  and  ). The anomalies hint 
towards large cross-generational LQ couplings involving third generation quarks. 

• The LHC is searching for LQs that couple with third-generation fermions and has put direct 
bounds on them. Among the various possible signatures, the !  mode is 
already extensively searched for by the ATLAS and the CMS collaborations. Assuming 100% 
branching ratios, the limits stand at about a TeV.  

• LQs can decay to a top quark and a charged (light) lepton giving rise to a resonance 
system of a boosted top quark and a high-  lepton at the LHC. They can be produced 
in pairs or singly. As their mass increases, the pair production cross section falls off faster 
than the single production cross sections due to the extra phase-space suppression it 
receives.  

• Large couplings of LQs hint towards non-negligible single productions. However, the 
common perception is, at the LHC, LQs that couple with third generation quarks exclusively 
have tiny single production cross sections for perturbative new couplings because of the 
small b-quark parton density function (PDF) (t-PDF is absent).

RK(*) RD(*)

pp → ℓqℓq → tτ tτ

pT
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Scalar LQ Models

• Electromagnetic charge conservation forces the LQs that decay to a top quark and a 
charged lepton to have electromagnetic charge 1/3 or 5/3. From the Buchmüller-Rückl-
Wyler models we see that among the scalar LQs, only  ,   and   can have the desired 
decay modes. 

• The relevant Lagrangian terms: 

                                                                                                                                                                                         

• We assume diagonal CKM & PMNS matrices (a good approximation for LHC direct 
searches).

S1 S3 R2

Chandak, Mandal, SM, PRD 100, 075019 (2019)

Buchmuller, Ruckl, Wyler, PLB 191, 442 (1987) 
Doršner, Fajfer, Greljo, Kamenik, Košnik, PRpt 641, 1 (2016)

! :         !                                           

! :         !            

! :        !   

                           with ! . All neutrinos are denoted by ! .

S1(3, 1,1/3) yLL
1 3j (−b̄C

L νL + t̄C
Lℓj

L) S1 + yRR
1 3j t̄C

Rℓj
RS1 + H.c.

S3(3, 3,1/3) −yLL
3 3j [(b̄C

L νL + t̄C
Lℓj

L) S1/3 + 2 (b̄C
Lℓj

LS4/3
3 − t̄C

L νLS−2/3)] + H.c.

R2(3, 2,7/6) −yRL
2 3j t̄Rℓj

LR5/3
2 + yRL

2 3j t̄RνLR2/3
2 + yLR

2 j3 ℓ̄j
RtLR5/3 *

2 + yLR
2 j3 ℓ̄j

RbLR2/3 *
2 + H.c.

j = {1,2} νL
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Vector LQ Models

• Among the possible vector LQ models, the weak singlet , doublets  and 
 and the triplet  would qualify.  

• The relevant Lagrangian terms: 

                                                                                                                                                                                       

Ũ1 V2
Ṽ2 U3

Bhaskar, Mandal, SM, arXiv:2004.01096

! :       !       

! :       !  

! :    !    

! :  !          

! :      !   

                         !  with ! . All neutrinos are denoted by ! .

Ũ1(3, 1,5/3) x̃RR
1 3j t̄R (γ ⋅ Ũ1) ℓj

R + H.c.

U1(3, 1,2/3) xLL
1 3j {t̄L (γ ⋅ U1) νL + b̄L (γ ⋅ U1) ℓj

L} + xRR
1 3j b̄R (γ ⋅ U1) ℓj

R + H.c.

V2(3, 2,5/6) −xRL
2 3jb̄

C
R {(γ ⋅ V1/3

2 ) νL − (γ ⋅ V4/3
2 ) ℓj

L} + xLR
2 3j {t̄C

L (γ ⋅ V1/3
2 ) − b̄C

L (γ ⋅ V4/3
2 )} ℓj

R + H.c.

Ṽ2(3, 2, − 1/6) x̃RL
2 3jt̄

C
R {−(γ ⋅ Ṽ1/3

2 ) ℓj
L + (γ ⋅ Ṽ−2/3

2 ) νL} + H.c.

U3(3, 3,2/3) xLL
3 3j{ − b̄L (γ ⋅ U2/3

3 ) ℓj
L + t̄L (γ ⋅ U2/3

3 ) νL + 2 b̄L (γ ⋅ U−1/3
3 ) νL + 2 t̄L (γ ⋅ U5/3

3 ) ℓj
L}

+ H.c. j = {1,2} νL

Buchmuller, Ruckl, Wyler, PLB 191, 442 (1987) 
Doršner, Fajfer, Greljo, Kamenik, Košnik, PRpt 641, 1 (2016)
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• We can write a simple phenomenological Lagrangian for the scalar models, 

!  

• In this notation, a charge 1/3 (5/3) scalar LQ is generically represented by ! .  

• !  and !  are the fractions of leptons coming from LQ decays that are 
left-handed and right-handed respectively. 

ℒ ⊃ λℓ ( ηLt̄C
LℓL + ηRt̄C

RℓR) ϕ1 + λνb̄C
L νLϕ1 + λ̃ℓ ( ηLt̄RℓL + ηRt̄LℓR) ϕ5 + H.c.

ϕ1(ϕ5)

ηL ηR = 1 − ηL

Chandak, Mandal, SM, PRD 100, 075019 (2019)

L ⊃ −yLL33j½ðb̄CLνL þ t̄CLl
j
LÞS1=3 þ

ffiffiffi
2

p
ðb̄CLl

j
LS

4=3
3

− t̄CLνLS
−2=3Þ% þ H:c:; ð6Þ

with j ¼ f1; 2g.
R2 ¼ ð3; 2;7=6Þ:Similarly, for R2 we have the following

terms,

L ⊃ −yRL2ij ū iRRa
2ϵ

abLj;b
L þ yLR2ji ē

j
RR

a
2Q

i;a
L þ H:c:;

which, after expansion, can be written as,

L ⊃ −yRL2ij ū iRe
j
LR

5=3
2 þ ðyRL2 UÞijū iRν

j
LR

2=3
2

þ ðyLR2 V†Þjiē
j
Ru

i
LR

5=3
2 þ yLR2ji ē

j
Rd

i
LR

2=3
2 þ H:c:: ð7Þ

We identify the terms relevant for us as,

L ⊃ −yRL23jt̄Rl
j
LR

5=3
2 þ yRL23jt̄RνLR

2=3
2

þ yLR2j3l̄
j
RtLR

5=3
2 þ yLR2j3l̄

j
RbLR

2=3
2 þ H:c:; ð8Þ

with j ¼ f1; 2g.

B. Simplified models and benchmark scenarios

Following Ref. [43], we write a simplified phenomeno-
logical Lagrangian for the models above,

L⊃ λlð
ffiffiffiffiffi
ηL

p
t̄CLlLþ

ffiffiffiffiffi
ηR

p
t̄CRlRÞϕ1þλνb̄CLνLϕ1þH:c:; ð9Þ

L ⊃ λ̃lð
ffiffiffiffiffi
ηL

p
t̄RlL þ ffiffiffiffiffi

ηR
p

t̄LlRÞϕ5 þ H:c:: ð10Þ

In this notation, a charge 1=3 (5=3) scalar LQ is generically
represented by ϕ1 (ϕ5). Here, ηL and ηR ¼ ð1 − ηLÞ are the
fractions of leptons coming from LQ decays that are left-
handed and right-handed, respectively. The simplified
Lagrangian does not include any charge 2=3 or 4=3 LQ
as such LQs would not couple with just a top quark and a
charged lepton simultaneously.
For our analysis, we consider four benchmark coupling

scenarios.
(1) Left-handed couplings with same sign (LCSS): In

this scenario, we set λl ¼ λν ¼ λ, λ̃l ¼ 0 and
ηR ¼ 0, i.e., we have a ϕ1 LQ that couples to the

left-handed leptons. As a result, it couples to both tl
and bν pairs with equal strength and hence decays to
either of the pairs with about 50% BRs. In this
scenario, the ϕ1 behaves like the charge 1=3 com-
ponent of S3 (with −yLL33j ¼ λ).

(2) Left-handed couplings with opposite sign (LCOS):
We set λl ¼ −λν ¼ λ, λ̃l ¼ 0 and ηR ¼ 0. In this
scenario too a ϕ1 LQ couples with the left-handed
leptons equally but with opposite signs. However,
since it couples to both tμ and bν pairs with equal
(absolute) strength, it still decays to either a tl or a
bν pair with about 50% BRs. In this scenario, it
behaves like an S1 with yLL13j ¼ λ and yRR13j ¼ 0.

