
Precise limits on the charge-2=3 U1 vector leptoquark

by

Arvind Bhaskar, Diganta Das, Tanumoy Mandal, Subhadip Mitra, Cyrin Neeraj

in

PHYSICAL REVIEW D

Report No: IIIT/TR/2021/-1

Centre for Computational Natural Sciences and Bioinformatics
International Institute of Information Technology

Hyderabad - 500 032, INDIA
August 2021



Precise limits on the charge-2=3 U1 vector leptoquark

Arvind Bhaskar ,1,* Diganta Das,1,2,† Tanumoy Mandal ,3,‡ Subhadip Mitra ,1,§ and Cyrin Neeraj1,∥
1Center for Computational Natural Sciences and Bioinformatics,

International Institute of Information Technology, Hyderabad 500 032, India
2Department of Physics and Astrophysics, University of Delhi, Delhi 110 007, India

3Indian Institute of Science Education and Research, Thiruvananthapuram, Vithura, Kerala 695 551, India

(Received 6 May 2021; accepted 16 July 2021; published 16 August 2021)

The U1 leptoquark is known to be a suitable candidate for explaining the semileptonic B-decay
anomalies. We derive precise limits on its parameter space relevant for the anomalies from the current LHC
high-pT dilepton data. We consider an exhaustive list of possible B-anomalies-motivated simple scenarios
with one or two new couplings that can also be used as templates for obtaining bounds on more
complicated scenarios. To obtain precise limits, we systematically consider all possible U1 production
processes that can contribute to the dilepton searches, including the resonant pair and single productions,
nonresonant t-channel U1 exchange, as well as its large interference with the Standard Model background.
We demonstrate how the inclusion of resonant production contributions in the dilepton signal can lead to
appreciably improved exclusion limits. We point out new search channels of U1 that can act as unique tests
of the flavor-motivated models. The template scenarios can also be used for future U1 searches at the LHC.
We compare the LHC limits with other relevant flavor bounds and find that a TeV-scale U1 can
accommodate both RDð�Þ and RKð�Þ anomalies while satisfying all the bounds.

DOI: 10.1103/PhysRevD.104.035016

I. INTRODUCTION

The concept of lepton flavor universality, a key pre-
diction of the Standard Model (SM), seems to be in tension
with the present experimental measurements of some
semileptonic B-meson decays [1–11]. Differences between
theoretical predictions and experimental measurements,
hinting toward the existence of some physics beyond the
SM (BSM), have been observed in the RDð�Þ and RKð�Þ

observables:

RDð�Þ ¼ BðB→Dð�Þτν̄Þ
BðB→Dð�Þl̂ ν̄Þ and RKð�Þ ¼BðB→Kð�Þμþμ−Þ

BðB→Kð�Þeþe−Þ :

ð1Þ
We use l̂ to denote the light charged leptons, e or μ and
Bðx → yÞ for the x → y decay branching ratio (BR). The
experimental values of RD and RD� exceed their SM

predictions by 1.4σ and 3.1σ, respectively [12–15] (com-
bined excess of 3.1σ in RDð�Þ , according to the 2019 world
averages [16]), whereas, the RK and RK� measurements
[17,18] are smaller than the theoretical predictions by about
3.1σ [19,20].
ATeV-scalevector leptoquark (vLQ), a color-triplet vector

boson with nonzero lepton and baryon numbers, is consid-
ered to be a suitable candidate to address these anomalies in
the literature [21–50].1 It is shown in [37] that a charge-2=3
weak-singlet vLQ, U1 ≡ ð3; 1; 2=3Þ, can resolve both RDð�Þ

and RKð�Þ anomalies simultaneously. If the vLQ is really
responsible for these anomalies, it is then essential to
scrutinize its parameter space that can address the anomalies
simultaneously while satisfying all relevant experimental
bounds. In the literature, various flavor and collider data have
already been used in this context. However, we find that even
though a lot of emphasis has been put on obtaining regions of
parameter space that are either ruled out or favored by the
observed anomalies and other flavor data, relatively less
attention has been paid to obtain precise bounds from the
Large Hadron Collider (LHC) data.
It is known that the regions of parameter spaces favored

by the flavor anomalies in various leptoquark (LQ) models
are already in tension with the high-pT dilepton data
[29,41,76–81]. In this paper, we specifically investigate
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the case of U1 and argue that the bounds from the LHC
data might actually be underestimated and, in some
regions of the parameter space, the data could be more
constraining than what has been considered so far if one
systematically computes all relevant processes and con-
siders the latest direct search limits. As we see, different
production processes of U1 contribute to the dilepton or
monolepton plus missing energy (MET) signals affec-
ting various kinematic distributions. When incorporated
in the statistical analysis, they can give strong bounds on
the unknown LQ-q − l (where l can be any charged
lepton) couplings together. However, while most of these
processes contribute constructively to the signal, a sig-
nificant contribution (in fact, the most dominant one, in
some cases) comes from the nonresonant t-channel U1

exchange process that interferes destructively with the
SM background. Hence, there is a competition among
the U1 production processes, which are highly sensitive
to the U1 parameters. Usually, the contribution of the
resonant production processes (i.e., pair and single pro-
ductions) to the ll or lþ =ET signals are ignored
assuming that it would give only minor corrections.
However, we find, especially in the lower mass region,
that the resonant productions’ effect on the exclusion
could be significant. In this paper, we systematically put
together all the sources of resonant and nonresonant
dilepton events in our analysis and obtain robust and
precise limits on the U1 parameters to date.
To contribute to RDð�Þ , a U1 must couple to the third-

generation lepton(s) and, second and third-generation
quarks [see Fig. 1(a), assuming that it does not alter the

denominators in Eq. (1)], and to contribute to the RKð�Þ

observables, it should couple to the second-generation
leptons [see Fig. 1(b)]. Within the SM, the b → cτν̄ decay
is mediated by a tree-level charge current interaction,
and the neutral current b → sμþμ− decay occurs through
a loop. However, the U1 LQ can mediate both the flavor-
changing transitions, b → cτν̄ and b → sμþμ− at the tree
level, as shown in Fig. 1. Here, we adopt a bottom-up
approach and construct all possible minimal or next-to-
minimal scenarios within the U1 LQ model with one or
two new couplings at a time that can accommodate either
the RDð�Þ or the RKð�Þ anomalies. These scenarios can be
used as templates to obtain bounds on more complicated
scenarios (as explained in Ref. [81] for the S1 LQ).
There is another motivation for considering various

minimal scenarios with different coupling combinations.
An effective field theory suitable for describing the
outcomes of low-energy experiments is not well suited
for high-energy collider experiments where some of the
heavy degrees of freedom are directly accessible. The SM-
like Wilson operator, OvL ¼ ½c̄γμPLb�½τ̄γμPLν� plays the
most important role in the RDð�Þ observables. However, by
looking only at this operator, it is not obvious that the ll
data would lead to strong bounds, and the interference
between the new physics and the SM background processes
would play the prominent role in determining the bounds.
Scenarios with very different LHC signatures can lead to
the same effective operator (we discuss such an example
later). Hence, even though these two scenarios would look
similar in low-energy experiments, the limits from LHC
would be different.

