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MOTIVATION

Lepton Flavour Universality Violation

1

▸ LFU is in tension with recent measurements of semi-leptonic B-meson decays.

�RD(*) =
ℬ(B → D(*)τν̄)
ℬ(B → D(*) ̂ℓν̄)

�RK(*) =
ℬ(B → K(*)μ+μ−)
ℬ(B → K(*)e+e−)

Marcel Algueró Rencontres de Moriond, QCD & High Energy Interactions, 29th March 2021 2

Great news!

 of tension between SM and Exp for the first time in a single LFUV observable!> 3σ

Exciting new experimental value of RK
LHCb [2103.11769]

RLHCb
K = 0.846+0.042+0.013

−0.039−0.012 3.1σ ❗❗
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(iv) Our limits are also projected to the high-luminosity
LHC phase with 3ab−1 in Sec. V. To this purpose,
we assume that the signal and background samples
scale with the luminosity ratio, whereas all uncer-
tainties scale with its square root. Although this
assumption might appear too optimistic, it is worth
stressing that higher m2

ll bins will become available
with more data. Those higher bins are more sensitive
to the LQ contributions than the bins that have
been considered in the searches performed so
far [48,49].

Our constraints are collected in Fig. 3 for the LQ models
that are relevant for the B-physics anomalies, namely the
scalars S1, S3 and R2, and the vector U1. In these plots we
only present limits for the vector LQ couplings to left-
handed currents.3 The 95% upper limits on the couplings
are obtained as a function of the LQ masses by turning on
one single flavor coupling at a time. The specific qq̄ → ll
transitions contributing to each exclusion limit are dis-
played inside the parentheses ðqq̄Þ. As shown in Fig. 3,
these limits are typically more stringent than naive pertur-
bative bounds on the couplings, namely jy j≲ ffiffiffiffiffiffi

4π
p

. The
relevance of these constraints to the scenarios aiming to
explain RKð#Þ and RDð#Þ will be discussed in Sec. V.

V. WHICH LEPTOQUARK?

In Table III we summarize the situation regarding the
viability of a scenario in which the SM is extended by a
single Oð1TeVÞ LQ state. We now comment and provide
useful information for each one of them.

(i) S3:With respect to our previous paper, the situation in
the scenario with a triplet of mass degenerate scalar
LQs did not significantly change. This scenario is
indeed the best scalar LQ solution to describing the
current B-physics anomaly Rexp

Kð#Þ < RSM
Kð#Þ, which is

why it is often combined in the literaturewith another
scalar LQ so as to accommodate both Rexp

Kð#Þ < RSM
Kð#Þ

and Rexp
Dð#Þ > RSM

Dð#Þ .
(ii) S1: As noted in Eq. (17), even in the minimalistic

scenario (with y ijR ¼ 0), S1 alone can reproduce the
observation Rexp

Dð#Þ > RSM
Dð#Þ . In the nonminimal case

(y ijR ≠ 0), the additional coupling, gSL ¼ −4gT ,
also provides a viable solution to this problem,
cf. Fig. 2. This scenario, however, does not lead to
a desired contribution to the b → sμμ. In the minimal
ansatz for the Yukawa couplings accommodating
Rexp
Kð#Þ < RSM

Kð#Þ and ΔmBs
requires large LQ mass,

mS1≳4TeV, and at least one of the Yukawa cou-
plings to hit the perturbativity limit

ffiffiffiffiffiffi
4π

p
[1]. There-

fore, one needs to turn on at least y cτR and otherwise

satisfy the condition jy iμR j≪ jy iμL j, for i ∈fu; c; tg
to be consistent with data, cf. Fig. 1. However,
requiring consistency with a number of measured
flavor physics observables [1], including Rμ=e

Dð#Þ ¼
BðB → Dð#Þμν̄Þ=BðB → Dð#Þeν̄Þ, BðB → Kð#Þνν̄Þ,
BðK → μνÞ=BðK → eνÞ and the experimental
limit on Bðτ→ μγÞ, leads to a large mS1 and very
large couplings. This is why the S1 scenario is
considered as unacceptable for describing
Rexp
Kð#Þ < RSM

Kð#Þ , but fully acceptable for describing
Rexp
Dð#Þ > RSM

Dð#Þ . cf. Refs. [1,57,58].
(iii) R2: Clearly, on the basis of Eq. (21) and the results

presented in Table I and Fig. 2, this scenario can be
viable for enclosing Rexp

Dð#Þ > RSM
Dð#Þ , if at least one y

ij
R

is non-zero, usually y bτR . In fact, it suffices to allow
y cτL ðy bτR Þ# to beOð1Þ to ensure the compatibility both
with the low-energy observables and with direct
searches at LHC, as shown in Fig. 3. As mentioned
before, this LQ scenario generates the combination
gSL ¼ 4gT at the matching scale μ≃mR2

, which is
consistent with data if gSL is mostly imaginary,
cf. Fig. 2 and Refs. [24,59,60].

Like in the S1 scenario, this LQ cannot generate
the tree level contribution consistent with
RKð#Þ < RSM

Kð#Þ , but it can do so through the box-
diagrams [26]. The two essential couplings for this
to be the case, y cμL and y tμL , can now be quantitatively
scrutinized. To that end it is enough to use two key
constraints: the one arising from the well measured
BðZ → μμÞ [61] and another one, stemming from
the high-pT tail of the pp → μμ differential cross
section. Note that the expression for the correspond-
ing LQ contribution to Z → μμ has been recently
derived in Ref. [62], where the non-negligible finite
terms ∝x Z log x t have been properly accounted for
(x i ¼ m2

i =m
2
R2
). As for the LQ mass, we use the

bound given in Table II and set mR2
¼ 1.7TeV,

while from Fig. 3 we can read off the constraints on
the couplings as obtained from the large pT con-
siderations. The result is shown in Fig. 4 where we

TABLE III. Summary of the LQ models which can accom-
modate RKð#Þ (first column), RDð#Þ (second column), and both
RKð#Þ and RDð#Þ (third column), without being in conflict with
existing constraints. See text for details.

Model RKð#Þ RDð#Þ RKð#Þ & RDð#Þ

S3 ð3̄; 3;1=3Þ ✓ ✗ ✗

S1 ð3̄; 1;1=3Þ ✗ ✓ ✗

R2 ð3; 2;7=6Þ ✗ ✓ ✗

U1 ð3; 1;2=3Þ ✓ ✓ ✓
U3 ð3; 3;2=3Þ ✓ ✗ ✗

3See Refs. [55,56] for recent and updated high-pT limits for
right-handed couplings.

ANDREI ANGELESCU et al. PHYS. REV. D 104, 055017 (2021)

055017-8

Angelescu et al 2103.12504

▸ A TeV-scale �  (scalar) or �  (vector) can resolve the anomalies.S1 ≡ (3, 1,1/3) U1 ≡ (3, 1,2/3)

▸ LQs are colour-triplet bosons with nonzero lepton and baryon numbers. They are 
promising candidates.



LIMITS FROM THE LHC

Bottom-Up Scenarios
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‣ The interaction Lagrangians 

‣ �  and �  are �  matrices in flavour space. We assume them to be real. Since we are 
interested in the �  and �  anomalies, we set all components that do not contribute 
directly to these observables to zero. 

‣ We want to obtain bounds on these models from the existing LHC data. There are direct 
search mass exclusion bounds on scalar and vector LQs (relatively straightforward). We will 
use the high-�  di-lepton and lepton+MET data to put additional bounds on parameters 
like couplings and masses (not straightforward).

yL
ij yR

ij 3 × 3
RD(*) RK(*)

pT

ℒ ⊃ yL
ij Q̄iγμUμ

1 Lj + yR
ij d̄i

RγμUμ
1 ℓj

R + H.c.

ℒ ⊃ yL
ij Q̄c

i (iτ2) LjS†
1 + yR

ij ūc
i ℓR jS†

1 + H.c.