(3) Right-handed coupling (RC): In this scenario, the
LQ has no weak charge and couples with only right-
handed leptons. This scenario is common to both ϕ1

and ϕ5 as we do not use the charge of leptoquark in
our analysis. Here, we set λ̃l ¼ λl ¼ λ, λν ¼ 0 and
ηL ¼ 0. It decays to a tl pair with 100% BR. In this
scenario, the LQ is either of S1 type with yLL13j ¼ 0

and yRR13j ¼ λ or it is R5=3
2 with yLR2j3 ¼ λ.

(4) Left-handed coupling (LC): In this scenario the
LQ couples with only left-handed charged leptons.
This scenario is exclusive to ϕ5. Here, we set
−yRL23j ¼ λ̃l ¼ λ, λl ¼ λν ¼ 0 and ηR ¼ 0. It decays
to a tl pair with 100% BR.

We have summarized these four scenarios in Table I.

III. LHC PHENOMENOLOGY
AND SEARCH STRATEGY

We have used various publicly available packages for our
analysis. We implement the Lagrangian of Eqs. (9) and (10)
in FEYNRULES [47] to create the UFO [48] model files.
Both the signal and the background events are generated in
the event generator MADGRAPH5 [49] at the leading order
(LO). The higher-order corrections are included by
multiplying appropriate QCD K-factors wherever avail-
able. We use NNPDF2.3LO [50] PDFs for event generation
by setting default dynamical renormalization and factori-
zation scales used in MADGRAPH5. Events are passed
through PYTHIA6 [51] to perform showering and hadroni-
zation and matched up to two additional jets using MLM

TABLE I. Summary of the four benchmark scenarios considered. They are explained in Sec. II B.

Simplified model [Eqs. (9)–(10)] LQ models [Eqs. (3)–(8)]
Benchmark
scenario

Possible
charge(s)

Type
of LQ

Nonzero couplings
equal to λ

Lepton chirality
fraction

Type
of LQ

Nonzero coupling
equal to λ

Decay
mode(s)

Branching
ratio(s)

LCSS 1=3 ϕ1 λl ¼ λν ηL ¼ 1, ηR ¼ 0 S1=33
−yLL33j ftl; bνg f50%; 50%g

LCOS 1=3 ϕ1 λl ¼ −λν ηL ¼ 1, ηR ¼ 0 S1 yLL13j ftl; bνg f50%; 50%g
RC f1=3; 5=3g fϕ1;ϕ5g fλ̃l; λlg ηL ¼ 0, ηR ¼ 1 fS1; R

5=3
2 g fyRR13j; yLR2j3g tl 100%

LC 5=3 ϕ5 λ̃l ηL ¼ 1, ηR ¼ 0 R5=3
2

−yRL23j tl 100%

HUNTING FOR SCALAR LEPTOQUARKS WITH BOOSTED TOPS … PHYS. REV. D 100, 075019 (2019)

075019-3

Simple Models & Benchmarks
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• We can write a similar simplified phenomenological Lagrangian for the vLQ 
models, 

• In this notation, a charge 1/3 (5/3) vLQ is generically represented by ! .  

• The kinetic terms for a vLQ contains a free parameter, usually denoted as   

χ1(χ5)

κ

�    

      �                                  

      �

ℒ ⊃ Λℓ{ ηR t̄C
L (γ ⋅ χ1) ℓR + ηL t̄C

R (γ ⋅ χ1) ℓL} + Λν b̄C
R (γ ⋅ χ1) νL

+Λ̄ℓ{ϵR ηR b̄R (γ ⋅ χ2) ℓR + ηL b̄L (γ ⋅ χ2) ℓL} + Λ̄ν t̄L (γ ⋅ χ2) νL

+Λ̃ℓ{ ηR t̄R (γ ⋅ χ5) ℓR + ηL t̄L (γ ⋅ χ5) ℓL} + H . c .

ℒ ⊃ −
1
2

χ†
μν χμν + M2

χ χ†
μ χμ − igs κ χ†

μTaχν Ga μν

Simple Models & Benchmarks Bhaskar, Mandal, SM, arXiv:2004.01096
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Simplified models [Eqs. (14) – (16)] LQ models [Eqs. (1) – (13)]

Benchmark
scenario

Possible
charge(s)

Type of
LQ

Non-zero
couplings
equal to �

Charged
lepton
chirality
fraction

Type of
LQ

Non-zero
coupling
equal to �

Decay
mode(s)

Branching
ratios(s)
{�, 1� �}

LC
1/3 �1 ⇤` ⌘L = 1 Ṽ 1/3

2 x̃RL
2 3j t`

{100%, 0}2/3 �2 ⇤̄⌫ —
⇣
Ṽ �2/3
2

⌘† ⇣
x̃RL
2 3j

⌘⇤
t⌫

5/3 �5 ⇤̃` ⌘L = 1 U5/3
3

p
2 xLL

3 3j t`

LCSS*
2/3 �2

⇤̄` = ⇤̄⌫ ⌘L = 1
U1 xLL

1 3j {t⌫, b`} {50%, 50%}
LCOS ⇤̄` = �⇤̄⌫ U2/3

3 �xLL
3 3j

RC 1/3 �1 ⇤` ⌘R = 1
V 1/3
2 xLR

2 3j t` {100%, 0}
5/3 �5 ⇤̃` Ũ1 x̃RR

1 3j

RLCSS*
1/3 �1

⇤` = ⇤⌫ ⌘R = 1
V 1/3
2 xLR

2 3j = �xRL
2 3j {t`, b⌫} {50%, 50%}

RLCOS* ⇤` = �⇤⌫ V 1/3
2 xLR

2 3j = xRL
2 3j

TABLE I. Summary of the nine benchmark scenarios considered. The branching ratio for a � to decay to a top-quark, � is fixed
in any model [Eqs. (1) – (13)], except for U1 in the LCSS scenario (�  50%) and for V 1/3

2 in the RLCSS/OS scenarios where
0  � < 100% (for � = 100%, these two scenarios become the same as the RC scenario). The exceptional scenarios are marked
by an asterisk. Here, � is a generic free coupling parameter. For simplicity, we have chosen only this one coupling to control all
the non-zero new couplings in every benchmark. This essentially means choosing � to be 50% in the exceptional scenarios also.

where ⌧k denotes the Pauli matrices. This can be expanded as

L � �xLL
3 ij d̄

i
L�

µU2/3
µ `jL + (VxLL

3 U)ij ū
i
L�

µU2/3
µ ⌫j

L

+
p
2(xLL

3 U)ij d̄
i
L�

µU�1/3
µ ⌫j

L +
p
2(VxLL

3 )ij ū
i
L�

µU5/3
µ `jL

+ H.c.. (12)

The terms for the third generation quarks can be written ex-
plicitly as,

L � xLL
3 3j

n
� b̄L

⇣
� · U2/3

3

⌘
`jL + t̄L

⇣
� · U2/3

3

⌘
⌫j
L

+
p
2 b̄L

⇣
� · U�1/3

3

⌘
⌫j
L +

p
2 t̄L

⇣
� · U5/3

3

⌘
`jL

o

+ H.c.. (13)

A. Simplified model and benchmark scenarios

The above models can be simplified into the following phe-
nomenological Lagrangians,

L � ⇤`

⇢
p
⌘R t̄CL (� · �1) `R +

p
⌘L t̄CR (� · �1) `L

�

+ ⇤⌫ b̄CR (� · �1) ⌫L +H.c., (14)

L � ⇤̄`

⇢
✏R

p
⌘R b̄R (� · �2) `R +

p
⌘L b̄L (� · �2) `L

�

+ ⇤̄⌫ t̄L (� · �2) ⌫L +H.c., (15)

L � ⇤̃`

⇢
p
⌘R t̄R (� · �5) `R +

p
⌘L t̄L (� · �5) `L

�

+ H.c., (16)

where we have suppressed the lepton generation index. We
denote a generic charge ±n/3 vLQ by �n. Here, ⌘L and
⌘R = 1�⌘L are the charged lepton chirality fractions [89, 96].
In Eq. (15), we have introduced a sign term, ✏R = ±1 to in-
corporate a possible relative sign between the left-handed and
the right-handed terms [see Eq. (7)]. We shall consider only
real couplings in our analysis for simplicity.

As we did for the sLQs [89], here also we identify some
benchmark scenarios with the simplified models (see Table I).