(a) (b)

(c) (d)

FIG. 1. Representative leading order diagrams showing the B → Dð�Þτν̄ and B → Kð�Þμþμ− decays: the tree level U1 contribution to
(a) B → Dð�Þτν̄ and (b) B → Kð�Þμþμ−, and (c) and (d) the corresponding SM processes, respectively.
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In the case of the scalar LQ S1, we have seen the dilepton
data putting stronger bounds than the monolepton plus
MET data [81]. Hence, in this paper, we consider only the
dilepton (ττ and μμ [82,83]) data to put bounds on the
regions of U1 parameter space relevant for the RDð�Þ and
RKð�Þ observables. Unlike the existing bounds on LQ
masses from their pair production searches at the LHC,
the bounds thus obtained are model dependent (i.e., they
depend on unknown couplings). However, for large new
couplings they become more restrictive than the pair
production ones. We obtain the LHC bounds for various
scenarios with different coupling structures and show that
they are competitive and complimentary to other flavor
bounds. Also, these bounds are independent of other
known theoretical constraints on the U1 parameter space.
Obtaining them requires a systematic consideration of
different LQ signal processes at the LHC (including their
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 RDð�Þ 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 cou-
pling κ ¼ 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 forBðLQ →
tνÞ ¼ 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 quarkþ a neutrino and a bottom quarkþ τ
with equal BRs, then the mass points below 1115 GeV are
excluded. For κ ¼ 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, μþ a light quark,
and μb [86]. The exclusion limits from these channels and
the above are summarized 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 ⊃ xLL1ijQ̄
iγμU

μ
1PLLj þ xRR1ij d̄

i
RγμU

μ
1PRl

j
R þ H:c:; ð2Þ

if we ignore the diquark interactions which are severely
constrained by the proton decay bounds. Here, Qi and Lj

denote the SM left-handed quark and lepton doublets,
respectively, and diR and lj

R are the down-type right-handed
quarks and leptons, respectively. The indices i; j ¼
f1; 2; 3g stand for quark and lepton generations; i.e., xLL1ij
and xRR1ij are 3 × 3matrices in flavor 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 couplings are similar to the fits obtained with real
couplings, albeit with slightly greater significance [93,94].
Hence, predictions for flavor observables with complex
couplings are expected to be similar to the ones obtained
with purely real couplings. Moreover, since we are inter-
ested in only those U1 scenarios that can accommodate the
RDð�Þ and RKð�Þ anomalies, we further simplify the xLL1ij and
xRR1ij matrices by setting all the components that do not
participate directly in these decays to zero. We refer to any
type of neutrinos simply as ν, i.e., without any flavor index
as this would not affect our LHC analysis. As the b → cτν̄
and b → sμþμ− decays involve independent couplings, we

TABLE I. Summary of LQ mass exclusion limits from recent direct searches by the CMS (ATLAS) Collaboration.
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, κ ¼ 0 Vector LQ, κ ¼ 1

Luminosity [fb−1] Mass [GeV] Mass [Gev] Mass [GeV]

LQ → tνðB ¼ 1.0Þ [85,87] 35.9 (36.1) 1020(992) 1460 1780
LQ → qνðB ¼ 1.0Þ [85] 35.9 980 1410 1790
LQ → bνðB ¼ 1.0Þ [85,87] 35.9 (36.1) 1100(968) 1475 1810
LQ → bτ=tνðB ¼ 0.5Þ [88] 137 950 1290 1650
LQ → bτðB ¼ 1.0Þ [87] � (36.1) (1000) � � � � � �
LQ → μj ðB ¼ 1.0Þ [86] � (139) (1733) � � � � � �
LQ → μc ðB ¼ 1.0Þ [86] (139) (1680) � � � � � �
LQ → μb ðB ¼ 1.0Þ [86] � (139) (1721) � � � � � �
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analyze the RDð�Þ- and RKð�Þ-anomalies-motivated scenarios
separately.2

A. RDð�Þ scenarios

In the SM, the b → cτν̄ transition is a tree-level charged-
current-mediated process and the Lagrangian responsible
for it can be written as

LSM ¼ −
4GFffiffiffi

2
p VcbOVL

¼ −
4GFffiffiffi

2
p Vcb½c̄γμPLb�½τ̄γμPLντ�:

ð3Þ

New physics can generate additional contributions to the
b → cτν̄ transition in the form of four-fermion operators.
The most general form of the Lagrangian can be written
as [95]

L ⊃ −
4GFffiffiffi

2
p Vcb½ð1þ C VL

ÞOVL
þ C VR

OVR
þ C SLOSL

þ C SROSR þ C TR
OTR

�; ð4Þ

where the Wilson coefficient corresponding to an operator
O i is denoted as C i. The operators have three different
Lorentz structures:

(i) Vector:

�
OVL

¼ ½c̄γμPLb�½τ̄γμPLν�
OVR

¼ ½c̄γμPRb�½τ̄γμPLν�

(ii) Scalar:

�
OSL ¼ ½c̄PLb�½τ̄PLν�
OSR ¼ ½c̄PRb�½τ̄PLν�

(iii) Tensor: OTL
¼ ½c̄σμνPLb�½τ̄σμνPLν� .

From Fig. 1 we see that the c̄νU1 and b̄τU1 couplings
have to be nonzero for U1 to contribute in the b → cτν̄
process. Wemake the following flavor Ansatz for simplicity:

xLL1 ¼

0
B@

0 0 0

0 0 λL23
0 0 λL33

1
CA; xRR1 ¼

0
B@

0 0 0

0 0 0

0 0 λR33

1
CA: ð5Þ

Given the Ansätze of the five operators listed above,
only OVL

and OSL can be generated by U1, i.e., C
U1

VR
¼

CU1

SR
¼ CU1

TR
¼ 0. Note that the simplified assumption of

several zeros in the coupling matrices are purely phenom-
enological. This may not be strictly valid in some specific
models, e.g., in the models in Refs. [66,71] where the LQ
induced flavor structures are parametrized by Froggatt-
Nielsen charges.
The nonzero coefficients, C VL

and C SL , can be written in
terms of the c̄νU1 and b̄τU1 couplings,

CU1

VL
¼ 1

2
ffiffi
2

p
GFVcb

λLcνðλLbτÞ�
M2

U1

CU1

SL
¼ − 1

2
ffiffi
2

p
GFVcb

2λLcνðλRbτÞ�
M2

U1

9>>=
>>;
: ð6Þ

The actual relationship of λLcν and λL=Rbτ with λL23 and λL=R33 ,
defined in Eq. (5), varies from scenario to scenario. We can
express the ratios, rDð�Þ ¼ RDð�Þ=RSM