�U1

�S1

TABLE I. Summary of LQ mass exclusion limits from recent direct searches by the CMS (ATLAS) Collabora-
tion. We recast some of the recent scalar searches (marked with “⇤”) for better limits on U1 than the ones
for vLQs.

Integrated Scalar LQ Vector LQ, k = 0 Vector LQ, k = 1

Luminosity [fb�1] Mass [GeV] Mass [GeV] Mass [GeV]

LQ ! tn (B = 1.0) [85, 87] 35.9 (36.1) 1020 (992) 1460 1780

LQ ! qn (B = 1.0) [85] 35.9 980 1410 1790

LQ ! bn (B = 1.0) [85, 87] 35.9 (36.1) 1100 (968) 1475 1810

LQ ! bt /tn(B = 0.5) [88] 137 950 1290 1650

LQ ! bt (B = 1.0) [87] ⇤ (36.1) (1000) � �
LQ ! µ j (B = 1.0) [86] ⇤ (139) (1733) � �
LQ ! µc (B = 1.0) [86] (139) (1680) � �
LQ ! µb (B = 1.0) [86] ⇤ (139) (1721) � �

interference with the SM backgrounds which plays the dominant role in determining the bounds).
Here, for systematics, we largely follow the analysis of Ref. [81] (where a similar analysis was
done for a S1-type scalar LQ that can alleviate the R

D(⇤) anomalies).
Before we proceed further, we review the direct detection bounds on LQs that couple with

second- and third-generation fermions. Assuming the extra gluon-U1 coupling k = 0 (we follow
the same convention as [84]), a recent LQ pair production search at the CMS detector has excluded
vLQs with masses below 1460 GeV for B(LQ ! tn) = 1 [85]. For a vLQ decaying to a light quark
and a neutrino with 100% BR, the mass exclusion limit is at 1410 GeV. In the case where it decays
to a bottom quark and a neutrino, the limit goes to 1475 GeV. If the vLQ decays to a top quark
+ a neutrino and a bottom quark + t with equal BRs, then the mass points below 1115 GeV are
excluded. For k = 1, the limits go up [85]. Pair produced scalar LQs decaying to a light quark
and a neutrino with branching ratio unity can be excluded up to 980 GeV. A scalar LQ decaying to
a b-quark and a neutrino with a 100% branching ratio can be excluded up to 1100 GeV [85]. The
ATLAS experiment searched for scalar LQs decaying to the following final states, µc, µ + a light
quark, and µb [86]. The exclusion limits from these channels and the above are summarised in
Table I.

The paper is organized as follows. In the next section, we introduce the U1 LQ model and the
relevant scenarios. In Section III, we describe its LHC phenomenology. In Section IV, we discuss
the dilepton search and their recasts. In Section V, we present the numerical results, and finally,
in Section VI, we conclude.

II. THE U1 LEPTOQUARK MODEL

The interaction between U1 and the SM quarks and leptons can be expressed as [89–92],

L � x
LL

1 i j
Q̄

igµU
µ
1 PLL

j + x
RR

1 i j
d̄

i

R
gµU

µ
1 PR`

j

R
+H.c., (2)

if we ignore the diquark interactions which are severely constrained by the proton decay bounds.
Here, Qi and L j denote the SM left-handed quark and lepton doublets, respectively and d

i

R
and ` j

R

are the down-type right-handed quarks and leptons, respectively. The indices i, j = {1, 2, 3} stand
for quark and lepton generations; i.e., x

LL

1 i j
and x

RR

1 i j
are 3⇥3 matrices in flavour space. In general,

these matrices are complex. We, however, simply assume them to be real since the LHC would
be mostly insensitive to their complex natures. Global fits to experimental data with complex

4



THE MODELS 3

  OperatorsRK(*)

ℒ ⊃
4GF

2
VtbV*ts ∑

i=9,10,S,P
(𝒞i𝒪i + 𝒞′�i𝒪′�i)

‣ A general Lagrangian for �  transitionb → sμ+μ−

‣ Contribution to the �  transitionb → cτν̄

  OperatorsRD(*)

ℒ ⊃ −
4GF

2
Vcb [(1 + 𝒞VL) 𝒪VL

+ 𝒞SL
𝒪SL

+ 𝒞TL
𝒪TL]

Flavour Ansatz

‣ Nonzero Wilson coefficients would also 
contribute to other observables like � , 
� , etc.

FL(D*)
Pτ(D*)

𝒞U1
VL

=
1

2 2GFVcb

λL
cν (λL

bτ)*

M2
U1

, 𝒞U1
SL

= −
1

2 2GFVcb

2λL
cν (λR

bτ)*

M2
U1

�yL =
0 0 0
0 0 λL

23

0 0 λL
33

�𝒞U1
9 = − 𝒞U1

10 =
π

2GFVtbV*tsα

λL
sμ(λL

bμ)*
M2

U1

�𝒞U1
S = − 𝒞U1

P =
2π

GFVtbV*tsα
λL

sμ(λR
bμ)*

M2
U1

�𝒞′� U1
9 = 𝒞′� U1

10 =
π

2GFVtbV*tsα

λR
sμ(λR*

bμ )
M2

U1

�𝒞′� U1
S = 𝒞′� U1

P =
2π

GFVtbV*tsα
λR

sμ(λL*
bμ )

M2
U1

�S1

�U1

𝒞S1
VL

=
1

2 2GFVcb

(λL
cτ)* λL

bν

2M2
S1

, 𝒞S1
SL

= −
1

2 2GFVcb

(λR
cτ)* λL

bν

2M2
S1

, 𝒞S1
TL

= −
1
4

𝒞S1
SL

�yR =
0 0 0
0 0 λR

23

0 0 λR
33



  ScenariosRD(*)

4

‣ We construct scenarios with one and two nonzero couplings. 

TABLE IV. Summary of the coupling combinations that contribute to the R
D(⇤) and R

K(⇤) observables in
different one-, two- and multi-couplings scenarios.

R
D(⇤) scenarios l L

cn l L

bt l R

bt R
K(⇤) scenarios l L

sµ l L

bµ l R
sµ l R

bµ

RD1A l L

23 V
⇤
cb

l L

23 � RK1A V
⇤
csl L

22 V
⇤
cb

l L

22 � �
RD1B Vcbl L

33 l L

33 � RK1B V
⇤

tsl L

32 V
⇤

tb
l L

32 � �
RK1C � � Vcsl R

22 Vcbl R

22

RK1D � � Vtsl R

32 Vtbl R

32

RD2A Vcsl L

23 +Vcbl L

33 l L

33 � RK2A l L

22 l L

32 � �
RD2B Vcsl L

23 � l R

33 RK2B l L

22 � � l R

32

RK2C � l L

32 l R

22 �
RK2D � � l R

22 l R

32

RD3 Vcbl L

33 +Vcsl L

23 l L

33 l R

33 RK4 l L

22 l L

32 l R

22 l R

32

Our selection of scenarios motivated by the R
(⇤)
K

anomalies is not exhaustive. For example, we
do not consider any three-couplings scenario. (One can define RK3X scenarios by taking combi-
nations of three couplings at a time for completeness. We, however, skip the three-couplings-R

K(⇤)

scenarios since they would not add anything significant to our study.) The single-coupling sce-
narios can be thought as templates that can help us read bounds on scenarios where more than
one couplings are nonzero [63, 81]. In Table III, we show the relevant global fits for the one and
two couplings scenarios. We have summarised the couplings that contribute to the R

D(⇤) and R
K(⇤)

observables in different scenarios in Table IV.