Each scenario corresponds to one of the realizable models de-
scribed above [see Eqs. (1) – (13)]. Here, we have ignored
any possible mixing among the vLQs. The BR for a � to de-
cay to a top-quark, � is fixed in any model [Eqs. (1) – (13)],
except for two cases that we shall describe shortly. For sim-
plicity, we choose only one free coupling � parametrizing the
non-zero new couplings in every benchmark scenario (see the
fourth and seventh columns of Table. I. By doing this, we are
essentially choosing � to be 50% in the free � scenarios also.)

• In the Left Coupling (LC) scenario, a � can directly cou-
ple with left-handed leptons. We set � equal to ⇤` (for
�1) or ⇤̃` (for �5) or ⇤̄⌫ (for �2) and put all other cou-
plings to zero. For �1 and �5 we set ⌘L = 1. Here , �1

represents a Ṽ 1/3
2 with ⇤` = x̃RL

2 3j , �5 represents a U5/3
3

with ⇤̃ =
p
2 xLL

3 3j and �2 represents an anti-Ṽ �2/3
2

with ⇤̄⌫ =
⇣
x̃RL
2 3j

⌘⇤
. In this scenario, a �1 or �5 decay

to t` pairs and a �2 decays to t⌫ pairs all the time.
• If a �2 is of U1 or U2/3

3 type, it can also decay to a b` pair.
Hence, it is possible that a �2 couples with left-handed
leptons but the BR for the �2 ! t⌫ (�) is 50%. Such
possibilities are captured in the Left Couplings with the
Same Signs (LCSS) or the Left Couplings with Opposite
Signs (LCOS) scenarios. The difference between these
two comes from the different relative signs between the
�2b` and �2t⌫ couplings. In LCSS, the �2 behaves as a
U1 with ⇤̄` = ⇤̄⌫ = xLL

1 3j , whereas in LCOS it behaves
as a U2/3

3 with ⇤̄` = �⇤̄⌫ = �xLL
3 3j . It is important to

note that in the U1 case, it is possible to have � < 50%
if we consider a non-zero xRR

1 3j . This can be seen from
Eq. (4). Unlike the sLQ case [89], the LCSS and LCOS
scenarios for the vLQ yield the same single production
cross section as there is no interference among the con-
tributing diagrams.

• The Right Coupling (RC) scenario, where a LQ couples
only to right-handed charged leptons, is exclusive to �1

and �5. Like the LC scenario, here we have � = 100%.
In this case a �1 behaves as a V 1/3

2 with ⇤` = xLR
2 3j and

a �5 behaves as a Ũ1 with ⇤̃` = xRR
1 3j .

3

Simple Models & Benchmarks Bhaskar, Mandal, SM, arXiv:2004.01096
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Production of LQs

• The pair production process leads to the following final state  

!   

     where a !  stands for either a !  or a ! .  

• Single production channels, where a LQ is produced in association with a lepton 
and either a jet or a top-quark, lead to 

pp → ϕϕ / χχ → (tℓ)(tℓ)

ϕ(χ) ϕ1(χ1) ϕ5(χ5)

g

g

g

�

�

(a)

�

�

`/⌫

q

q

(b)

b

q

W

q0

`

�

t

(c)

g

g

t

�

�

`

t

(d)

FIG. 1. Representative Feynman diagrams for the LQ production at the LHC. Diagrams (a) and (b) show pair production processes
and (c) and (d) show single production processes.

• Unlike the sLQ �1 (see Ref. [89]), the �1 type vLQs (if
it is V 1/3

2 ) can decay to both t` and b⌫ pairs, provided
⇤` and ⇤⌫ both are nonzero. We design two scenar-
ios, namely, Right (lepton) Left (neutrino) Couplings
with the Same Signs (RLCSS) where �1 ⌘ V 1/3

2 with
⇤` = ⇤⌫ = xLR

2 3j = xRL
2 3j and Right (lepton) Left (neu-

trino) Couplings with Opposite Signs (RLCOS) where
�1 ⌘ V 1/3

2 with ⇤` = �⇤⌫ = xLR
2 3j = xRL

2 3j . In
these two scenarios, � can be anything between zero
and 100% as both involve two independent couplings
[xLR

2 3j and xRL
2 3j , see Eq. (7)]. We, however, consider

only � = 50% for these benchmarks. We introduce these
two benchmarks for completeness, though, for our pur-
pose, these two are equivalent. As there is no interfer-
ence contribution sensitive to this sign flip, all the pro-
duction processes would have the same cross sections in
both the scenarios.

Before we move on, we note that the kinetic terms for a vec-
tor leptoquark contains a free parameter, usually denoted as
 [94],

L � �
1
2
�†
µ⌫�

µ⌫ +M2
� �†

µ�
µ
� igs �†

µT
a�⌫ Ga µ⌫ , (17)

where �µ⌫ stands for the field strength tensor of �. This pa-
rameter  can change pair and interestingly, some single pro-
duction cross sections through the modification of the ��g ver-
tex.2 We take two benchmark cases with  = 0 and  = 1 in
our analysis.

III. LHC PHENOMENOLOGY & SEARCH STRATEGY

We keep our computational setup the same as before [89]. We
use FeynRules [98] to create the UFO [99] model files for the
Lagrangians in Eqs. (14)–(16). Both the signal and the back-
ground events are generated in MadGraph5 [100] at the leading
order (LO). We include higher-order corrections to the back-
ground processes with QCD K-factors wherever available. For
VLQs, higher order K-factors for signal processes are yet not
known. We use NNPDF2.3LO [101] parton distribution func-
tions (PDFs) with default dynamical renormalization and fac-
torization scales to generate events in MadGraph5 and then pass
them through Pythia6 [102] for showering and hadroniza-
tion. Detector effects are simulated using Delphes3 [103] with

2 Similar modifications are possible for other gauge bosons also [92,
93]. We, however, ignore direct electroweak �-V couplings in our
analysis.

the default CMS card. Fatjets are reconstructed from Delphes

tower objects using Cambridge-Achen [104] clustering algo-
rithm (with R = 1.5) in FastJet [105]. We reconstruct
hadronic tops from fatjets with HEPTopTagger [106].

A. Production at the LHC

The vLQs would be produced resonantly at the LHC through
the pair and the single production channels. The dominant
pair production diagrams are free of the new couplings and
depend only on the universal strong coupling (there are dia-
grams with t-channel lepton exchange that involve new cou-
plings [see Fig. 1(b)], but their contribution to the total pair
production cross section is small [96]), hence the process is
mostly model-independent up to a choice of . The pair pro-
duction would lead to the following final states,

pp !

8
><

>:

�1�1 ! (t`)(t`) / (t`)(b⌫) / (b⌫)(b⌫)

�2�2 ! (t⌫)(t⌫) / (t⌫)(b`) / (b`)(b`)

�5�5 ! (t`)(t`)

9
>=

>;
.(18)

Here, as we did in case of the sLQs [89], we ignore those chan-
nels with no top quark and consider only symmetric channels
i.e., both the vLQs decay to the same final state. Constraining
ourselves to such channels will restrict the possible SM back-
grounds and make our signal easier to detect. It is generally
believed that the symmetric modes have good prospect [107].3
With this considerations, we are now left with only (t`)(t`) (for
�1 or �5) and (t⌫)(t⌫) (for �2) channels.

With similar consideration for the single production pro-
cesses, where a LQ is produced in association with a lepton
and either a jet or a top-quark, the possible final states are
given as,

pp !

(
�1t` ! (t`)t`

�1`j ! (t`)`j

)
, (19)

pp !

(
�2t⌫ ! (t⌫)t⌫

�2⌫j ! (t⌫)⌫j

)
, (20)

pp !

(
�5t` ! (t`)t`

�5`j ! (t`)`j

)
. (21)

3 The asymmetric modes (where the two LQs decay differently) have
not been used for LQs searches so far. For some LQ models, asym-
metric channels could provide better reach than symmetric channels
and, therefore, require a separate dedicated analysis [108].