Dð�Þ in terms of the
nonzero Wilson coefficients as [96]

rD ≡ RD

RSM
D

≈ j1þ CU1

VL
j2 þ 1.02jCU1

SL
j2 þ 1.49Re½ð1þ CU1

VL
ÞCU1�

SL
�; ð7Þ

rD� ≡ RD�

RSM
D�

≈ j1þ CU1

VL
j2 þ 0.04jCU1

SL
j2 − 0.11Re½ð1þ CU1

VL
ÞCU1�

SL
�: ð8Þ

There are two other observables where nonzero CU1

VL
and CU1

SL
would contribute to—the longitudinal D� polarization

FLðD�Þ and the longitudinal τ polarization asymmetry PτðD�Þ. They have been measured by the Belle Collaboration
[10,11,97]. For our purpose, we can express FLðD�Þ and PτðD�Þ as [96]

fLðD�Þ≡ FLðD�Þ
FSM
L ðD�Þ ≈

1

rD�
fj1þ CU1

VL
j2 þ 0.08jC U1

SL
j2 − 0.24Re½ð1þ CU1

VL
ÞCU1�

SL
�g; ð9Þ

pτðD�Þ≡ PτðD�Þ
PSM
τ ðD�Þ ≈

1

rD�
fj1þ CU1

VL
j2 − 0.07jCU1

SL
j2 þ 0.22Re½ð1þ CU1

VL
ÞCU1�

SL
�g: ð10Þ

2From here onward, we refer to the RDð�Þ - and RKð�Þ -anomalies-motivated scenarios simply as RDð�Þ and RKð�Þ scenarios for brevity.
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A nonzero CU1

VL
and CU1

SL
would also contribute to leptonic decays Bc → τν and B → τν as

BðBc → τνÞ ¼ τBc
mBc

f2Bc
G2

FjVcbj2
8π

m2
τ

�
1 −

m2
τ

m2
Bc

�
2
����1þ CU1

VL
þ m2

Bc

mτðmb þmcÞ
CU1

SL

����
2

; ð11Þ

BðB → τνÞ ¼ BðB → τνÞSM
����1þ CU1

VL
þ m2

B

mτðmb þmuÞ
CU1

SL

����
2

ð12Þ

where τBc
is the lifetime of theBc meson, fBc

is its decay constant, andBðB → τνÞSM is the branching ratiowithin the SM.The
LEP data put a constraint on theBc → τν branching ratio [98] as,BðBc → τνÞ < 10%. The experimental upper bound on the
B → τν decay is given as [99]BðB → τνÞ< ð1.09� 0.24Þ × 10−4, and the corresponding SMbranching ratio is estimated to
be [100] BðB → τνÞSM ¼ ð0.812� 0.054Þ × 10−4. The current bounds on these observables are summarized in Table II.
Wherever applicable, we also consider constraints from Bs − B̄s mixing [see Fig. 2(a)] through the effective Hamiltonian

Heff ¼ ðC SM
box þ CU1

boxÞðs̄LγαbLÞðs̄LγαbLÞ ð13Þ

where the SM contribution, C SM
box, and the U1 contribution, C

U1

box, which generically depends on new coupling(s) as ∼λ4, are
given as

C SM
box ¼

G2
F

4π2
ðVtbVtsÞ2M2

WS0ðxtÞ; ð14Þ

CU1

box ¼
λ4

8π2M2
U1

: ð15Þ

In Eq. (14), the generation indices and possible Cabibbo-Kobayashi-Maskawa (CKM) elements have been omitted as they
depend on the scenario that we are interested in. The loop function is the Inami-Lim function [101], S0ðxt ≡m2

t =m2
WÞ ∼ 2.37

[102]. The UT fit Collaboration gives the following bounds on the ratio C U1

box=C
SM
box [100]:

0.94<

����1þ CU1

box

C SM
box

����< 1.29: ð16Þ

Additionally, whenever λLbτ and λ
L
sτ are simultaneously nonzero, they contribute to another lepton-flavor-universal operator in a

log-enhanced manner through an off-shell photon penguin diagram as [see Fig. 2(b)]

L ⊃ −
4GFffiffiffi

2
p ðVtbV�

tsÞC univ
9 Ouniv

9 ð17Þ

where

Ouniv
9 ¼ α

4π
ðs̄LγαbLÞðl̄γαlÞ and C univ

9 ¼ −
1

VtbV�
ts

λLsτðλLbτÞ�
3

ffiffiffi
2

p
GFM2

U1

logðm2
b=M

2
U1
Þ: ð18Þ

We consider the 2σ limits from the global fits to the b → sμþμ− data [103–105] as −1.27 ≤ C univ
9 ≤ −0.51.

TABLE II. Bounds on the RDð�Þ -anomalies-motivated scenarios.

Observable Experimentally allowed range SM expectation Ratio Value

RD 0.340� 0.027� 0.013 [16] 0.299� 0.003 [12] rD 1.137� 0.101
RD� 0.295� 0.011� 0.008 [16] 0.258� 0.005 [16] rD� 1.144� 0.057
FLðD�Þ 0.60� 0.08� 0.035 [10,11] 0.46� 0.04 [106] fLðD�Þ 1.313� 0.198
PτðD�Þ −0.38� 0.51þ0.21

−0.16 [97] −0.497� 0.013 [95] pτðD�Þ 0.766� 1.093
BðB → τνÞ <ð1.09� 0.24Þ × 10−4 [99] ð0.812� 0.054Þ × 10−4 [100]
BðBc → τνÞ <10% [98]
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We now consider different scenarios with different
combinations of the three couplings λL23, λ

L
33 and λR33. As

indicated in the Introduction, these scenarios may not
always appear very different from each other if we look
at them only from the perspective of effective operators, but
their LHC phenomenology are different. As a result, the
bounds from the LHC data differ within the scenarios. We
elaborate this point further shortly.

B. Scenario RD1A

In this scenario, only λL23 is assumed to be nonzero. This
directly generates the following two couplings: c̄νU1 and
s̄τU1. We assume that the U1 interaction is aligned with the
physical basis of the up-type quarks. The interactions with
the physical down-type quarks are then obtained by
rotating them with the CKM matrix (i.e., by considering
mixing among the down-type quarks) [81]. This way, an
effective b̄τU1 coupling of strength V�

cbλ
L
23 is generated.