As mentioned earlier, one of the reason for considering the R
D(⇤) and R

K(⇤) scenarios is that they
can have different signatures at the LHC. We are now in a position to illustrate that point fur-
ther. Let us consider the first two R

D(⇤)-motivated one-coupling scenarios – Scenario RD1A and
Scenario RD1B. In both cases, CVL

receives nonzero contribution proportional to the square of
an unknown new coupling (either l L

23 or l L

33). Hence, from an effective theory perspective, these
two look almost the same. However, the dominant decay modes of U1 in these two scenarios are
different – in the first one, they are U1 ! cn and U1 ! st, whereas in the second one, they are
U1 ! tn and U1 ! bt.4 As a result, a U1 can produce t + /ET or t + b signatures in the second
scenario, as opposed to the jet+ /ET or t + jet signatures in the first one. Not only that, in the first
scenario, a U1 can be produced via c or s-quark initiated processes, as compared to the b-quark
initiated processes in the second one. Hence, these two scenarios, U1 would have different single
production processes. Moreover, since the b-quark parton distribution function (PDF) is smaller
than the second generation ones, U1 production cross sections would be higher in Scenario RD1A
than those in Scenario RD1B. Hence, one needs to analyse the LHC bounds for the scenarios
differently.

III. PRODUCTION MODES AND DECAYS

We now explore the possible LHC signatures of the minimal scenarios with only one free coupling
and the next-to-minimal scenarios with more than one nonzero couplings we constructed in the
previous section. There are different ways to produce U1 at the LHC (see Fig. 3) – resonantly
(through pair and single productions) and nonresonantly (through t-channel U1 exchange). Be-
low, we briefly discuss various production channels and the subsequent decay modes of U1 that

4 From here on, unless necessary, we shall not distinguish between particles and their antiparticles as it is not impor-
tant for the LHC analysis.
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  ScenariosRK(*)
TABLE IV. Summary of the coupling combinations that contribute to the R

D(⇤) and R
K(⇤) observables in

different one-, two- and multi-couplings scenarios.

R
D(⇤) scenarios l L

cn l L

bt l R

bt R
K(⇤) scenarios l L

sµ l L

bµ l R
sµ l R

bµ

RD1A l L

23 V
⇤
cb

l L

23 � RK1A V
⇤
csl L

22 V
⇤
cb

l L

22 � �
RD1B Vcbl L

33 l L
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⇤

tsl L

32 V
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tb
l L
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22 Vcbl R

22

RK1D � � Vtsl R

32 Vtbl R

32

RD2A Vcsl L

23 +Vcbl L

33 l L

33 � RK2A l L

22 l L

32 � �
RD2B Vcsl L

23 � l R

33 RK2B l L

22 � � l R

32

RK2C � l L

32 l R

22 �
RK2D � � l R

22 l R

32

RD3 Vcbl L

33 +Vcsl L

23 l L

33 l R

33 RK4 l L

22 l L

32 l R

22 l R

32

Our selection of scenarios motivated by the R
(⇤)
K

anomalies is not exhaustive. For example, we
do not consider any three-couplings scenario. (One can define RK3X scenarios by taking combi-
nations of three couplings at a time for completeness. We, however, skip the three-couplings-R

K(⇤)

scenarios since they would not add anything significant to our study.) The single-coupling sce-
narios can be thought as templates that can help us read bounds on scenarios where more than
one couplings are nonzero [63, 81]. In Table III, we show the relevant global fits for the one and
two couplings scenarios. We have summarised the couplings that contribute to the R

D(⇤) and R
K(⇤)

observables in different scenarios in Table IV.

As mentioned earlier, one of the reason for considering the R
D(⇤) and R

K(⇤) scenarios is that they
can have different signatures at the LHC. We are now in a position to illustrate that point fur-
ther. Let us consider the first two R

D(⇤)-motivated one-coupling scenarios – Scenario RD1A and
Scenario RD1B. In both cases, CVL

receives nonzero contribution proportional to the square of
an unknown new coupling (either l L

23 or l L

33). Hence, from an effective theory perspective, these
two look almost the same. However, the dominant decay modes of U1 in these two scenarios are
different – in the first one, they are U1 ! cn and U1 ! st, whereas in the second one, they are
U1 ! tn and U1 ! bt.4 As a result, a U1 can produce t + /ET or t + b signatures in the second
scenario, as opposed to the jet+ /ET or t + jet signatures in the first one. Not only that, in the first
scenario, a U1 can be produced via c or s-quark initiated processes, as compared to the b-quark
initiated processes in the second one. Hence, these two scenarios, U1 would have different single
production processes. Moreover, since the b-quark parton distribution function (PDF) is smaller
than the second generation ones, U1 production cross sections would be higher in Scenario RD1A
than those in Scenario RD1B. Hence, one needs to analyse the LHC bounds for the scenarios
differently.

III. PRODUCTION MODES AND DECAYS

We now explore the possible LHC signatures of the minimal scenarios with only one free coupling
and the next-to-minimal scenarios with more than one nonzero couplings we constructed in the
previous section. There are different ways to produce U1 at the LHC (see Fig. 3) – resonantly
(through pair and single productions) and nonresonantly (through t-channel U1 exchange). Be-
low, we briefly discuss various production channels and the subsequent decay modes of U1 that

4 From here on, unless necessary, we shall not distinguish between particles and their antiparticles as it is not impor-
tant for the LHC analysis.
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‣ In these scenarios, the production modes and the dominant decay modes of LQs would vary. 
Hence, a LQ has different LHC signatures in different scenarios. 

‣ In the �  scenarios RD1A and RD1B the coefficient �  receives nonzero contribution 
proportional to the square of an unknown new coupling (either �  or � ). Hence, from an 
effective theory perspective, these two look almost the same.  

‣ However, the dominant decay modes of �  in these two scenarios are different  

‣ Hence, one needs to analyse the LHC bounds  for the scenarios differently.
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FIG. 3. Representative Feynman diagrams for various U1 production processes: (a) gluon-initiated pair
production, (b) quark-initiated pair production, (c) single production, and (d) t-channel (nonresonant)
production. The q`U1 vertices (l) are marked with red colour.

can arise in the flavour-motivated scenarios. We also discuss how different production modes
with similar final states can contribute to the exclusion limits.

⌅ Pair production: We have classified the R
D(⇤)-scenarios with the three free couplings, l L

23, l L

33
and l R

33. In Scenario RD1A (where only l L

23 is nonzero), U1 ! st and U1 ! cn are the main decay
modes of U1 with roughly equal (about 50%) BRs. In this case the pair production of U1 leads to
the following final states (we ignore the CKM-suppressed effective couplings in the discussions
on the LHC phenomenology of U1 as they do not play any important role):

pp !

8
<

:

U1U1 ! sµ sµ ⌘ µµ +2 j

U1U1 ! sµ cn ⌘ µ + /ET +2 j

U1U1 ! cn cn ⌘ /ET +2 j

9
=

; (61)

where j denotes a light jet or a b-jet. Among the three channels, the second one (i.e., t + /ET +2 j)
has almost two times the cross section of the first or the third (a factor of 2 comes from combi-
natorics) but, due to the presence of missing energy, it is not fully reconstructable (or, is difficult
to reconstruct). As a result, both the first and second channels have comparable sensitivities.
However, the sensitivity of the third channel, /ET +2 j is very poor because of the two neutrinos
in the final state. So far, these channels with cross-generation couplings have not been used in
any LQ search at the LHC.

In Scenario RD1B (where only l L

33 is nonzero), the pair production of U1 mostly leads to the
following final states:

pp !

8
<

:

U1U1 ! bt bt ⌘ tt +2 j

U1U1 ! bt tn ⌘ t + /ET + jt + j

U1U1 ! tn tn ⌘ /ET +2 jt

9
=

; . (62)

Here, jt represents a fat-jet originating from a top quark decaying hadronically (one can also
consider the top quark’s leptonic decay modes with lower cross section). It is possible to tag the
(boosted) top-jets with sophisticated jet-substructure techniques and thus improve the second
and third channels’ prospects. The symmetric /ET +2 jt channel has been considered in Refs. [58,
108]. The asymmetric channel, the one with single t, one top-jet and missing-energy (t + /ET +
jt +b), has started receiving attention only very recently [88]. Due to the factor of 2 coming from
combinatorics, this channel has bigger cross section. Hence, its unique final state might act as a
smoking-gun signature for this type of scenarios (i.e., ones with non-negligible l L

33).
If only l R

33 is nonzero, U1 cannot resolve the R
D(⇤) anomalies anymore as it is not possible to

generate the necessary couplings in that case. Here,U1 entirely decays through theU1 ! bt mode
and contributes to the bt bt ⌘ tt +2 j final state [85].