4

pp → {(ϕ / χ)tℓ → (tℓ)tℓ} + {(ϕ / χ)ℓj → (tℓ)ℓj}
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FIG. 2. The parton-level cross sections of different production channels of �1 [(a) and (b)], �2 [(c) and (d)] and �5 [(e) and (f)]
at the 14 TeV LHC as functions of M�n . The single production cross sections are computed for a benchmark coupling � = 1 (see
Table I). Here, ` stands for either an electron or a muon and the j in the single production processes includes all the light jets as
well as b-jets. Their cross sections are generated with a cut on the transverse momentum of the jet, pjT > 20 GeV.
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FIG. 2. The parton-level cross sections of different production channels of �1 [(a) and (b)], �2 [(c) and (d)] and �5 [(e) and (f)]
at the 14 TeV LHC as functions of M�n . The single production cross sections are computed for a benchmark coupling � = 1 (see
Table I). Here, ` stands for either an electron or a muon and the j in the single production processes includes all the light jets as
well as b-jets. Their cross sections are generated with a cut on the transverse momentum of the jet, pjT > 20 GeV.
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matching scheme [52,53] with virtuality-ordered PYTHIA
showers to remove the double counting of the matrix
element partons with parton showers. Detector effects
are simulated using DELPHES3 [54] with the default
CMS card. Fatjets are reconstructed using the FASTJET
[55] package by clustering DELPHES tower objects. We
employ Cambridge-Achen [56] algorithm with radius
parameter R ¼ 1.5 for fatjet clustering. To reconstruct
hadronic tops from fatjets, we use a popular top tagger,
namely the HEPTOPTAGGER [57].

A. Production at the LHC

As indicated in the Introduction section, LQs are
produced resonantly at the LHC through pair and single
production channels. The pair production is mostly model
independent [depends only on the universal QCD coupling,
see e.g., Fig. 1(a)] and proceeds through the gg and qq
initiated processes. In the LCOS and the LCSS models,
the process bb → ϕ1ϕ1 through the t-channel neutrino
exchange is dependent on model coupling λ [see Fig. 1(b)].

However, this contribution is small in the total pair
production cross section. The pair production process leads
to the following final state,

pp → ϕϕ → ðtlÞðtlÞ ð11Þ

where a ϕ stands for either a ϕ1 or a ϕ5. Single production
channels, where a LQ is produced in association with a
lepton and either a jet or a top-quark, are given as,

pp → ϕtl → ðtlÞtl
pp → ϕlj → ðtlÞlj

!
: ð12Þ

In Fig. 2, we show the parton level cross sections of
different production processes of ϕ1 [Fig. 2(a)] and ϕ5

[Fig. 2(b)]. The single productions are computed for λ ¼ 1.
We see that for ϕ1, the single production processes depend
heavily on whether it is an S1 with LCOS/RC type couplings
or an S3 with LCSS coupling. In the LCSS scenario,
the pp → ϕ1lj becomes the dominant process beyond

(a) (b) (c) (d)

FIG. 1. Sample Feynman diagrams for LQ production at the LHC. Diagrams (a) and (b) show pair production processes and (c) and (d)
are examples of single productions.

(a) (b)

FIG. 2. The parton-level cross sections of different production channels of ϕ1 and ϕ5 at the 14 TeV LHC as functions of Mϕ. We
display the muon channel cross sections; the electron channel have similar cross sections. The single production cross sections are
computed for a benchmark coupling λ ¼ 1 (see Table I). The pair production cross sections include an NLO QCD K-factor of 1.3 [58].
Here, the j in the single production processes includes all the light jets as well as b-jets. Their cross sections are generated with a cut on
the transverse momentum of the jet, pj

T > 20 GeV.
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matching scheme [52,53] with virtuality-ordered PYTHIA
showers to remove the double counting of the matrix
element partons with parton showers. Detector effects
are simulated using DELPHES3 [54] with the default
CMS card. Fatjets are reconstructed using the FASTJET
[55] package by clustering DELPHES tower objects. We
employ Cambridge-Achen [56] algorithm with radius
parameter R ¼ 1.5 for fatjet clustering. To reconstruct
hadronic tops from fatjets, we use a popular top tagger,
namely the HEPTOPTAGGER [57].

A. Production at the LHC

As indicated in the Introduction section, LQs are
produced resonantly at the LHC through pair and single
production channels. The pair production is mostly model
independent [depends only on the universal QCD coupling,
see e.g., Fig. 1(a)] and proceeds through the gg and qq
initiated processes. In the LCOS and the LCSS models,
the process bb → ϕ1ϕ1 through the t-channel neutrino
exchange is dependent on model coupling λ [see Fig. 1(b)].

However, this contribution is small in the total pair
production cross section. The pair production process leads
to the following final state,

pp → ϕϕ → ðtlÞðtlÞ ð11Þ

where a ϕ stands for either a ϕ1 or a ϕ5. Single production
channels, where a LQ is produced in association with a
lepton and either a jet or a top-quark, are given as,

pp → ϕtl → ðtlÞtl
pp → ϕlj → ðtlÞlj

!
: ð12Þ

In Fig. 2, we show the parton level cross sections of
different production processes of ϕ1 [Fig. 2(a)] and ϕ5

[Fig. 2(b)]. The single productions are computed for λ ¼ 1.
We see that for ϕ1, the single production processes depend
heavily on whether it is an S1 with LCOS/RC type couplings
or an S3 with LCSS coupling. In the LCSS scenario,
the pp → ϕ1lj becomes the dominant process beyond

(a) (b) (c) (d)

FIG. 1. Sample Feynman diagrams for LQ production at the LHC. Diagrams (a) and (b) show pair production processes and (c) and (d)
are examples of single productions.

(a) (b)

FIG. 2. The parton-level cross sections of different production channels of ϕ1 and ϕ5 at the 14 TeV LHC as functions of Mϕ. We
display the muon channel cross sections; the electron channel have similar cross sections. The single production cross sections are
computed for a benchmark coupling λ ¼ 1 (see Table I). The pair production cross sections include an NLO QCD K-factor of 1.3 [58].
Here, the j in the single production processes includes all the light jets as well as b-jets. Their cross sections are generated with a cut on
the transverse momentum of the jet, pj

T > 20 GeV.
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FIG. 2. The parton-level cross sections of different production channels of �1 [(a) and (b)], �2 [(c) and (d)] and �5 [(e) and (f)]
at the 14 TeV LHC as functions of M�n . The single production cross sections are computed for a benchmark coupling � = 1 (see
Table I). Here, ` stands for either an electron or a muon and the j in the single production processes includes all the light jets as
well as b-jets. Their cross sections are generated with a cut on the transverse momentum of the jet, pjT > 20 GeV.
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FIG. 2. The parton-level cross sections of different production channels of �1 [(a) and (b)], �2 [(c) and (d)] and �5 [(e) and (f)]
at the 14 TeV LHC as functions of M�n . The single production cross sections are computed for a benchmark coupling � = 1 (see
Table I). Here, ` stands for either an electron or a muon and the j in the single production processes includes all the light jets as
well as b-jets. Their cross sections are generated with a cut on the transverse momentum of the jet, pjT > 20 GeV.
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Signal Topology

• We consider hadronic decays of tops. The characteristic of our signal is the 
presence of one or two boosted top quarks forming one/two top-like fatjets 
and two high-  leptons.  

• If we define our signal as events containing exactly two high-  same flavor 
opposite sign (SFOS) leptons and at least one hadronic top-like fatjet in the 
final state then it would include both single and pair productions and enhance 
the sensitivity.  

• There is some overlap between the pair and the single production processes. 
For example, at the parton level, a !  final state can be produced from both the 
pair production as well as the !  processes. Hence, one has to be 
careful to avoid double-counting while computing single productions. We ensure 
that for any single production process both ! (!) and ! (!) are never on-shell 
simultaneously.

pT

pT

tℓ tℓ
pp → (ϕ / χ)tℓ

ϕ χ ϕ† χ̄
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SM Backgrounds

• The main SM background processes for this 
signal topology: single   and   processes. 
Processes with a large cross section 
containing a single lepton can also act as a 
background if the second lepton appears 
due to a jet misidentified as a lepton. 
However, due to very small misidentification 
rate, this class of processes contribute 
negligibly to the total background. 

• We use MadGraph5 at LO. The higher-
order effects are considered through K-
factors. We use NNPDF2.3LO PDFs, 
Pythia6 & Delphes3 (with the default CMS 
card). Fatjets are reconstructed using the 
FastJet package by clustering Delphes 
tower objects. To reconstruct hadronic tops 
from fatjets, we use HEPTopTagger. 

Z tt
In Fig. 1, we show some representative Feynman diagrams of
the pair and the single productions of vLQs.