The interaction Lagrangian now reads as

L ⊃ λL23½c̄LγμνL þ s̄LγμτLÞ�Uμ
1;

¼ λL23½c̄LγμνL þ ðV�
cdd̄L þ V�

css̄L þ V�
cbb̄LÞγμτLÞ�Uμ

1

ð19Þ
giving

C RD1A
VL

¼ 1

2
ffiffiffi
2

p
GF

ðλL23Þ2
M2

U1

; C RD1A
SL

¼ 0: ð20Þ

This implies the observables, RDð�Þ , FLðD�Þ, PτðD�Þ, and
BðBðcÞ → τνÞwould receive contributions fromU1. Due to
the off-shell photon-penguin diagram shown in Fig. 2, there
will be a log-enhanced lepton-universal contribution to the
b → slþl− transition [36]:

C univ
9 ¼ −

VcbV�
cs

VtbV�
ts

ðλL23Þ2
3

ffiffiffi
2

p
GFM2

U1

logðm2
b=M

2
U1
Þ: ð21Þ

This scenario would lead to a nonzero contribution to the
Bs − B̄s mixing coefficient as

CU1

box ¼
jVcbj2jVcsj2ðλL23Þ4

8π2M2
U1

: ð22Þ

The dominant decay modes ofU1 in this scenario areU1 →
cν̄ and U1 → sτþ, and both of them share almost 50% BR.

C. Scenario RD1B

In this scenario, only λL33 is assumed to be nonzero, thus
generating the b̄τU1 and t̄νU1 couplings. Assuming the U1

interaction to be aligned with the physical basis of the
down-type quarks, we generate c̄νU1 coupling Vcbλ

L
33

through the mixing in the up-type quarks. The interaction
Lagrangian is given by

L ⊃ λL33½t̄LγμνL þ b̄LγμτL�Uμ
1

¼ λL33½ðVubūL þ Vcbc̄L þ Vtbt̄LÞγμνLÞ þ b̄LγμτL�Uμ
1;

ð23Þ
and the contributions to the Wilson coefficients are
given by

C RD1B
VL

¼ 1

2
ffiffiffi
2

p
GF

ðλL33Þ2
M2

U1

; C RD1B
SL

¼ 0: ð24Þ

Like in Scenario RD1A, the observables RDð�Þ , FLðD�Þ,
PτðD�Þ, and BðBðcÞ → τνÞ would receive contribution
from U1 in this case too. Here, the dominant decay modes
of U1 are U1 → tν̄ and U1 → bτþ with 50% BR each.

D. Scenario RD2A

In this scenario, we assume λL23 and λL33 to be nonzero,
and the interaction of U1 is aligned with the physical basis
of the down-type quarks. The interaction Lagrangian can be
written as

L ⊃ ½λL23ðc̄LγμνL þ s̄LγμτLÞ þ λL33ðt̄LγμνL þ b̄LγμτLÞ�Uμ
1

¼ ½λL23ðVusūLγμνL þ Vcsc̄LγμνL þ Vtst̄LγμνL þ s̄LγμτLÞ
þ λL33ðVubūLγμνL þ Vcbc̄LγμνL þ Vtbt̄LγμνL

þ b̄LγμτLÞ�Uμ
1; ð25Þ

(a) (b)

FIG. 2. (a) A representative diagram showing the U1 contribution to Bs − B̄s mixing and (b) a U1-mediated photon penguin diagram
contributing to b → slþl−.
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where, in the second step, we have assumed mixing among
the up-type quarks. In the absence of λR23, in this case,
C RD2A

VL
is the only nonzero Wilson coefficient, i.e.,

C RD2A
VL

¼ 1

2
ffiffiffi
2

p
GFVcb

ðVcsλ
L
23 þ Vcbλ

L
33ÞλL33

M2
U1

; C RD2A
SL

¼ 0:

ð26Þ
In addition to the contribution to the RDð�Þ , FLðD�Þ,
PτðD�Þ, and BðBðcÞ → τνÞ processes, we consider the
lepton flavor-universal contribution

C univ
9 ¼ −

1

VtbV�
ts

λL23λ
L
33

3
ffiffiffi
2

p
GFM2

U1

logðm2
b=M

2
U1
Þ: ð27Þ

In this scenario, the Bs − B̄s mixing coefficient would
receive a contribution from U1

CU1

box ¼
ðλL23Þ2ðλL33Þ2
8π2M2

U1

: ð28Þ

Here, U1 can decay to cν̄, sτþ, tν̄ and bτþ final states with
comparable BRs.

E. Scenario RD2B

Here, both λL23 and λR33 are nonzero. Ignoring possible
CKM-suppressed couplings, the interaction Lagrangian is
given by

L ⊃ ½λL23ðc̄LγμνL þ s̄LγμτLÞ þ λR33b̄RγμτR�Uμ
1

¼ ½λL23ðVusūLγμνL þ Vcsc̄LγμνL þ Vtst̄LγμνL

þ s̄LγμτLÞ þ λR33b̄RγμτR�Uμ
1; ð29Þ

where, once again in the second step we have assumed
mixing among the up-type quarks. This gives the following
contribution to C SL :

C RD2B
VL

¼ 0; C RD2B
SL

¼ −
Vcsffiffiffi

2
p

GFVcb

λL23λ
R
33

M2
U1

: ð30Þ

Here, RDð�Þ , FLðD�Þ, PτðD�Þ, and BðBðcÞ → τνÞ would
receive contributions from U1. The dominant decay modes
of U1 are U1 → cν̄, U1 → sτþ, and U1 → bτþ. Note that
even though λL33 ¼ 0 in this scenario, a small C VL

can be
generated from effective λL33 coupling if, instead of up-type
quark mixing, one assumes mixing in the down sector (like
in Scenario RD1A).

F. Scenario RD3

All the three free couplings λL23, λ
L
33;, and λR33 are free to

vary. Assuming mixing in the up-type quark sector, the
interaction Lagrangian is given by

L ⊃ ½λL23ðc̄LγμνL þ s̄LγμτLÞ þ λL33ðt̄LγμνL þ b̄LγμτLÞ þ λR33b̄RγμτR�Uμ
1

¼ ½λL23ðVusūLγμνL þ Vcsc̄LγμνL þ Vtst̄LγμνL þ s̄LγμτLÞ
þ λL33ðVubūLγμνL þ Vcbc̄LγμνL þ Vtbt̄LγμνL þ b̄LγμτLÞ þ λR33b̄RγμτR�Uμ

1: ð31Þ

This Lagrangian contributes to C VL
and C SL as

C RD3
VL

¼ 1

2
ffiffiffi
2

p
GFVcb

ðVcbλ
L
33 þ Vcsλ

L
23ÞλL33

M2
U1

; C RD3
SL

¼ −
1ffiffiffi

2
p

GFVcb

ðVcbλ
L
33 þ Vcsλ

L
23ÞλR33

M2
U1

: ð32Þ

The lepton flavor-universal contribution through the off-
shell photon penguin diagram is

C univ
9 ¼ −

1

VtbV�
ts

λL23λ
L
33

3
ffiffiffi
2

p
GFM2

U1

logðm2
b=M

2
U1
Þ: ð33Þ

The contribution of U1 to the Bs − B̄s mixing coefficient is
given as

CU1

box ¼
ðλL23Þ2ðλL33Þ2
8π2M2

U1

: ð34Þ

In this scenario, U1 dominantly decays to cν̄, sτþ, tν̄, and
bτþ final states.