When two or more couplings are nonzero simultaneously (Scenario RD2A, Scenario RD2B
and Scenario RD3) with comparable strengths, numerous possibilities arise (Ref. [63] discusses
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can arise in the flavour-motivated scenarios. We also discuss how different production modes
with similar final states can contribute to the exclusion limits.

⌅ Pair production: We have classified the R
D(⇤)-scenarios with the three free couplings, l L

23, l L

33
and l R

33. In Scenario RD1A (where only l L

23 is nonzero), U1 ! st and U1 ! cn are the main decay
modes of U1 with roughly equal (about 50%) BRs. In this case the pair production of U1 leads to
the following final states (we ignore the CKM-suppressed effective couplings in the discussions
on the LHC phenomenology of U1 as they do not play any important role):

pp !

8
<

:

U1U1 ! sµ sµ ⌘ µµ +2 j

U1U1 ! sµ cn ⌘ µ + /ET +2 j

U1U1 ! cn cn ⌘ /ET +2 j

9
=

; (61)

where j denotes a light jet or a b-jet. Among the three channels, the second one (i.e., t + /ET +2 j)
has almost two times the cross section of the first or the third (a factor of 2 comes from combi-
natorics) but, due to the presence of missing energy, it is not fully reconstructable (or, is difficult
to reconstruct). As a result, both the first and second channels have comparable sensitivities.
However, the sensitivity of the third channel, /ET +2 j is very poor because of the two neutrinos
in the final state. So far, these channels with cross-generation couplings have not been used in
any LQ search at the LHC.

In Scenario RD1B (where only l L

33 is nonzero), the pair production of U1 mostly leads to the
following final states:

pp !

8
<

:

U1U1 ! bµ bµ ⌘ µµ +2 j

U1U1 ! bµ tn ⌘ µ + /ET + jt + j

U1U1 ! tn tn ⌘ /ET +2 jt

9
=

; . (62)

Here, jt represents a fat-jet originating from a top quark decaying hadronically (one can also
consider the top quark’s leptonic decay modes with lower cross section). It is possible to tag the
(boosted) top-jets with sophisticated jet-substructure techniques and thus improve the second
and third channels’ prospects. The symmetric /ET +2 jt channel has been considered in Refs. [58,
108]. The asymmetric channel, the one with single t, one top-jet and missing-energy (t + /ET +
jt +b), has started receiving attention only very recently [88]. Due to the factor of 2 coming from
combinatorics, this channel has bigger cross section. Hence, its unique final state might act as a
smoking-gun signature for this type of scenarios (i.e., ones with non-negligible l L

33).
If only l R

33 is nonzero, U1 cannot resolve the R
D(⇤) anomalies anymore as it is not possible to

generate the necessary couplings in that case. Here,U1 entirely decays through theU1 ! bt mode
and contributes to the bt bt ⌘ tt +2 j final state [85].

When two or more couplings are nonzero simultaneously (Scenario RD2A, Scenario RD2B
and Scenario RD3) with comparable strengths, numerous possibilities arise (Ref. [63] discusses
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6

‣ Possible final states. A simple parametrisation to show the relative strengths. 

TABLE V. Effect of branching ratios on different final states generated from the pp ! U1U1 process in
various one and two-couplings scenarios. Here, we show the possible final states and the fraction of U1
pairs producing them. One multiplies the pair production cross section with the fractions shown in the
table to estimate its contribution to various channels in the narrow width approximation. Here, 0  x  1

2
is a free parameter. We have ignored the mass differences among the daughter particles.

Nonzero couplings Signatures

tt +2 j t + /ET +2 j /ET +2 j t + /ET + jt + j /ET +2 jt /ET + jt + j

l L

23 (Scenario RD1A) 0.25 0.50 0.25 � � �

l L

33 (Scenario RD1B) 0.25 � � 0.50 0.25 �

l R

33 1.00 � � � � �

l L

23,l L

33 (Scenario RD2A) 0.25 x x 2 1
2 �x

� 1
2 �x

�2 2x
� 1

2 �x
�

l L

23,l R

33 (Scenario RD2B)
� 1

2 +x
�2 2

� 1
4 �x 2� � 1

2 �x
�2 � � �

µµ +2 j µ + /ET +2 j /ET +2 j µ + /ET + jt + j /ET +2 jt /ET + jt + j

l L

22 (Scenario RK1A) 0.25 0.50 0.25 � � �

l L

32 (Scenario RK1B) 0.25 � � 0.50 0.25 �

l R

22 (Scenario RK1C) 1.00 � � � � �

l R

32 (Scenario RK1D) 1.00 � � � � �

l L

22,l L

32 (Scenario RK2A) 0.25 x x 2 1
2 �x

� 1
2 �x

�2 2x
� 1

2 �x
�

l L

22,l R

32 (Scenario RK2B)
� 1

2 +x
�2 2

� 1
4 �x 2� � 1

2 �x
�2 � � �

l R

22,l L

32 (Scenario RK2C)
� 1

2 +x
�2 � � 2

� 1
4 �x 2� � 1

2 �x
�2 �

l R

22,l R

32 (Scenario RK2D) 1.00 � � � � �

this in the context of scalar LQ searches). It is then possible to have all the final states shown in
Eqs. (61) and (62). One can have more asymmetric channels like pp ! U1U1 ! stbt etc. The
strength of any particular channel would depend on the couplings involved in production (if we
do not ignore the small t-channel lepton exchange) as well as the BRs involved (the dependence
of the pair production signal on multiple couplings is made explicit in Appendix A).

The R
K(⇤) scenarios have similar signatures with muons in the final states. When only l22

is nonzero (Scenario RK1A), we can easily obtain the possible final states by replacing t ! µ
in Eq. (61). In Scenario RK1B, the possible final states are obtained by replacing t ! µ in
Eq. (62). In Scenario RK1C, the BR of the U1 ! sµ decay is 100% leading to the process, U1U1 !
sµ sµ ⌘ µµ + 2 j. Similarly, in Scenario RK1D, the BR of the U1 ! bµ decay is 100% leading
to the same two-muon+two-jet final states through the U1U1 ! bµ bµ ⌘ µµ + 2 j process. Like
the R

D(⇤) scenarios with more than one nonzero couplings, these scenarios also lead to numerous
interesting possibilities [63]. The LHC is yet to perform searches for LQs inmost of the asymmetric
channels and some of the symmetric channels.

In Table V, we have summarized the possible final states fromU1 pair production and the frac-
tion of U1 pairs producing the final states in the one and two-couplings scenarios. The fractions
depend on combinatorics and the relevant U1 BRs. (Here, we have ignored the possible minor
correction due the the mass differences between different final states, i.e., assumed all final state
particles are much lighter than U1.) For example, in Scenario RD1A, since b (U1 ! st)⇡ b (U1 !
cn)⇡ 50%, only 25% of the produced U1 pairs would decay to either tt +2 j or /ET +2 j, whereas,
as explained above, 50% of them would decay to the t + /ET +2 j final state. Interestingly, we see
that even in some two-couplings scenarios the fractions corresponding to the tt/µµ + 2 j final
states are constant irrespective of the relative magnitudes of the couplings – for example, it is
25% in Scenario RD2A or 100% in Scenario RK2D. This is interesting, because in presence of two
nonzero couplings, one normally expects the fraction corresponding to a particular final state to
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‣ �-dependent single productions and �-channel 
LQ exchange. 

‣ If � is not small and/or the �  is heavy, they are 
the dominant processes.  

‣ Non-resonant production does not depend on 
branching ratios.
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can arise in the flavour-motivated scenarios. We also discuss how different production modes
with similar final states can contribute to the exclusion limits.