In Fig. 2, we show the parton level cross sections of
different production processes of �1 [Figs. 2(a), 2(b)], �2

[Figs. 2(c), 2(d)] and �5 [Figs. 2(e), 2(f)] as functions of their
masses. The single production cross sections scale as �2. Here,
they are computed for different benchmark scenarios with ref-
erence value � = 1. We see that in the LC scenario with
 = 0, the single production cross section �(pp ! �1`j) over-
takes the pair production cross section at about 1.8 TeV while
�(pp ! �1t`) always remains smaller. For  = 1, the pair
production cross section increases moving the crossover point
with �(pp ! �1`j) to about 2.6 TeV. Interestingly, we find that
�(pp ! �1t`) depends on the choice of  despite being a single
production process as it contains -dependent �1�1g vertex. In
the RC scenario, �(pp ! �1`j) is reduced by almost two or-
ders of magnitude than that in the LC scenario. This happens
because in the RC scenario, a �1 couples to a right-handed
top that comes from another left-handed top generated in the
charged current interaction through a chirality flip. If the ⇤⌫

coupling alone is turned on, the cross section for pp ! �1`j
process is negligible (see in Figs. 2(a) and 2(b)). (Note, how-
ever, a nonzero ⇤⌫ can still affect the BRs. For example, we
can consider RLCSS and RLCOS scenarios where the BR for
the �1 ! t` and �1 ! b⌫ modes are 50% each.) Now, be-
cause of the small contribution from the ⇤⌫ dependent dia-
grams and the fact that there is no interference in both the
RLCSS and RLCOS scenarios, the pp ! �1`j process would
have the same cross section as in the RC scenario. For �2, pair
production pp ! �2�2 always dominates over single produc-
tion pp ! �2t⌫ up to 3 TeV mass with � = 1 coupling for both
 = 0 and  = 1. In this case, we obtain a tt plus large /ET

signature which is analyzed in Ref. [90]. The �5 vLQ is similar
to the �1 and yield similar signatures at the colliders.

The distinctive feature of our signal is the presence of
boosted top quarks and high-pT charged leptons. In symmet-
ric modes, we have at least one top quark in the final state for
single productions while the pair production give rise to two
top quarks. In both the cases, we have two high-pT charged
leptons. Therefore, as already indicated in the Introduction,
we combine events from both pair and single productions by
demanding at least one top-jet (a hadronically decaying top
quark forming a fatjet) and exactly two high-pT same-flavor-
opposite-signs (SFOS) leptons in the final state to enhance the
signal sensitivity. Note that the same final state can arise from
the pair and the single productions. For example, the t`t` state
can come from both pp ! �1,5�1,5 and pp ! �1,5t` processes
(see Fig. 1). This can lead to double counting the contribution
of some diagrams while generating signal events. One can by-
pass it by ensuring both � and �† are not on-shell simultane-
ously in any single production event [96].

B. Backgrounds and selection

Since the topology of the vLQ signal is identical to that of the
sLQ signal [i.e., at least one (hadronic) top fatjet and exactly
two high-pT SFOS leptons], our background analysis essen-
tially remains the same as before [89]. We therefore point
the reader to the earlier paper for a detailed discussion on the
possible SM background processes. Here, we present the gist
of our discussions there. The dominant SM background pro-
cesses for our desired signal can arise from processes having
two leptons and significant cross sections at the LHC. The top-

Background � QCD
processes (pb) Order

V + jets Z + jets 6.33⇥ 104 NNLO
[109, 110] W + jets 1.95⇥ 105 NLO
V V + jets WW + jets 124.31 NLO

[111] WZ + jets 51.82 NLO
ZZ + jets 17.72 NLO

Single t tW 83.1 N2LO
[112] tb 248.0 N2LO

tj 12.35 N2LO
tt [113] tt+ jets 988.57 N3LO

ttV [114] ttZ 1.045 NLO+NNLL
ttW 0.653 NLO+NNLL

TABLE II. Total cross sections without any cut for SM back-
ground processes considered in our analysis. The higher order
QCD cross sections are taken from the literature and are shown
in the last column. We use these cross sections to compute the
K-factors which we multiply the LO cross sections to include
higher-order effects.

like fatjet can appear either from an actual top quark decaying
hadronically or from a bunch of QCD/non-QCD jets mimicking
its signature. We find that pp ! Z + jets and pp ! tt+ jets
processes contribute majorly to the background. The single
top, diboson and ttV (V = W,Z) production processes are
subdominant. There are SM processes with large cross sec-
tions e.g. pp ! W + jets ! `⌫ + jets can in principle act
as backgrounds because of a jet faking as a lepton. However,
we found that these processes actually contribute negligibly,
thanks to a very small misidentification efficiency.

In Table II, we list the relevant SM processes and their
higher-order cross sections. We consider these backgrounds
after adjusting with appropriate K-factors to include higher-
order effects. Although the bare cross sections (i.e. without
any cut) of some background processes are seemingly huge,
we control them by applying strong selection cuts. These cuts
are designed in a way such that they would drastically reduce
the background without harming the signal much since our
signal possesses specific kinematic features very different from
the backgrounds. However, some backgrounds are so big at
the beginning (e.g., Z + jets), in order to save computation
time and have better statistics, we apply the following strong
cuts at the generation level.

1. pT(`1) > 250 GeV,
2. Invariant mass M(`1, `2) > 115 GeV (Z-mass veto).

Here `i denotes the ith pT-ordered lepton (e/µ). After gener-
ating events with the above generation-level cuts, we apply the
following final selection criteria sequentially on the signal and
the background events at the analysis level.

C1: (a) Minimum one top-jet (obtained from HEPTopTag-
ger) with pT(th) > 135 GeV.
(b) Exactly two SFOS leptons with pT(`1) > 400 GeV
and pT(`2) > 200 GeV and pseudorapidity |⌘(`)| < 2.5.
For e, we consider the barrel-endcap cut on ⌘ between
1.37 and 1.52.
(c) Invariant mass of the lepton pair M(`1, `2) > 120
GeV (Z-veto).
(d) The missing energy /ET < 200 GeV.
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Signal Selection

• We apply the following sets of cuts on the signal and background events 
sequentially. 

๏ At least one top-jet (obtained from HEPTopTagger) with   
GeV. Two SFOS leptons with   GeV and   GeV 
and pseudorapidity  . For electron, we consider the barrel-
endcap cut on ! between 1.37 and 1.52.  

๏ Invariant mass of lepton pair   GeV to avoid ! -peak.  

๏ The missing energy   GeV.   

๏ The scalar sum of the transverse !  of all visible objects, 

  GeV.  

๏   GeV.

pT(th) > 135
pT(ℓ1) > 400 pT(ℓ2) > 200

|η(ℓ) | < 2.5
η

M(ℓ1, ℓ2) > 120 Z

MET < 200

pT

ST > 1.2 × Min (Mℓq
,1750)

M(ℓ1, t) OR M(ℓ2, t) > 0.8 × Min (Mℓq
,1750)

!12



Chandak, Mandal, SM, PRD 100, 075019 (2019) 
& Bhaskar, Mandal, SM, arXiv:2004.01096

λ = 1

χ5

ϕ5

ϕ1

χ1

Scalars Vectors

Significance
𝒵 = 2 (NS + NB) ln ( NS + NB

NB ) − 2NS

scenarios, the BR of LQ to te mode is 50% whereas for the
RC and LC scenarios it is 100%. For comparison, we also
show the expected significance for only the pair production
(i.e., λ → 0) with 50% and 100% BR cases. In Table III we
explicitly show the mass values corresponding to 5σ
(discovery), 3σ and 2σ (exclusion) significances for differ-
ent coupling hypotheses in both e and μ channels.
As already mentioned, the CMS collaboration has

projected the expected significance for scalar LQs decaying
into tμ pairs in the pair production channel at the 14 TeV
HL-LHC [39]. There, with 100% BR in the tμmode, the 5σ
discovery reach goes to about 1.8 TeV (considering
statistical uncertainty only). Our estimate is quite close,
∼1.7 TeV if we consider only pair production with 100%
BR in the ϕ1 → tμ decay mode (see Table. III). This reach
can decrease to 1.4 TeV if the BR falls by 50%. However, if

we include single productions, the 5σ reach goes up to
2.1 TeV in the LCSS scenario (where the ϕ1 behaves like
the charge 1=3 component ofS3). This drastic enhancement
of 700 GeV in the discovery reach happens because of the
(relatively) large pp → ϕ1lj cross section in the high mass
region leading to a substantial number of events surviving
the applied selection cuts. However, in the LCOS scenario
where a ϕ1 behaves like anS1, this increment is minor, just
about 50 GeV, as destructive interference reduces the single
production cross sections.
In the RC scenario, the total single production cross

section of ϕ1 is small compared to the pair production one.
Hence, the discovery reach is almost identical to that in the
pair production only case. A similar situation is observed in
the LC scenario for ϕ5. As explained in Sec. III, in both the
RC scenario for ϕ1 and the LC scenario for ϕ5, leptoquarks
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FIG. 4. Expected significance (Z) for observing the (a) ϕ1 and (b) ϕ2 signals over the SM backgrounds as functions of their masses for
3 ab−1 of integrated luminosity at the 14 TeV LHC for different coupling scenarios in the muon mode. The electron mode numbers can
be seen from Table III. We use the combined pair and single productions for the signals in the LCOS, LCSS, RC and LC scenarios. For
comparison, we also show the pair production only significance for 50% and 100% BRs in the ϕ → tμ decay mode and the CMS
statistical-uncertainty-only estimation for discovering ϕ1 [39]. We have set λ ¼ 1 while computing the combined signals. Our
estimations are obtained using the event selection cuts defined in Sec. III D, i.e., only events with at least one hadronically decaying
boosted top and two high-pT opposite sign electrons are considered.