G. RKð�Þ scenarios

A general Lagrangian for b → sμþμ− transition can be
written as [107,108]

L ⊃
4GFffiffiffi

2
p VtbV�

ts

X
i¼9;10;S;P

ðC iO i þ C 0
iO

0
iÞ; ð35Þ

where the Wilson coefficients are evaluated at μren ¼ mb.
The operators are given by
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O9¼
α

4π
ðs̄LγαbLÞðμ̄γαμÞ; O 0

9¼
α

4π
ðs̄RγαbRÞðμ̄γαμÞ;

O10¼
α

4π
ðs̄LγαbLÞðμ̄γαγ5μÞ; O 0

10¼
α

4π
ðs̄RγαbRÞðμ̄γαγ5μÞ;

OS¼
α

4π
ðs̄LbRÞðμ̄μÞ; O 0

S¼
α

4π
ðs̄RbLÞðμ̄μÞ;

OP¼
α

4π
ðs̄LbRÞðμ̄γ5μÞ; O 0

P¼
α

4π
ðs̄RbLÞðμ̄γ5μÞ;

where α is the fine-structure constant. Keeping the RKð�Þ

observables in mind, we make the following simple Ansatz:

xLL1 ¼

0
B@

0 0 0

0 λL22 0

0 λL32 0

1
CA; xRR1 ¼

0
B@

0 0 0

0 λR22 0

0 λR32 0

1
CA: ð36Þ

The U1 contribution to the Wilson coefficients can
be written in terms of the b̄μU1 and s̄μU1 couplings in
general as

C U1

9 ¼ −CU1

10 ¼ πffiffi
2

p
GFVtbV�

tsα

λLsμðλLbμÞ�
M2

U1

C U1

S ¼ −CU1

P ¼
ffiffi
2

p
π

GFVtbV�
tsα

λLsμðλRbμÞ�
M2

U1

C 0U1

9 ¼ C 0U1

10 ¼ πffiffi
2

p
GFVtbV�

tsα

λRsμðλR�bμ Þ
M2

U1

C 0U1

S ¼ C 0U1

P ¼
ffiffi
2

p
π

GFVtbV�
tsα

λRsμðλL�bμ Þ
M2

U1

9>>>>>>>>>>>=
>>>>>>>>>>>;

: ð37Þ

Like in the RDð�Þ scenarios, the relationship between
fλL=Rsμ ; λL=Rbμ g with fλL=R22 ; λL=R32 g would depend on the
particulars of the scenario we consider. The relevant global
fits of the Wilson coefficients to the b → sμþμ− data are
taken from Refs. [104,105,109] and are listed in Table III.

H. Scenario RK1A

In this scenario, only λL22 is nonzero. This generates the
s̄μU1 coupling. The b̄μU1 coupling is generated via CKM
mixing in the down-quark sector (as in Scenario RD1A
and Scenario RD1B). The interaction Lagrangian can be
written as

L ⊃ λL22½c̄LγμνL þ ðV�
cdd̄L þ V�

css̄L þ V�
cbb̄LÞγμμLÞ�Uμ

1:

ð38Þ

This Lagrangian contributes to the following coefficients:

C RK1A
9 ¼ −C RK1A

10 ¼ πVcbV�
csffiffiffi

2
p

GFVtbV�
tsα

ðλL22Þ2
M2

U1

: ð39Þ

The contribution to the Bs − B̄s mixing coefficient is

CU1

box ¼
jVcbj2jVcsj2ðλL22Þ4

8π2M2
U1

: ð40Þ

The dominant decay modes of U1 in this case are U1 → cν̄
and U1 → sμþ with almost 50% BR each.

I. Scenario RK1B

Only λL32 is nonzero. The interaction Lagrangian is given
by,

L ⊃ λL32½t̄LγμνL þ ðV�
tdd̄L þ V�

tss̄L þ V�
tbb̄LÞγμμLÞ�Uμ

1:

ð41Þ

The relevant Wilson coefficients are given by

C RK1B
9 ¼ −C RK1B

10 ¼ πffiffiffi
2

p
GFα

ðλL32Þ2
M2

U1

; ð42Þ

and the contribution to the Bs − B̄s mixing coefficient is
given as

CU1

box ¼
jVtbj2jVtsj2ðλL32Þ4

8π2M2
U1

: ð43Þ

Here, the s̄μU1 coupling is V�
ts-suppressed. The coupling

λL32 alone, however, cannot explain the Rð�Þ
K anomalies.

From Table III we see that the anomalies need a negative
C 9, whereas the rhs of Eq. (42) is always positive (even if
we consider a complex λL32). The dominant decay modes of
U1 in this case are U1 → tν̄ and U1 → bμþ, and they share
almost 50% BR each.

J. Scenario RK1C

In this scenario, we assume only λR22 to be nonzero. The
interaction Lagrangian is given by

TABLE III. Global fits of relevant combinations of Wilson coefficients in b → sμμ observables [104,105,109].

Combinations Best fit 1σ 2σ Corresponding scenarios

CU1

9 ¼ −CU1

10
−0.44 ½−0.52;−0.37� ½−0.60;−0.29� RK1A, RK1B, RK2A

CU1

S ¼ −CU1

P
−0.0252 ½−0.0378;−0.126� ½−0.0588;−0.0042� RK2B

C0U1

9 ¼ C0U1

10
þ0.06 ½−0.18;þ0.30� ½−0.42;þ0.55� RK1C, RK1D, RK2D

C0U1

S ¼ C0U1

P
−0.0252 ½−0.0378;−0.126� ½−0.0588;−0.0042� RK2C
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L ⊃ λR22½ðVcdd̄R þ Vcss̄R þ Vcbb̄RÞγμμR�Uμ
1: ð44Þ

The nonzero Wilson coefficients from Eq. (37) are

C 0RK1C
9 ¼ C 0RK1C

10 ¼ πV�
cbVcsffiffiffi

2
p

GFVtbV�
tsα

ðλR22Þ2
M2

U1

; ð45Þ

and the contribution to the Bs − B̄s mixing coefficient is

CU1

box ¼
jVcbj2jVcsj2ðλR22Þ4

8π2M2
U1

: ð46Þ

Here, the b̄μU1 coupling is V�
cb suppressed. In this

scenario, the U1 → sμþ decay mode has almost 100% BR.