⌅ Pair production: We have classified the R
D(⇤)-scenarios with the three free couplings, l L

23, l L

33
and l R

33. In Scenario RD1A (where only l L

23 is nonzero), U1 ! st and U1 ! cn are the main decay
modes of U1 with roughly equal (about 50%) BRs. In this case the pair production of U1 leads to
the following final states (we ignore the CKM-suppressed effective couplings in the discussions
on the LHC phenomenology of U1 as they do not play any important role):

pp !

8
<

:

U1U1 ! sµ sµ ⌘ µµ +2 j

U1U1 ! sµ cn ⌘ µ + /ET +2 j

U1U1 ! cn cn ⌘ /ET +2 j

9
=

; (61)

where j denotes a light jet or a b-jet. Among the three channels, the second one (i.e., t + /ET +2 j)
has almost two times the cross section of the first or the third (a factor of 2 comes from combi-
natorics) but, due to the presence of missing energy, it is not fully reconstructable (or, is difficult
to reconstruct). As a result, both the first and second channels have comparable sensitivities.
However, the sensitivity of the third channel, /ET +2 j is very poor because of the two neutrinos
in the final state. So far, these channels with cross-generation couplings have not been used in
any LQ search at the LHC.

In Scenario RD1B (where only l L

33 is nonzero), the pair production of U1 mostly leads to the
following final states:

pp !

8
<

:

U1U1 ! bµ bµ ⌘ µµ +2 j

U1U1 ! bµ tn ⌘ µ + /ET + jt + j

U1U1 ! tn tn ⌘ /ET +2 jt

9
=

; . (62)

Here, jt represents a fat-jet originating from a top quark decaying hadronically (one can also
consider the top quark’s leptonic decay modes with lower cross section). It is possible to tag the
(boosted) top-jets with sophisticated jet-substructure techniques and thus improve the second
and third channels’ prospects. The symmetric /ET +2 jt channel has been considered in Refs. [58,
108]. The asymmetric channel, the one with single t, one top-jet and missing-energy (t + /ET +
jt +b), has started receiving attention only very recently [88]. Due to the factor of 2 coming from
combinatorics, this channel has bigger cross section. Hence, its unique final state might act as a
smoking-gun signature for this type of scenarios (i.e., ones with non-negligible l L

33).
If only l R

33 is nonzero, U1 cannot resolve the R
D(⇤) anomalies anymore as it is not possible to

generate the necessary couplings in that case. Here,U1 entirely decays through theU1 ! bt mode
and contributes to the bt bt ⌘ tt +2 j final state [85].

When two or more couplings are nonzero simultaneously (Scenario RD2A, Scenario RD2B
and Scenario RD3) with comparable strengths, numerous possibilities arise (Ref. [63] discusses
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can arise in the flavour-motivated scenarios. We also discuss how different production modes
with similar final states can contribute to the exclusion limits.

⌅ Pair production: We have classified the R
D(⇤)-scenarios with the three free couplings, l L

23, l L

33
and l R

33. In Scenario RD1A (where only l L

23 is nonzero), U1 ! st and U1 ! cn are the main decay
modes of U1 with roughly equal (about 50%) BRs. In this case the pair production of U1 leads to
the following final states (we ignore the CKM-suppressed effective couplings in the discussions
on the LHC phenomenology of U1 as they do not play any important role):
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U1U1 ! sµ sµ ⌘ µµ +2 j

U1U1 ! sµ cn ⌘ µ + /ET +2 j

U1U1 ! cn cn ⌘ /ET +2 j

9
=

; (61)

where j denotes a light jet or a b-jet. Among the three channels, the second one (i.e., t + /ET +2 j)
has almost two times the cross section of the first or the third (a factor of 2 comes from combi-
natorics) but, due to the presence of missing energy, it is not fully reconstructable (or, is difficult
to reconstruct). As a result, both the first and second channels have comparable sensitivities.
However, the sensitivity of the third channel, /ET +2 j is very poor because of the two neutrinos
in the final state. So far, these channels with cross-generation couplings have not been used in
any LQ search at the LHC.

In Scenario RD1B (where only l L

33 is nonzero), the pair production of U1 mostly leads to the
following final states:

pp !
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<

:

U1U1 ! bµ bµ ⌘ µµ +2 j

U1U1 ! bµ tn ⌘ µ + /ET + jt + j

U1U1 ! tn tn ⌘ /ET +2 jt
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Here, jt represents a fat-jet originating from a top quark decaying hadronically (one can also
consider the top quark’s leptonic decay modes with lower cross section). It is possible to tag the
(boosted) top-jets with sophisticated jet-substructure techniques and thus improve the second
and third channels’ prospects. The symmetric /ET +2 jt channel has been considered in Refs. [58,
108]. The asymmetric channel, the one with single t, one top-jet and missing-energy (t + /ET +
jt +b), has started receiving attention only very recently [88]. Due to the factor of 2 coming from
combinatorics, this channel has bigger cross section. Hence, its unique final state might act as a
smoking-gun signature for this type of scenarios (i.e., ones with non-negligible l L

33).
If only l R

33 is nonzero, U1 cannot resolve the R
D(⇤) anomalies anymore as it is not possible to

generate the necessary couplings in that case. Here,U1 entirely decays through theU1 ! bt mode
and contributes to the bt bt ⌘ tt +2 j final state [85].

When two or more couplings are nonzero simultaneously (Scenario RD2A, Scenario RD2B
and Scenario RD3) with comparable strengths, numerous possibilities arise (Ref. [63] discusses
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FIG. 4. Parton-level cross sections of various production modes of U1 LQ as functions of MU1 . These cross
sections are computed at the 13 TeV LHC for benchmark couplings, l L

23 = 1 (left) and l L

22 = 1 (right) with
k = 0. Here, j stands for all light jets including the b-jet. A basic generation-level cut, pT > 20 GeV is
applied on the jets and leptons.

rise to both dilepton and lepton+missing-energy final states [see e.g., Fig. 3(d)]. As the cross sec-
tions of the nonresonant production grows as l 4, this channel becomes important for large values
of the new couplings. Especially when the mass of the U1 is large, the nonresonant production
contributemore than the resonant pair and single productions. There is a possibility of large inter-
ference of the nonresonant processes with the SM backgrounds like pp ! g/Z(W )! `` (`+ /ET ).
The interference contribution grows as l 2 but the contribution can be significant due to the large
SM background. For U1, the interference is destructive in nature.

In Fig. 4, we show the parton-level cross sections of various production modes of U1 as a function
of MU1 . In Figs. 4(a) and 4(b) the cross sections have been obtained by setting k=0 and the new
couplings, l L

23 = 1 and l L

22 = 1 respectively. The pair production cross section is the same in both
figures as it is insensitive to the l couplings. As expected, the single production cross sections
are more significant at higher mass values. Processes like U1t j, U1µ j, U1n j are generated after
ensuring that no more than one onshell LQ contributes to the cross section to avoid contamina-
tion from the pair production process. The nonresonant LQ production cross section does not
depend very strongly on the LQ mass. With nonzero l L

23 and l L

22, we now have the possibility
of producing U1 (that couples to the third generation fermions) through charm and/or strange
initiated processes at the LHC.

There are some phenomenological consequences of having more than one couplings. The
presence of multiple couplings affects the BRs. For example, we see from Table V that BRs for
one-coupling scenarios are different from those in two coupling ones. Then, different single
and nonresonant production (including its interference with the SM background) processes may
or may not become significant depending on the strength of various couplings. All these can
significantly affect the exclusion limits.

IV. RECAST OF DILEPTON DATA

From the different production mechanisms of U1 discussed in the previous section, it is evident
that pair, single and nonresonant productions can give rise to dilepton (``+ jets) and/or monolep-
ton plus missing-energy, `+ /ET + jets signatures. However, as pointed out in Ref. [81] for S1 LQ,
the bounds on the LQ model parameter space from the dilepton resonance search data is more
stringent. Therefore, apart from the direct search bounds, we rely only on the resonant dilepton
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TABLE VI. The table displays the cross section (s) in fb, efficiency (e) in % and number of events (N )
surviving the cuts applied in the dilepton searches from various production processes. The superscripts
are explained in Appendix A. The negative signs in the interference contributions signify destructive in-
terference.