TABLE III. The mass limits corresponding to 5σ (discovery), 3σ and 2σ (exclusion) significances (Z) for observing the (a) ϕ1 and
(b) ϕ2 signals over the SM backgrounds for 3ab−1 integrated luminosity at the 14 TeV LHC with combined and pair only signals.
The μ-channel numbers can also be seen from Fig. 4.
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2 1.69 2.44 1.92 1.61 1.90 1.94 2.25 1.90 1.69 2.50 1.93 1.62 1.91 1.95 2.30 1.91
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FIG. 3. Expected significance (Z) in the unit of standard deviation (�) for observing the �1 (a)[ = 0],(b)[ = 1] and �5(c)[ =
0],(d)[ = 1] signals over the SM backgrounds. They are plotted as functions of their masses for 3 ab�1 of integrated luminosity
at the 14 TeV HL-LHC for different coupling scenarios in the electron mode. We use the combined pair and single productions for
the signals in the LC and RC scenarios. We also show the pair production significance for 50% and 100% BR in the � ! t` decay
mode. We have considered � = 1 while computing the signals.
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C2: The scalar sum of the transverse pT of all visible objects,
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cance Z.

Z =

s

2 (NS +NB) ln

✓
NS +NB

NB

◆
� 2NS , (22)

7

0

2

4

6

8

10

1.6 1.8 2 2.2 2.4 2.6 2.8 3

Z

M�1 (TeV)

pair50
pair100

LC50
LC100
RC50

RC100

 = 0

(a)

0

2

4

6

8

10

1.6 1.8 2 2.2 2.4 2.6 2.8 3

Z

M�1 (TeV)

pair50
pair100

LC50
LC100
RC50

RC100

 = 1

(b)

0

2

4

6

8

10

1.8 2 2.2 2.4 2.6 2.8 3

Z

M�5 (TeV)

pair100
LC
RC

 = 0

(c)

0

2

4

6

8

10

1.8 2 2.2 2.4 2.6 2.8 3

Z

M�5 (TeV)

pair100
LC
RC

 = 1

(d)

FIG. 3. Expected significance (Z) in the unit of standard deviation (�) for observing the �1 (a)[ = 0],(b)[ = 1] and �5(c)[ =
0],(d)[ = 1] signals over the SM backgrounds. They are plotted as functions of their masses for 3 ab�1 of integrated luminosity
at the 14 TeV HL-LHC for different coupling scenarios in the electron mode. We use the combined pair and single productions for
the signals in the LC and RC scenarios. We also show the pair production significance for 50% and 100% BR in the � ! t` decay
mode. We have considered � = 1 while computing the signals.
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the signals in the LC and RC scenarios. We also show the pair production significance for 50% and 100% BR in the � ! t` decay
mode. We have considered � = 1 while computing the signals.
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σsignal ≈ σpair (Mℓq) + λ2σsingle (λ = 1,Mℓq)

couple to the right-handed tops. As a result, single
productions in these cases have small cross sections as
right-handed tops can couple to the charged current only
via chirality flipping.
For any Mϕ our signal cross section depends on λ as,

σsignal ≈ σpairðMϕÞ þ λ2σsingleðλ ¼ 1;MϕÞ; ð15Þ

i.e., for any Mϕ if λ increases the signal increases. Using
this relation one can recast the plots in Fig. 4 in the λ-Mϕ

plane, as we have done in Fig. 5. These plots show the
lowest λ needed to observe ϕ1 and ϕ5 signals with 5σ

significance for a range of Mϕ with 3 ab−1 of integrated
luminosity. For all the points below a curve, the expected
significance would be less than 5σ. In Fig. 6 we show the
corresponding plots for 2σ significance. In other words,
these plot give us the lowest couplings that can be excluded
at the HL-LHC.

V. SUMMARY AND CONCLUSIONS

In this paper, we have studied the HL-LHC reach for
discovering scalar LQs that decay to a top quark and a
charged lepton. In particular, we have focused on charge
1=3 (ϕ1) and 5=3 (ϕ5) scalar LQs that produce a resonance

(a) (b)

FIG. 5. The 5σ discovery reaches in the λ-Mϕ planes—(a) for a charge 1=3 scalar LQ and (b) for a charge 5=3 scalar LQ. These plots
show the lowest λ needed to observe ϕ1 and ϕ5 signals with 5σ significance for a range ofMϕ with 3 ab−1 of integrated luminosity. The
pair production only regions for 50% and 100% BRs in the ϕ → tμ decay mode are shown with shades of green. Since the pair
production is insensitive to λ, a small coupling is sufficient to attain 5σ significance within the green regions.

(a) (b)

FIG. 6. The 2σ exclusion limits in the λ-Mϕ planes—(a) for a charge 1=3 scalar LQ and (b) for a charge 5=3 scalar LQ. These plots
show the lowest λ that can be excluded by the HL-LHC with 3 ab−1 of integrated luminosity. The pair production only regions for 50%
and 100% BRs in the ϕ → tμ decay mode are shown with green shades.
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FIG. 4. The 5� discovery reaches in the �-M� planes for �1 with (a)  = 0 and (b)  = 1 and for �5 with (c)  = 0 and (d)
 = 1. These plots show the smallest � needed to observe �1 and �5 signals with 5� significance for a range ofM� with 3 ab�1 of
integrated luminosity. The pair-production-only regions for 50% and 100% BRs in the � ! t` decay mode are shown with shades
of green. Since the pair production is insensitive to �, a small coupling is sufficient to attain 5� significance within the green
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where the number of signal and background events surviving
the final selection cuts, as listed in the previous section, are
denoted by NS and NB , respectively. In Fig. 3, we show ex-
pected significance as functions of vLQ masses. As discussed
earlier, the choice of  affects the pair and as well as some sin-
gle productions. In Figs. 3(a) and 3(b), we present Z for �1

with  = 0 and  = 1, respectively. Similarly, Figs. 3(c) and
3(d) are for �5. These curves are obtained for the 14 TeV LHC
with 3 ab�1 of integrated luminosity. We have used � = 1 to
estimate the significance for the combined signal (i.e. the pair
and single production events together). We note the following
points:

• The LC100 (RC100) curves for �1 and the LC (RC)
curves for �5 represent the significances in the LC (RC)
scenario where the BR of the �1 ! t` decay is 100%.

• For �1, the LC50 and RC50 curves represent the cases
where the BR of �1 ! t` decay mode is 50%. Although,
they are not realized in the LC and RC scenarios, such a
situation is possible if there are other decay modes of �1

(which play no role in our analysis beyondmodifying the
BR). Hence, we show these plots to give some estimates

of how the significance would vary with the BR.

• For comparison, we also show the expected significance
obtained with only the pair production events for the
50% and 100% BR cases. For instance, for 100% BR in
the �1 ! t`mode, the HL-LHC (3 ab�1) discovery mass
reach (i.e., Z = 5�) with only pair production is about
2.05 (2.35) TeV for  = 0 ( = 1).

• When the LC coupling is unity, the discovery reach
goes up to 2.35 (2.50) TeV once the single produc-
tions are included. However, in case of the RC sce-
nario, the improvement is minor. This happens because
� (pp ! �1`j) is larger in the LC scenario than that in
the RC scenario.

• Unlike the scalar case, there is no interference among
the different signal diagrams and hence, the signal sig-
nificance in the RLCSS or RLCOS benchmarks are the
same as that in the RC scenario.

• In Figs. 3(c), 3(d), we observe that the maximum reach
for �5 comes from the combined LC scenario. The val-
ues are 2.35 TeV and 2.50 TeV for  = 0 and  = 1,
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where the number of signal and background events surviving
the final selection cuts, as listed in the previous section, are
denoted by NS and NB , respectively. In Fig. 3, we show ex-
pected significance as functions of vLQ masses. As discussed
earlier, the choice of  affects the pair and as well as some sin-
gle productions. In Figs. 3(a) and 3(b), we present Z for �1

with  = 0 and  = 1, respectively. Similarly, Figs. 3(c) and
3(d) are for �5. These curves are obtained for the 14 TeV LHC
with 3 ab�1 of integrated luminosity. We have used � = 1 to
estimate the significance for the combined signal (i.e. the pair
and single production events together). We note the following
points:

• The LC100 (RC100) curves for �1 and the LC (RC)
curves for �5 represent the significances in the LC (RC)
scenario where the BR of the �1 ! t` decay is 100%.