K. Scenario RK1D

We assume λR32 to be nonzero and the rest of the
couplings to be SM-like. The interaction Lagrangian is
given by

L ⊃ λR32½ðVtdd̄R þ Vtss̄R þ Vtbb̄RÞγμμR�Uμ
1; ð47Þ

where the s̄μU1 coupling is Vts suppressed. The nonzero
Wilson coefficients are

C 0RK1D
9 ¼ C 0RK1D

10 ¼ πV�
tbVtsffiffiffi

2
p

GFVtbV�
tsα

ðλR32Þ2
M2

U1

: ð48Þ

In this scenario, the U1 → bμþ decay mode is dominant
with almost 100% BR. The contribution to the Bs − B̄s
mixing coefficient is given as

CU1

box ¼
jVtbj2jVtsj2ðλR32Þ4

8π2M2
U1

: ð49Þ

L. Scenario RK2A

In this scenario, two couplings, namely, λL22 and λL32, are
nonzero. The interaction Lagrangian is given by

L ⊃ ½λL22ðc̄LγμνL þ s̄LγμμLÞ þ λL32ðt̄LγμνL þ b̄LγμμLÞ�Uμ
1:

ð50Þ
Here, we have not shown the CKM-suppressed couplings.
The Wilson coefficients getting the dominant contributions
are

C RK2A
9 ¼ −C RK2A

10 ≈
πffiffiffi

2
p

GFVtbV�
tsα

λL22λ
L
32

M2
U1

: ð51Þ

The contribution to the Bs − B̄s mixing coefficient is

CU1

box ¼
ðλL22Þ2ðλL32Þ2
8π2M2

U1

: ð52Þ

In this scenario, the dominant decay modes for U1 are bμþ,
sμþ, cν̄, and tν̄.

M. Scenario RK2B

In this scenario, only λL22 and λR32 are nonzero. The
interaction Lagrangian is given by

L ⊃ ½λL22ðc̄LγμνL þ s̄LγμμLÞ þ λR32b̄RγμμR�Uμ
1: ð53Þ

Here, once again, the CKM-suppressed couplings are
ignored. The Wilson coefficients getting the dominant
contributions are

−C RK2B
P ¼ C RK2B

S ≈
ffiffiffi
2

p
π

GFVtbV�
tsα

λL22λ
R
32

M2
U1

: ð54Þ

For this scenario, Bs − B̄s mixing is not relevant. The
dominant decay modes of U1 are bμþ, sμþ, and cν̄.

N. Scenario RK2C

Only λR22 and λL32 are nonzero. Ignoring the CKM-
suppressed couplings, we get the following interaction
Lagrangian:

L ⊃ ½λR22s̄RγμμR þ λL32ðt̄LγμνL þ b̄LγμμLÞ�Uμ
1: ð55Þ

The Wilson coefficients getting the dominant contributions
are

C 0RK2C
P ¼ C 0RK2C

S ≈
ffiffiffi
2

p
π

GFVtbV�
tsα

λR22λ
L
32

M2
U1

: ð56Þ

In this case also Bs − B̄s mixing is not relevant. The
dominant decay modes of U1 are bμþ, sμþ, and tν̄.

O. Scenario RK2D

Only λR22 and λR32 are nonzero. Ignoring the CKM-
suppressed couplings, we get

L ⊃ ðλR22s̄RγμμR þ λR32b̄RγμμRÞUμ
1: ð57Þ

The Wilson coefficients getting the dominant contributions
are

C 0RK2D
9 ¼ C 0RK2D

10 ≈
πffiffiffi

2
p

GFVtbV�
tsα

λR22λ
R
32

M2
U1

: ð58Þ

The contribution to the Bs − B̄s mixing coefficient is
given as
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CU1

box ¼
ðλR22Þ2ðλR32Þ2
8π2M2

U1

: ð59Þ

The dominant decay modes of U1 are bμþ and sμþ.

P. Scenario RK4

All couplings are nonzero. In this scenario, the inter-
action Lagrangian is given by

L ⊃ ½λL22ðc̄LγμνL þ s̄LγμμLÞ þ λL32ðt̄LγμνL þ b̄LγμμLÞ
þ λR22s̄RγμμR þ λR32b̄RγμμR�Uμ

1; ð60Þ

and the dominant contributions to the Wilson coefficients
can be read from Eq. (37). The main decay modes ofU1 are
cν̄, tν̄, sμþ, and bμþ.
Our selection of scenarios motivated by the Rð�Þ

K anoma-
lies is not exhaustive. For example, we do not consider any
three-coupling scenarios. (One can define RK3X scenarios
by taking combinations of three couplings at a time for
completeness. We, however, skip the three-coupling RKð�Þ

scenarios since they would not add anything significant to
our study.) The single-coupling scenarios can be thought of
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-coupling scenarios. We have summarized the cou-
plings that contribute to the RDð�Þ and RKð�Þ observables in
different scenarios in Table IV.
As mentioned earlier, one of the reasons for considering

the RDð�Þ and RKð�Þ scenarios is that they can have different
signatures at the LHC. We are now in a position to illustrate
that point further. Let us consider the first two RDð�Þ-
motivated one-coupling scenarios—Scenario RD1A and
Scenario RD1B. In both cases, C VL

receives a nonzero
contribution proportional to the square of an unknown new
coupling (either λL23 or λ

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 → cν and U1 → sτ,
whereas in the second one, they are U1 → tν and
U1 → bτ.3 As a result, a U1 can produce tþ =ET or τ þ
b signatures in the second scenario, as opposed to the
jetþ =ET or τ þ 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, in these
two scenarios, U1 would have different single production
processes. Moreover, since the b-quark parton distribu-
tion 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 analyze 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). Below,
we briefly discuss various production channels and the
subsequent decay modes of U1 that can arise in the flavor-
motivated scenarios. We also discuss how different pro-
duction modes with similar final states can contribute to the
exclusion limits.

A. Pair production

We have classified the RDð�Þ scenarios with the three free
couplings, λL23, λ

L
33, and λ

R
33. In Scenario RD1A (where only

TABLE IV. Summary of the coupling combinations that contribute to the RDð�Þ and RKð�Þ observables in different
one-, two-, and multi-coupling scenarios.

RDð�Þ scenarios λLcν λLbτ λRbτ RKð�Þ scenarios λLsμ λLbμ λRsμ λRbμ

RD1A λL23 V�
cbλ

L
23

� � � RK1A V�
csλ

L
22 V�

cbλ
L
22

� � � � � �
RD1B Vcbλ

L
33 λL33 � � � RK1B V�

tsλ
L
32 V�

tbλ
L
32

� � � � � �
RK1C � � � � � � Vcsλ

R
22 Vcbλ

R
22

RK1D � � � � � � Vtsλ
R
32 Vtbλ

R
32

RD2A Vcsλ
L
23 þ Vcbλ

L
33 λL33 � � � RK2A λL22 λL32 � � � � � �

RD2B Vcsλ
L
23

� � � λR33 RK2B λL22 � � � � � � λR32
RK2C � � � λL32 λR22 � � �
RK2D � � � � � � λR22 λR32

RD3 Vcbλ
L
33 þ Vcsλ

L
23 λL33 λR33 RK4 λL22 λL32 λR22 λR32

3From here on, unless necessary, we do not distinguish
between particles and their antiparticles as it is not important
for the LHC analysis.
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λL23 is nonzero), U1 → sτ and U1 → cν 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 → sτsτ ≡ ττ þ 2j