Pair production Single production t-channel LQ InterferenceMass
(Tev) s p e p

N
p s s es

N
s snr4 enr4

N
nr4 snr2 enr2

N
nr2

Contribution to tt signal [82]
l L

23 = 1 (Scenario RD1A)
1.0 40.87 2.33 8.59 58.80 3.30 35.07 70.57 7.22 183.33 -232.63 3.17 -266.21
1.5 1.39 1.50 0.19 3.91 2.74 1.93 14.94 7.00 37.77 -104.31 3.34 -125.62
2.0 0.08 1.01 0.01 0.44 2.50 0.20 5.04 7.25 13.19 -58.79 3.28 -69.57
l L

33 = 1 (Scenario RD1B)
1.0 35.67 1.69 5.43 29.00 2.57 13.46 20.20 6.21 45.26 -75.02 3.08 -83.41
1.5 1.17 1.09 0.11 1.72 2.16 0.67 4.31 6.22 9.68 -33.62 2.88 -33.01
2.0 0.06 0.81 0.00 0.17 1.98 0.06 1.39 6.27 3.15 -18.97 2.88 -19.71
l R

33 = 1

1.0 35.67 1.74 22.45 29.18 2.43 25.62 20.17 6.45 46.97 -27.4 3.32 -32.83
1.5 1.17 1.10 0.46 1.69 1.88 1.15 4.31 6.47 10.06 -12.31 3.27 -14.54
2.0 0.06 0.84 0.02 0.17 1.57 0.10 1.39 6.33 3.18 -6.94 3.26 -8.17

Contribution to µµ signal [83]
l L

22 = 1 (Scenario RK1A)
1.0 40.89 71.88 265.27 58.68 72.66 769.52 70.40 62.77 1595.21 -233.00 42.73 -3594.15
1.5 1.39 64.44 8.10 3.91 71.35 50.30 15.20 64.33 352.97 -105.00 42.59 -1614.37
2.0 0.08 52.62 0.36 0.44 70.15 5.60 5.00 64.22 115.92 -58.80 43.08 -914.54
l R

22 = 1 (Scenario RK1B)
1.0 38.91 71.74 1007.69 58.29 72.36 1522.36 70.43 62.69 1593.99 -82.52 49.17 -1464.79
1.5 1.32 64.18 30.64 3.81 68.62 94.40 15.21 64.20 352.57 -37.33 49.09 -661.52
2.0 0.07 52.50 1.36 0.42 63.79 9.78 5.00 64.53 116.48 -21.0 48.62 -368.53
l L

32 = 1 (Scenario RK1C)
1.0 35.67 71.59 230.45 28.93 72.74 379.76 20.00 63.49 458.17 -75.30 39.10 -1062.87
1.5 1.17 64.46 6.78 1.72 72.33 22.44 4.29 64.58 100.49 -33.70 39.82 -484.39
2.0 0.06 52.47 0.29 0.17 71.77 2.22 1.41 64.90 33.04 -19.00 40.12 -275.17
l R

32 = 1 (Scenario RK1D)
1.0 35.67 71.75 923.90 29.04 72.37 758.73 20.05 63.73 461.36 -26.29 45.77 -434.43
1.5 1.17 64.60 27.19 1.69 69.28 42.27 4.29 64.43 99.74 -11.84 46.32 -197.94
2.0 0.06 52.00 1.14 0.17 65.35 3.95 1.41 65.37 33.25 -6.69 46.64 -112.60

• In the dimuon channel, the requirement is that both of the muons must have |h |< 2.4 and
pT > 53 GeV. The invariant mass of the muon pair mµµ > 150 GeV.

We use the distribution of the observed and the SM events with respect to the invariant mass of
the muon pair, mµµ to extract bounds.

We implement the above cuts in our analysis codes and validate them with the cut efficien-
cies given there. In Table VI, we show the production cross sections, cut efficiencies and number
of events surviving the cuts for different signal contributions for the R

D(⇤)-motivated and R
K(⇤)-

motivated one-coupling scenarios, respectively. We obtain these numbers by setting the con-
cerned coupling to unity. There are a few points to note here. Pair production is, in general, in-
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Table 3: Systematic uncertainties considered in the search for nonresonant signals. The rela-
tive impact of the uncertainties on the background yield estimates is shown for two dilepton
invariant mass thresholds, 1 and 3 TeV. The uncertainty in the jet misidentification background
has a negligible effect on the overall background estimate and is not listed.

Uncertainty source
Impact on background [%]
m`` > 1 TeV m`` > 3 TeV
ee µµ ee µµ

Lepton selection efficiency 6.8 0.8 6.4 1.3
Muon trigger efficiency — 0.9 — 0.9
Mass scale 7.0 2.7 15.4 2.4
Dimuon mass resolution — 0.1 — 0.6
Pileup reweighting 0.3 — 0.5 —
Trigger prefiring 0.5 — 0.2 —
PDF 3.7 3.0 9.4 10.2
Cross section for other simulated backgrounds 0.6 0.8 0.2 0.4
Z peak normalization 2.3 5.0 2.0 5.0
Simulated sample size 0.4 0.4 1.3 1.6
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Figure 2: The invariant mass distribution of pairs of (left) electrons and (right) muons ob-
served in data (black dots with statistical uncertainties) and expected from the SM processes
(stacked histograms). For the dimuon channel, a prescaled trigger with a pT threshold of 27 GeV
was used to collect events in the normalization region (NR) with mµµ < 120 GeV. The corre-
sponding offline threshold is 30 GeV. Events in the signal region (SR) corresponding to masses
above 120 GeV are collected using an unprescaled single-muon trigger. The bin width grad-
ually increases with mass. The ratios of the data yields after background subtraction to the
expected background yields are shown in the lower plots. The blue shaded band represents
the combined statistical and systematic uncertainties in the background. Signal contributions
expected from simulated GKK and Z0

SSM resonances with masses of 3.5 and 5 TeV, respectively,
are shown.

‣ All three production modes 
would lead to �  final 
states. 

‣ The signal to the dilepton 
searches would be a 
combination of these three 
processes + the interference 
of �-channel process with the 
SM�  process. 

‣ The interference is 
destructive, leading to a 
reduction of events.

ℓℓ + jets

t
pp → Z /γ → ℓℓ

2103.027082002.12223
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Illustration

‣ The limits on multi-coupling scenarios can be obtained with cross-section parametrisation.

�𝒩p = {σp0 × ϵp0 +
n

∑
i

λ2
i σ p2

i × ϵp2
i +

n

∑
i≥j

λ2
i λ2

j σ p4
ij × ϵp4

ij } × ℬ2(MU1
, λ) × L

�σp(MU1
, λ) = σp0(MU1

) +
n

∑
i

λ2
i σ p2

i (MU1
) +

n

∑
i≥j

λ2
i λ2

j σ p4
ij (MU1

)

RK1A

9

�U1
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A   Testχ2

10

‣ For each distribution, we define the test statistic as 

‣ �  = theory events and �  = the number of observed events in the �  bin.  

‣ For the error � , we use                                                                                                                             

    where � and we assume a uniform 10% systematic error 

‣ In every scenario, for some benchmark masses � , we compute the minimum of �  
by varying the couplings. In one-coupling scenarios, we obtain the �  and �  CL upper limit 
on the coupling at �  from the values of � for which �  
equals 1 and 4, respectively.  

𝒩i
T(MU1

, λ) 𝒩i
D ith

Δ𝒩i

Δ𝒩i
stat = 𝒩i

D

MU1
= Mb

U1
χ2

1σ 2σ
Mb

U1
λ Δχ2(Mb

U1
, λ) = χ2(Mb

U1
, λ) − χ2

min(M
b
U1

)

�χ2 =
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∑
i (

𝒩i
T(MU1

, λ) − 𝒩i
D

Δ𝒩i )
2

𝒩i
T(MU1

, λ) = [𝒩p(MU1
, λ) + 𝒩s(MU1

, λ) + 𝒩nr(MU1
, λ)] + 𝒩i

SM .