• For �1, the LC50 and RC50 curves represent the cases
where the BR of �1 ! t` decay mode is 50%. Although,
they are not realized in the LC and RC scenarios, such a
situation is possible if there are other decay modes of �1

(which play no role in our analysis beyondmodifying the
BR). Hence, we show these plots to give some estimates

of how the significance would vary with the BR.

• For comparison, we also show the expected significance
obtained with only the pair production events for the
50% and 100% BR cases. For instance, for 100% BR in
the �1 ! t`mode, the HL-LHC (3 ab�1) discovery mass
reach (i.e., Z = 5�) with only pair production is about
2.05 (2.35) TeV for  = 0 ( = 1).

• When the LC coupling is unity, the discovery reach
goes up to 2.35 (2.50) TeV once the single produc-
tions are included. However, in case of the RC sce-
nario, the improvement is minor. This happens because
� (pp ! �1`j) is larger in the LC scenario than that in
the RC scenario.

• Unlike the scalar case, there is no interference among
the different signal diagrams and hence, the signal sig-
nificance in the RLCSS or RLCOS benchmarks are the
same as that in the RC scenario.

• In Figs. 3(c), 3(d), we observe that the maximum reach
for �5 comes from the combined LC scenario. The val-
ues are 2.35 TeV and 2.50 TeV for  = 0 and  = 1,
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FIG. 4. The 5� discovery reaches in the �-M� planes for �1 with (a)  = 0 and (b)  = 1 and for �5 with (c)  = 0 and (d)
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integrated luminosity. The pair-production-only regions for 50% and 100% BRs in the � ! t` decay mode are shown with shades
of green. Since the pair production is insensitive to �, a small coupling is sufficient to attain 5� significance within the green
regions.

where the number of signal and background events surviving
the final selection cuts, as listed in the previous section, are
denoted by NS and NB , respectively. In Fig. 3, we show ex-
pected significance as functions of vLQ masses. As discussed
earlier, the choice of  affects the pair and as well as some sin-
gle productions. In Figs. 3(a) and 3(b), we present Z for �1

with  = 0 and  = 1, respectively. Similarly, Figs. 3(c) and
3(d) are for �5. These curves are obtained for the 14 TeV LHC
with 3 ab�1 of integrated luminosity. We have used � = 1 to
estimate the significance for the combined signal (i.e. the pair
and single production events together). We note the following
points:

• The LC100 (RC100) curves for �1 and the LC (RC)
curves for �5 represent the significances in the LC (RC)
scenario where the BR of the �1 ! t` decay is 100%.

• For �1, the LC50 and RC50 curves represent the cases
where the BR of �1 ! t` decay mode is 50%. Although,
they are not realized in the LC and RC scenarios, such a
situation is possible if there are other decay modes of �1

(which play no role in our analysis beyondmodifying the
BR). Hence, we show these plots to give some estimates

of how the significance would vary with the BR.

• For comparison, we also show the expected significance
obtained with only the pair production events for the
50% and 100% BR cases. For instance, for 100% BR in
the �1 ! t`mode, the HL-LHC (3 ab�1) discovery mass
reach (i.e., Z = 5�) with only pair production is about
2.05 (2.35) TeV for  = 0 ( = 1).

• When the LC coupling is unity, the discovery reach
goes up to 2.35 (2.50) TeV once the single produc-
tions are included. However, in case of the RC sce-
nario, the improvement is minor. This happens because
� (pp ! �1`j) is larger in the LC scenario than that in
the RC scenario.

• Unlike the scalar case, there is no interference among
the different signal diagrams and hence, the signal sig-
nificance in the RLCSS or RLCOS benchmarks are the
same as that in the RC scenario.

• In Figs. 3(c), 3(d), we observe that the maximum reach
for �5 comes from the combined LC scenario. The val-
ues are 2.35 TeV and 2.50 TeV for  = 0 and  = 1,
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FIG. 4. The 5� discovery reaches in the �-M� planes for �1 with (a)  = 0 and (b)  = 1 and for �5 with (c)  = 0 and (d)
 = 1. These plots show the smallest � needed to observe �1 and �5 signals with 5� significance for a range ofM� with 3 ab�1 of
integrated luminosity. The pair-production-only regions for 50% and 100% BRs in the � ! t` decay mode are shown with shades
of green. Since the pair production is insensitive to �, a small coupling is sufficient to attain 5� significance within the green
regions.

where the number of signal and background events surviving
the final selection cuts, as listed in the previous section, are
denoted by NS and NB , respectively. In Fig. 3, we show ex-
pected significance as functions of vLQ masses. As discussed
earlier, the choice of  affects the pair and as well as some sin-
gle productions. In Figs. 3(a) and 3(b), we present Z for �1

with  = 0 and  = 1, respectively. Similarly, Figs. 3(c) and
3(d) are for �5. These curves are obtained for the 14 TeV LHC
with 3 ab�1 of integrated luminosity. We have used � = 1 to
estimate the significance for the combined signal (i.e. the pair
and single production events together). We note the following
points:

• The LC100 (RC100) curves for �1 and the LC (RC)
curves for �5 represent the significances in the LC (RC)
scenario where the BR of the �1 ! t` decay is 100%.

• For �1, the LC50 and RC50 curves represent the cases
where the BR of �1 ! t` decay mode is 50%. Although,
they are not realized in the LC and RC scenarios, such a
situation is possible if there are other decay modes of �1

(which play no role in our analysis beyondmodifying the
BR). Hence, we show these plots to give some estimates

of how the significance would vary with the BR.

• For comparison, we also show the expected significance
obtained with only the pair production events for the
50% and 100% BR cases. For instance, for 100% BR in
the �1 ! t`mode, the HL-LHC (3 ab�1) discovery mass
reach (i.e., Z = 5�) with only pair production is about
2.05 (2.35) TeV for  = 0 ( = 1).

• When the LC coupling is unity, the discovery reach
goes up to 2.35 (2.50) TeV once the single produc-
tions are included. However, in case of the RC sce-
nario, the improvement is minor. This happens because
� (pp ! �1`j) is larger in the LC scenario than that in
the RC scenario.

• Unlike the scalar case, there is no interference among
the different signal diagrams and hence, the signal sig-
nificance in the RLCSS or RLCOS benchmarks are the
same as that in the RC scenario.

• In Figs. 3(c), 3(d), we observe that the maximum reach
for �5 comes from the combined LC scenario. The val-
ues are 2.35 TeV and 2.50 TeV for  = 0 and  = 1,
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couple to the right-handed tops. As a result, single
productions in these cases have small cross sections as
right-handed tops can couple to the charged current only
via chirality flipping.
For any Mϕ our signal cross section depends on λ as,

σsignal ≈ σpairðMϕÞ þ λ2σsingleðλ ¼ 1;MϕÞ; ð15Þ

i.e., for any Mϕ if λ increases the signal increases. Using
this relation one can recast the plots in Fig. 4 in the λ-Mϕ

plane, as we have done in Fig. 5. These plots show the
lowest λ needed to observe ϕ1 and ϕ5 signals with 5σ

significance for a range of Mϕ with 3 ab−1 of integrated
luminosity. For all the points below a curve, the expected
significance would be less than 5σ. In Fig. 6 we show the
corresponding plots for 2σ significance. In other words,
these plot give us the lowest couplings that can be excluded
at the HL-LHC.

V. SUMMARY AND CONCLUSIONS

In this paper, we have studied the HL-LHC reach for
discovering scalar LQs that decay to a top quark and a
charged lepton. In particular, we have focused on charge
1=3 (ϕ1) and 5=3 (ϕ5) scalar LQs that produce a resonance
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FIG. 5. The 5σ discovery reaches in the λ-Mϕ planes—(a) for a charge 1=3 scalar LQ and (b) for a charge 5=3 scalar LQ. These plots
show the lowest λ needed to observe ϕ1 and ϕ5 signals with 5σ significance for a range ofMϕ with 3 ab−1 of integrated luminosity. The
pair production only regions for 50% and 100% BRs in the ϕ → tμ decay mode are shown with shades of green. Since the pair
production is insensitive to λ, a small coupling is sufficient to attain 5σ significance within the green regions.