U1U1 → sτcν ≡ τ þ =ET þ 2j

U1U1 → cνcν ≡ =ET þ 2j

9=
;; ð61Þ

where j denotes a light jet or a b-jet. Among the three
channels, the second one (i.e., τ þ =ET þ 2j) has almost
two times the cross section of the first or the third (a factor
of 2 comes from combinatorics), 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 þ 2j, 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 λL33 is nonzero), the pair

production of U1 mostly leads to the following final states:

pp →

8<
:

U1U1 → bτbτ ≡ ττ þ 2j

U1U1 → bτtν ≡ τ þ =ET þ jt þ j

U1U1 → tνtν ≡ =ET þ 2jt

9=
;:

ð62Þ
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 a 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 þ 2jt
channel has been considered in Refs. [58,110]. The
asymmetric channel, the one with single τ, one top-jet,
and missing energy (τ þ =ET þ jt þ b), has started receiving
attention only very recently [88]. Due to the factor of 2
coming from combinatorics, this channel has a bigger cross

section. Hence, its unique final state might act as a
smoking-gun signature for this type of scenario (i.e., ones
with non-negligible λL33).
If only λR33 is nonzero, U1 cannot resolve the RDð�Þ

anomalies anymore as it is not possible to generate the
necessary couplings in that case. Here, U1 entirely decays
through the U1 → bτ mode and contributes to the bτbτ≡
ττ þ 2j final state [85].
When two or more couplings are nonzero simultane-

ously (Scenario RD2A, Scenario RD2B, and Scenario
RD3) with comparable strengths, numerous possibilities
arise (Reference [63] discusses 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 asym-
metric channels like pp → U1U1 → sτbτ 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 RKð�Þ scenarios have similar signatures with muons

in the final states. When only λ22 is nonzero (Scenario
RK1A), we can easily obtain the possible final states by
replacing τ → μ in Eq. (61). In Scenario RK1B, the
possible final states are obtained by replacing τ → μ in
Eq. (62). In Scenario RK1C, the BR of the U1 → sμ decay
is 100% leading to the process, U1U1 → sμsμ≡ μμþ 2j.
Similarly, in Scenario RK1D, the BR of theU1 → bμ decay
is 100% leading to the same two-muonþ two-jet final
states through the U1U1 → bμbμ≡ μμþ 2j process. Like
the RDð�Þ scenarios with more than one nonzero couplings,
these scenarios also lead to numerous interesting possibil-
ities [63]. The LHC is yet to perform searches for LQs in
most of the asymmetric channels and some of the sym-
metric channels.
In Table V, we have summarized the possible final states

from U1 pair production and the fraction of U1 pairs
producing the final states in the one- and two-coupling
scenarios. The fractions depend on combinatorics and the
relevant U1 BRs. (Here, we have ignored the possible
minor correction due the mass differences between differ-
ent final states, i.e., assumed all final state particles are

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

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 qlU1 vertices (λ) are marked with red color.
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much lighter than U1.) For example, in Scenario RD1A,
since βðU1 → sτÞ ≈ βðU1 → cνÞ ≈ 50%, only 25% of the
produced U1 pairs would decay to either ττ þ 2j or
=ET þ 2j, whereas, as explained above, 50% of them would
decay to the τ þ =ET þ 2j final state. Interestingly, we see
that even in some two-coupling scenarios the fractions
corresponding to the ττ=μμþ 2j 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 the presence
of two nonzero couplings, one normally expects the
fraction corresponding to a particular final state to depend
on their relative strengths. This, of course, happens because
we sum over the possible flavors of the jets. Moreover, we
show that it is possible to parametrize all final states with
just one free parameter (ξÞ. Such simple parametrizations
could guide us in future U1 searches at the LHC.
Note that the model dependence of the pair pro-

duction of U1 appears in two places. One occurs
through the free parameter κ present in the kinetic terms
(igsκU

†
1μT

aU1νGaμν) [84,92]. The pair production cross
section depends on κ. The other occurs in the contribu-
tion of the t-channel lepton/neutrino exchange. The
amplitudes of these diagrams grow as λ2, and the cross
section grows as λ4. Although the λ dependence of the
pair production is negligible for small λ values, it can
become significant for larger couplings. As we see later,
the pair production channels produce a relatively minor
contribution to the final exclusion limits. Therefore, we
take a benchmark value for κ by setting κ ¼ 0 in our

analysis. However, we keep the λ-dependent terms in the
pair production contributions (see Appendix A).

B. Single production

In the single-production channels, a U1 is produced in
association with other SM particles. There are two types
of single productions of our interest: (a) where a U1 is
produced in association with a lepton, i.e., U1μ, U1τ or
U1ν and (b) where a U1 is produced with a lepton and a
jet, i.e., U1μj, U1τj or U1νj. One has to be careful
while computing the second type of process as the set of
Feynman diagrams for them might overlap with the pair
production ones when the lepton-jet pair originates in a
LQ decay. We keep the two types of single production
contributions in our analysis by carefully avoiding any
double counting with the pair production contribution
[111–113]. Single productions of U1 are fully model-
dependent processes; they depend on the coupling λ as
well as κ [84]. Like the pair production, the single pro-
duction processes can also be categorized into symmet-
ric and asymmetric channels [63]. In Scenario RD1A,
we have the following single production channels:

pp→

8>>><
>>>:

U1τþU1τj → ðsτÞτþðsτÞτj ≡ ττþnj

U1νþU1νj → ðcνÞνþðcνÞνj ≡ =ETþnj

U1τþU1τj → ðcνÞτþðcνÞτj ≡ τþ=ETþnj

U1νþU1νj → ðsτÞνþðsτÞνj ≡ τþ=ETþnj

9>>>=
>>>;
:

ð63Þ

TABLE V. Effect of branching ratios on different final states generated from the pp → U1U1 process in various
one and two-coupling scenarios. Here, we show the possible final states and the fraction ofU1 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 ≤ ξ ≤ 1

2
is a free parameter. We have ignored the mass

differences among the daughter particles.