�Δ𝒩i = (Δ𝒩i
stat)2 + (Δ𝒩i

syst)
2
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The Simple   Scenarios Are Severely ConstrainedRD(*) �U1
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ATLAS 2006.05872 Recast ATLAS 2006.05872 Recast

Recast of ATLAS Scalar LQ Search Data Rules out  Below ~2 TeVU1 �U1
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Prospects at the HL-LHC

‣ The anomalies hint towards large cross-generational LQ couplings involving third-
generation quarks. The �  modes are already searched 
for by the ATLAS and the CMS collaborations. Assuming 100% branching ratios, the limits 
roughly stand at about a TeV or more.  

‣ LQs can be produced in pairs or singly. Large couplings of LQs hint towards non-negligible 
single productions. Hence, current limits will improve further if large cross-generational 
couplings are considered. 

‣ The single productions of LQs that exclusively couple with third-generation quarks have tiny 
single-production cross-sections for perturbative new couplings because of the small b-
quark PDF. But, the HL-LHC can help. 

‣ Interesting signature: LQs can decay to a top quark and a charged lepton giving rise to a 
resonance system of a boosted top quark and a high-�  lepton at the LHC.

pp → ℓqℓq → (t/b)(τ/ν) + (t/b)(τ/ν)

pT
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Simple Parametrisation
‣ 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. 

! :         !                                           

! :         !            

! :        !

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.

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

ℒ ⊃ λℓ ( ηLt̄C
LℓL + ηRt̄C

RℓR) ϕ1 + λνb̄C
L νLϕ1 + λ̃ℓ ( ηLt̄RℓL + ηRt̄LℓR) ϕ5 + H.c.
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Simple Parametrisation
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! :         !                                           

! :         !            

! :        !

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.

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
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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).
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We set λl ¼ −λν ¼ λ, λ̃l ¼ 0 and ηR ¼ 0. In this
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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
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(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.
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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%
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ℒ ⊃ λℓ ( ηLt̄C
LℓL + ηRt̄C

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

Similar for vLQs, but the kinetic terms for 
vLQs contain another free parameter, �κ
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Combined Signal
‣ 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 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. 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

ϕ χ ϕ† χ̄

is bigger than that in the LCOS scenario. This is be-
cause, the �` = �⌫ relation in the LCSS scenario results
in a constructive interference between some of the sin-
gle production diagrams which becomes destructive in
the LCOS scenario where �` = ��⌫ . Such di�erence is
not observed for other LQ species.

Single production cross sections vary as the square of
the new coupling � or⇤. In the figure, all processes have
been computed for � = ⇤ = 1. With order one � (or ⇤),
it is possible for some single production modes to have
bigger cross section than the pair production in the mass
range of our interest. For example, we see that in the LC
scenario, pp ! �1⌧j overtakes the pair production pro-
cesses at 2.6 TeV for  = 1 [Fig. 1(b)] but the cross sec-
tion for the similar �1⌧ t process remains lower. Similar
behaviour can be seen for the pp ! �1⌧j process also.
However, in some scenarios, these processes have much
smaller cross section. For example, in the RC scenario,
the pp ! �1⌧j,�1⌧j,�5⌧j processes has much smaller
cross section than the rests in the entire mass range con-
sidered. Similarly, pp ! �5⌧j have small cross section
in the LC scenario. This is mainly because, in these sce-
narios, the LQs are produced from a right-handed top
quark generated in the charge current interaction via a
chirality flip. In the figure, we just show the plots for
the vLQs with  = 1. If  = 0, the pair production cross
sections become smaller and hence the crossover points
appear at lower masses.

B. Signal topologies and the background

From Eqs. (23)-(26) we see that if we disregard the fi-
nal states without a single top quark or a ⌧ , the remain-
ing ones can be identified as of two types – one with
one top quark and two ⌧ ’s and the other with one top
quark and only one ⌧ . As before, we will consider only
hadronically decaying top quarks in our analysis to ex-
ploit its boosted nature. A ⌧ can decay either hadroni-
cally or leptonically with branching fractions about 65%
and 35%, respectively. This gives three possible final
states in terms of ⌧ decays – ⌧h⌧h, when both of them
decay hadronically with a probability about 42%, ⌧h⌧`,
when one of them decays hadronically and the other
leptonically with about 46% probability, and ⌧`⌧`, when
both of them decay leptonically with a probability of
only 12%. In our analysis, we consider both hadronic
and semileptonic ⌧ ’s and study the following signatures:

A. at least one hadronically decaying top quark along
with either two hadronically decaying ⌧ leptons
(th⌧h⌧h) or a hadronically decaying ⌧ and a lep-
tonically decaying one (th⌧h⌧`),

B. at least one hadronically decaying top quark with
only one ⌧ decaying hadronically and some miss-
ing energy (th⌧h+MET).

The first signature would capture the symmetric final
states, while the second one, the asymmetric ones. The

Background � QCD
processes (pb) order

V+ jets [56, 57] Z+ jets 6.33⇥ 104 NNLO
W+ jets 1.95⇥ 105 NLO

V V+ jets [58]
WW+ jets 124.31 NLO
WZ+ jets 51.82 NLO
ZZ+ jets 17.72 NLO

Single t [59]
tW 83.10 N2LO
tb 248.00 N2LO
tj 12.35 N2LO

tt [60] tt+ jets 988.57 N3LO

ttV [61] ttZ 1.05 NLO+NNLL
ttW 0.65 NLO+NNLL

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

other symmetric final state with a pair of top quarks
leading to the thth+MET signature (t⌫t⌫) has been
studied in Ref. [55]. As already discussed, the above
signal topologies can arise from both pair and single
production processes. For instance, the signal th⌧h⌧h
can come from pp ! �1,5�1,5 (or pp ! �1,5�1,5) and
pp ! �1,5t⌧ (or pp ! �1,5t⌧) processes. If not carefully
done, this might lead to double counting while generat-
ing the signal processes. To circumvent this issue, we
ensure that the LQ and its antiparticle are never on-
shell simultaneously while generating single production
events [38].

The SM background of our signatures is very large
and requires carefully designed kinematic cuts to make
the the signal observable. The SM background for both
(th⌧h⌧h + th⌧h⌧`) and (th⌧h +MET) signals would con-
tain at least one top-like fatjet. In the SM, it can arise
directly from a top quark decaying hadronically or indi-
rectly when a bunch of QCD jets combine to mimic the
features of a top-like fatjet. In addition, the SM back-
ground should also contain ⌧ -tagged high-pT jets (from
hadronic ⌧ decays) and high-pT light leptons (since
there is a leptonic ⌧ decay in the signal). Although small,
a QCD jet can sometime appear as a ⌧h due to mistag-
ging. Since some background processes have huge cross
sections, even small mistagging rates might lead to sub-
stantial number of background events at the end. The
relevant background processes for the two signatures
are listed in Table II where the available highest order
values of their total cross sections are shown. We gen-
erate all the background processes at LO and scale the
cross sections with the appropriate K-factors. Notice
that some of the background processes have very high
cross sections. For these processes, we apply generation-
level cuts to save computation time and improve the
statistics. We briefly discuss the background processes
below.

6
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Significance
2004.01096λ = 1

χ5

ϕ5

ϕ1

χ1
Scalars Vectors

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

(a) (b)

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.

Limit on Mϕ (TeV)

The μ channel The e channel

ϕ1 ϕ5 ϕ1 ϕ5

Combined Pair Combined Pair Combined Pair Combined Pair

Significance Z LCOS LCSS RC BR¼0.5 BR¼1.0 LC RC BR¼1.0 LCOS LCSS RC BR¼0.5 BR¼1.0 LC RC BR¼1.0

5 1.47 2.08 1.73 1.42 1.71 1.74 1.96 1.71 1.45 2.11 1.72 1.39 1.70 1.74 1.97 1.70
3 1.59 2.29 1.84 1.52 1.83 1.86 2.12 1.83 1.58 2.33 1.84 1.52 1.83 1.86 2.16 1.83
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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CMS pair only

estimation

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

(a) (b)

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.