(a) (b)

FIG. 6. The 2σ exclusion limits in the λ-Mϕ planes—(a) for a charge 1=3 scalar LQ and (b) for a charge 5=3 scalar LQ. These plots
show the lowest λ that can be excluded by the HL-LHC with 3 ab−1 of integrated luminosity. The pair production only regions for 50%
and 100% BRs in the ϕ → tμ decay mode are shown with green shades.
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FIG. 5. The 2� exclusion limits in the �-M� planes for �1 with (a)  = 0 and (b)  = 1 and for �5 with (c)  = 0 and
(d)  = 1. These plots show the smallest � that can be excluded by the HL-LHC with 3 ab�1 of integrated luminosity. The
pair-production-only regions for 50% and 100% BRs in the � ! t` decay mode are shown with green shades.

respectively. There is a suppression in the RC channel
because of similar reason as for �1, a �5 LQ also couples
to a right chiral top.

In Table III we collect all the numbers for Z = 2�, 3� and 5�.
Since, we can parameterize the combined signal cross sec-

tion for any M� as

�signal ⇡ �pair(M�) + �2�single(� = 1,M�), (23)

the combined signal cross section increases with � for any fixed
M�. By recasting the figures shown in Fig. 3, which are for � =
1, we can obtain the reach in the �-M� plane, as we show in
Figs. 4 and 5. We show the 5� discovery curves in Fig. 4 while
the 2� exclusion curves are displayed in Fig. 5. These plots
show the lowest value of � required to observe the vLQ signal
for a varying M� with 5� confidence level for discovery. For
the exclusion plots, all points above the curves can be excluded
with 95% confidence level at the HL-LHC.

V. SUMMARY AND CONCLUSIONS

Usually, in the direct LQ searches, it is assumed that LQs only
couple to quarks and leptons of the same generation. Col-

lider signatures of TeV scale LQs with large cross-generational
couplings, motivated by the persistent flavor anomalies, are
completely different than what is considered in the usual LQ
searches at the LHC. It is then important to explore these
possibilities in detail. In a previous paper [89], we investi-
gated the HL-LHC prospects of all scalar LQ models within
the Buchmüller-Rückl-Wyler classifications [91] that would
produce boosted-t + high-pT-` signatures at the LHC. In this
follow-up paper, we investigate the case for the vector LQs with
the same signature. The vLQs that decay to a top-quark can
have three possible electric charges, ±1/3, ±2/3 and ±5/3.
Among these, our primary focus is on the charge ±1/3, ±5/3
vLQs that can decay to a top quark and an electron or a muon
as a unique top-lepton resonance system would appear from
the decays of these LQs.

In this paper, we have introduced some simple phenomeno-
logical Lagrangians. These simple models can cover the rele-
vant parameter spaces of the full models described in listed in
Refs. [91, 94]. In this simplified framework, we study the pair
and single production channels of vector LQs at the LHC. Pair
production of the vLQs produce final states with two boosted
top quarks and two high-pT leptons and determine the LHC
discovery reach in the low mass region. Whereas, the single
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FIG. 5. The 2� exclusion limits in the �-M� planes for �1 with (a)  = 0 and (b)  = 1 and for �5 with (c)  = 0 and
(d)  = 1. These plots show the smallest � that can be excluded by the HL-LHC with 3 ab�1 of integrated luminosity. The
pair-production-only regions for 50% and 100% BRs in the � ! t` decay mode are shown with green shades.

respectively. There is a suppression in the RC channel
because of similar reason as for �1, a �5 LQ also couples
to a right chiral top.

In Table III we collect all the numbers for Z = 2�, 3� and 5�.
Since, we can parameterize the combined signal cross sec-

tion for any M� as

�signal ⇡ �pair(M�) + �2�single(� = 1,M�), (23)

the combined signal cross section increases with � for any fixed
M�. By recasting the figures shown in Fig. 3, which are for � =
1, we can obtain the reach in the �-M� plane, as we show in
Figs. 4 and 5. We show the 5� discovery curves in Fig. 4 while
the 2� exclusion curves are displayed in Fig. 5. These plots
show the lowest value of � required to observe the vLQ signal
for a varying M� with 5� confidence level for discovery. For
the exclusion plots, all points above the curves can be excluded
with 95% confidence level at the HL-LHC.

V. SUMMARY AND CONCLUSIONS

Usually, in the direct LQ searches, it is assumed that LQs only
couple to quarks and leptons of the same generation. Col-

lider signatures of TeV scale LQs with large cross-generational
couplings, motivated by the persistent flavor anomalies, are
completely different than what is considered in the usual LQ
searches at the LHC. It is then important to explore these
possibilities in detail. In a previous paper [89], we investi-
gated the HL-LHC prospects of all scalar LQ models within
the Buchmüller-Rückl-Wyler classifications [91] that would
produce boosted-t + high-pT-` signatures at the LHC. In this
follow-up paper, we investigate the case for the vector LQs with
the same signature. The vLQs that decay to a top-quark can
have three possible electric charges, ±1/3, ±2/3 and ±5/3.
Among these, our primary focus is on the charge ±1/3, ±5/3
vLQs that can decay to a top quark and an electron or a muon
as a unique top-lepton resonance system would appear from
the decays of these LQs.

In this paper, we have introduced some simple phenomeno-
logical Lagrangians. These simple models can cover the rele-
vant parameter spaces of the full models described in listed in
Refs. [91, 94]. In this simplified framework, we study the pair
and single production channels of vector LQs at the LHC. Pair
production of the vLQs produce final states with two boosted
top quarks and two high-pT leptons and determine the LHC
discovery reach in the low mass region. Whereas, the single
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the combined signal cross section increases with � for any fixed
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1, we can obtain the reach in the �-M� plane, as we show in
Figs. 4 and 5. We show the 5� discovery curves in Fig. 4 while
the 2� exclusion curves are displayed in Fig. 5. These plots
show the lowest value of � required to observe the vLQ signal
for a varying M� with 5� confidence level for discovery. For
the exclusion plots, all points above the curves can be excluded
with 95% confidence level at the HL-LHC.
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In Table III we collect all the numbers for Z = 2�, 3� and 5�.
Since, we can parameterize the combined signal cross sec-

tion for any M� as
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the combined signal cross section increases with � for any fixed
M�. By recasting the figures shown in Fig. 3, which are for � =
1, we can obtain the reach in the �-M� plane, as we show in
Figs. 4 and 5. We show the 5� discovery curves in Fig. 4 while
the 2� exclusion curves are displayed in Fig. 5. These plots
show the lowest value of � required to observe the vLQ signal
for a varying M� with 5� confidence level for discovery. For
the exclusion plots, all points above the curves can be excluded
with 95% confidence level at the HL-LHC.
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lider signatures of TeV scale LQs with large cross-generational
couplings, motivated by the persistent flavor anomalies, are
completely different than what is considered in the usual LQ
searches at the LHC. It is then important to explore these
possibilities in detail. In a previous paper [89], we investi-
gated the HL-LHC prospects of all scalar LQ models within
the Buchmüller-Rückl-Wyler classifications [91] that would
produce boosted-t + high-pT-` signatures at the LHC. In this
follow-up paper, we investigate the case for the vector LQs with
the same signature. The vLQs that decay to a top-quark can
have three possible electric charges, ±1/3, ±2/3 and ±5/3.
Among these, our primary focus is on the charge ±1/3, ±5/3
vLQs that can decay to a top quark and an electron or a muon
as a unique top-lepton resonance system would appear from
the decays of these LQs.

In this paper, we have introduced some simple phenomeno-
logical Lagrangians. These simple models can cover the rele-
vant parameter spaces of the full models described in listed in
Refs. [91, 94]. In this simplified framework, we study the pair
and single production channels of vector LQs at the LHC. Pair
production of the vLQs produce final states with two boosted
top quarks and two high-pT leptons and determine the LHC
discovery reach in the low mass region. Whereas, the single
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• The HL-LHC may discover/exclude charge 1/3 and 5/3 LQs that decay to a top 
quark and a charged lepton even if they are significantly heavier than a TeV. 

• We have introduced some simple Lagrangians (suitable for bottom-up single 
production studies) that can cover the relevant parameter spaces of the full 
models. We have identified some representative benchmark scenarios. 

• Despite considering LQ couplings with only third generation quarks, we see that 
the single production cross sections are not necessarily very small as long as the 
cross-generational coupling (!) is not small. 

• Discussed a strategy of combining single and pair production events to maximise 
discovery/exclusion reach. In some scenarios, the single production can 
significantly enhance the reach.
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