Limit on Mϕ (TeV)

The μ channel The e channel

ϕ1 ϕ5 ϕ1 ϕ5

Combined Pair Combined Pair Combined Pair Combined Pair

Significance Z LCOS LCSS RC BR¼0.5 BR¼1.0 LC RC BR¼1.0 LCOS LCSS RC BR¼0.5 BR¼1.0 LC RC BR¼1.0

5 1.47 2.08 1.73 1.42 1.71 1.74 1.96 1.71 1.45 2.11 1.72 1.39 1.70 1.74 1.97 1.70
3 1.59 2.29 1.84 1.52 1.83 1.86 2.12 1.83 1.58 2.33 1.84 1.52 1.83 1.86 2.16 1.83
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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Combined Pair Combined Pair Combined Pair Combined Pair
LC50 LC RC50 RC BR=0.5 BR=1 LC RC BR=1 LC50 LC RC50 RC BR=0.5 BR=1 LC RC BR=1

5 2.10 2.34 1.85 2.10 1.79 2.05 2.36 2.07 2.04 2.26 2.51 2.14 2.40 2.10 2.36 2.52 2.39 2.36
3 2.25 2.51 1.97 2.22 1.89 2.15 2.52 2.18 2.15 2.40 2.65 2.26 2.51 2.21 2.47 2.66 2.50 2.47
2 2.39 2.64 2.06 2.31 1.97 2.23 2.66 2.27 2.23 2.52 2.76 2.35 2.59 2.29 2.55 2.78 2.58 2.55

TABLE III. The mass limits corresponding to 5� (discovery), 3� and 2� (exclusion) significances (Z) for observing the (a) �1 and
(b) �5 signals over the SM backgrounds for 3 ab�1 integrated luminosity at the 14 TeV LHC with combined and pair-production-
only signals. Here, LC (RS) stands for LC100 (RC100).

C2: The scalar sum of the transverse pT of all visible objects,
ST > 1.2⇥Min (M�, 1750) GeV.

C3: Max(M(`1, t) OR M(`2, t)) > 0.8 ⇥ Min (M�, 1750)
GeV.

IV. DISCOVERY POTENTIAL

We use the following formula to estimate the signal signifi-
cance Z.
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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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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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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.

Si
gn

ifi
ca
nc

e
Z Limit on M� (TeV)

 = 0  = 1

�1 �5 �1 �5

Combined Pair Combined Pair Combined Pair Combined Pair
LC50 LC RC50 RC BR=0.5 BR=1 LC RC BR=1 LC50 LC RC50 RC BR=0.5 BR=1 LC RC BR=1

5 2.10 2.34 1.85 2.10 1.79 2.05 2.36 2.07 2.04 2.26 2.51 2.14 2.40 2.10 2.36 2.52 2.39 2.36
3 2.25 2.51 1.97 2.22 1.89 2.15 2.52 2.18 2.15 2.40 2.65 2.26 2.51 2.21 2.47 2.66 2.50 2.47
2 2.39 2.64 2.06 2.31 1.97 2.23 2.66 2.27 2.23 2.52 2.76 2.35 2.59 2.29 2.55 2.78 2.58 2.55

TABLE III. The mass limits corresponding to 5� (discovery), 3� and 2� (exclusion) significances (Z) for observing the (a) �1 and
(b) �5 signals over the SM backgrounds for 3 ab�1 integrated luminosity at the 14 TeV LHC with combined and pair-production-
only signals. Here, LC (RS) stands for LC100 (RC100).

C2: The scalar sum of the transverse pT of all visible objects,
ST > 1.2⇥Min (M�, 1750) GeV.

C3: Max(M(`1, t) OR M(`2, t)) > 0.8 ⇥ Min (M�, 1750)
GeV.

IV. DISCOVERY POTENTIAL

We use the following formula to estimate the signal signifi-
cance Z.

Z =

s

2 (NS +NB) ln

✓
NS +NB

NB

◆
� 2NS , (22)
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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

(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
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,

8

0

0.5

1

1.5

2

2.5

3

3.5

1.6 1.8 2 2.2 2.4 2.6 2.8 3

�

M�1 (TeV)

comb(LC50)
comb(RC50)

comb(LC100)
comb(RC100)
pair(BR=0.5)
pair(BR=1.0)

0

0.5

1

1.5

2

2.5

3

3.5

1.6 1.8 2 2.2 2.4 2.6 2.8 3

 = 0

(a)

0

0.5

1

1.5

2

2.5

3

3.5

2 2.2 2.4 2.6 2.8 3

�

M�1 (TeV)

comb(LC50)
comb(RC50)

comb(LC100)
comb(RC100)
pair(BR=0.5)
pair(BR=1.0)

0

0.5

1

1.5

2

2.5

3

3.5

2 2.2 2.4 2.6 2.8 3

 = 1

(b)

0

0.5

1

1.5

2

2.5

3

3.5

2 2.2 2.4 2.6 2.8 3

�

M�5 (TeV)

comb(LC)
comb(RC)

pair(BR=1.0)
0

0.5

1

1.5

2

2.5

3

3.5

2 2.2 2.4 2.6 2.8 3

 = 0

(c)

0

0.5

1

1.5

2

2.5

3

3.5

2 2.2 2.4 2.6 2.8 3

�

M�5 (TeV)

comb(LC)
comb(RC)

pair(BR=1.0)
0

0.5

1

1.5

2

2.5

3

3.5

2 2.2 2.4 2.6 2.8 3

 = 1

(d)

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.
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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
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nario, the improvement is minor. This happens because
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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.
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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.
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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.
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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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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.
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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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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.
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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
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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
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discovery reach in the low mass region. Whereas, the single

9

0

0.5

1

1.5

2

2.5

3

3.5

1.8 2 2.2 2.4 2.6 2.8 3

�

M�1 (TeV)

comb(LC50)
comb(RC50)

comb(LC100)
comb(RC100)
pair(BR=0.5)
pair(BR=1.0)

0

0.5

1

1.5

2

2.5

3

3.5

1.8 2 2.2 2.4 2.6 2.8 3

 = 0

(a)

0

0.5

1

1.5

2

2.5

3

3.5

2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3

�

M�1 (TeV)

comb(LC50)
comb(RC50)

comb(LC100)
comb(RC100)
pair(BR=0.5)
pair(BR=1.0)

0

0.5

1

1.5

2

2.5

3

3.5

2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3

 = 1

(b)

0

0.5

1

1.5

2

2.5

3

3.5

2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3

�

M�5 (TeV)

comb(LC)
comb(RC)

pair(BR=1.0)
0

0.5

1

1.5

2

2.5

3

3.5

2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3

 = 0

(c)

0

0.5

1

1.5

2

2.5

3

3.5

2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3

�

M�5 (TeV)

comb(LC)
comb(RC)

pair(BR=1.0)
0

0.5

1

1.5

2

2.5

3

3.5

2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3

 = 1

(d)

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
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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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as a unique top-lepton resonance system would appear from
the decays of these LQs.
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‣ The LHC dilepton data can constrain the LQ parameters needed to accommodate the 
anomalies. The method is generic and, with a suitable parametrisation of the cross-sections, 
can be used to put bounds on single-coupling and multi-coupling scenarios. 

‣ The single-coupling �  scenarios are ruled out or under stress. Multi-coupling scenarios are 
better. A 1.5 TeV �  can explain both�  and �  anomalies. 

‣ The anomalies hint towards large cross-generational LQ couplings involving third-
generation quarks hinting towards non-negligible single productions. Hence, current limits 
will improve further if large cross-generational couplings are considered. 

‣ Interesting signature: LQs can decay to a top quark and a charged lepton giving rise to a 
resonance system of a boosted top quark and a high-�  lepton at the LHC.
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