Nonzero couplings Signatures

ττ þ 2j τ þ =ET þ 2j =ET þ 2j τ þ =ET þ jt þ j =ET þ 2jt =ET þ jt þ j
λL23 (Scenario RD1A) 0.25 0.50 0.25 � � � � � � � � �
λL33 (Scenario RD1B) 0.25 � � � � � � 0.50 0.25 � � �
λR33 1.00 � � � � � � � � � � � � � � �
λL23; λ

L
33 (Scenario RD2A) 0.25 ξ ξ2 1

2
− ξ ð1

2
− ξÞ2 2ξð1

2
− ξÞ

λL23; λ
R
33 (Scenario RD2B) ð1

2
þ ξÞ2 2ð1

4
− ξ2Þ ð1

2
− ξÞ2 � � � � � � � � �

μμþ 2j μþ =ET þ 2j =ET þ 2j μþ =ET þ jt þ j =ET þ 2jt =ET þ jt þ j
λL22 (Scenario RK1A) 0.25 0.50 0.25 � � � � � � � � �
λL32 (Scenario RK1B) 0.25 � � � � � � 0.50 0.25 � � �
λR22 (Scenario RK1C) 1.00 � � � � � � � � � � � � � � �
λR32 (Scenario RK1D) 1.00 � � � � � � � � � � � � � � �
λL22; λ

L
32 (Scenario RK2A) 0.25 ξ ξ2 1

2
− ξ ð1

2
− ξÞ2 2ξð1

2
− ξÞ

λL22; λ
R
32 (Scenario RK2B) ð1

2
þ ξÞ2 2ð1

4
− ξ2Þ ð1

2
− ξÞ2 � � � � � � ℜ

λR22; λ
L
32 (Scenario RK2C) ð1

2
þ ξÞ2 � � � � � � 2ð1

4
− ξ2Þ ð1

2
− ξÞ2 � � �

λR22; λ
R
32 (Scenario RK2D) 1.00 � � � � � � � � � � � � � � �
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Notice that the single production processes produce
similar final states as the pair production. In the above
equation, the first and the second channels are sym-
metric, whereas the third and the forth are asymmetric.
In the τ þ =ET þ nj final state, both pp → U1τ þU1τj
and pp → U1νþ U1νj contribute. This channel also has
not been considered for LQ searches so far. Scenario
RD1B is very similar to Scenario RD1A and gives the

same final states if we treat the b-jet as a light jet. If
only λR33 is nonzero, U1 decays only to bτ. Thus this
scenario only leads to the ðbτÞτ þ ðbτÞτj≡ ττ þ nj
final state.
The possible final states in case of Scenario RK1A can

be obtained by replacing τ → μ in Eq. (63). In Scenario
RK1B, we have some interesting signatures from boosted
top quarks in the final states,

pp →

8>>><
>>>:

U1μþ U1μj → ðbμÞμþ ðbμÞμj ≡ μμþ nj

U1μþ U1μj → ðtνÞμþ ðtνÞμj ≡ μþ =ET þ jt þ nj

U1νþ U1νj → ðbμÞνþ ðbμÞνj ≡ μþ =ET þ nj

U1νþ U1νj → ðtνÞνþ ðtνÞνj ≡ =ET þ jt þ nj

9>>>=
>>>;
: ð64Þ

These final states can also come from pair production in
Scenario RK1B. In Scenario RK1C, the U1 → sμ decay
has 100% BR, and it leads to the process U1μþU1μj →
ðsμÞμþ ðsμÞμj≡ μμþ nj. In Scenario RK1D, the U1 →
bμ decay mode has 100% BR. It leads to the process
U1μþ U1μj → ðbμÞμþ ðbμÞμj≡ μμþ nj.

C. Nonresonant production and interference

A U1 can be exchanged in the t-channel and give rise to
both dilepton and leptonþmissing-energy final states [see
e.g., Fig. 3(d)]. As the cross sections of the nonresonant
production grows as λ4, this channel becomes important for
large values of the new couplings. Especially when the
mass of the U1 is large, the nonresonant production
contributes more than the resonant pair and single pro-
ductions. There is a possibility of large interference of the
nonresonant processes with the SM backgrounds like

pp → γ=ZðWÞ → llðlþ =ETÞ. The interference contribu-
tion grows as λ2, but the contribution can be significant due
to the large SM background. For U1, the interference is
destructive in nature. However, depending on the param-
eter/kinematic region we consider, the cross section of the
exclusive pp → llðlþ =ETÞ process can be bigger or
smaller than the SM-only contribution [57] because the
total nonresonant contribution, including the term propor-
tional to λ4 and the destructive λ2 term, can be both positive
or negative.
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 κ ¼ 0 and the new couplings, λL23 ¼ 1 and λL22 ¼ 1

respectively. The pair production cross section is the same
in both figures as it is insensitive to the λ couplings. As
expected, the single production cross sections are more

(a) (b)

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, λL23 ¼ 1 (left) and λL22 ¼ 1 (right) with κ ¼ 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.
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significant at higher mass values. Processes like U1τj,
U1μj, U1νj are generated after ensuring that no more than
one onshell LQ contributes to the cross section to avoid
contamination from the pair production process. The
nonresonant LQ production cross section does not depend
very strongly on the LQmass. With nonzero λL23 and λ

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 coupling. The presence of multiple
couplings affects the BRs. For example, we see from
Table V that BRs for one-coupling scenarios are dif-
ferent from those in two coupling ones. Then, different
single and nonresonant production (including its interfer-
ence 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 (llþ jets) and/or monolepton plus missing-
energy, lþ =ET þ 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
are more stringent. Therefore, apart from the direct search
bounds, we rely only on the resonant dilepton searches
(pp → Z0 → ll) [82,83] and recast the bounds in terms of
U1 parameters for various scenarios. Note that the number
of jets are not restricted in those searches, and hence all
production modes of U1 with llþ jets final states would
contribute in the exclusion limits. As shown in [81], the
interference of the t-channel U1 exchange process with
the SM background play the leading role in determining the
exclusion limits. However, pair, single, and nonresonant
productions also contribute non-negligibly, especially in
the lower mass region. Since, the kinematics of differentU1

contributions to the llþ jets channel are different from
those of the resonant dilepton production (pp → Z0 → ll),
recasting is nontrivial, especially when multiple new
couplings are present. Possible interference among differ-
ent signal processes complicate the recasting further. We
systematically take care of all these factors in our analysis.
We explain our method in Appendix A.

A. ATLAS ττ search

The ATLAS Collaboration searched for a heavy particle
decaying to two taus at the 13 TeV LHC with 139 fb−1

integrated luminosity [82]. The analysis comprised events
categorized on the basis of two modes of τ decays. In
the first, one has both τ’s decaying hadronically (τhadτhad).

In the second, one tau decays hadronically and the other
leptonically (τhadτlep). We provide an outline of the basic
event selection criteria for the ττ channel.

(i) The τhadτhad channel has
at least two hadronically decaying τ’s with no additional
electrons or muons,

two τhad’s with pT > 65 GeV. They should be oppo-
sitely charged and separated in the azimuthal plane
by jΔϕðpτ1

T ; p
τ2
T Þj > 2.7 rad.

pT of leading τ must be > 85 GeV.
(ii) The τlepτhad channel has one τhad and only one l ¼

e or μ such that
the hadronic τ has pT > 25 GeV and jηðτhadÞj< 2.5
(excluding 1.37< jηj< 1.52),

if l ¼ e, then jηj< 2.47 (excluding 1.37< jηj< 1.52)
and if l ¼ μ then jηj< 2.5,

the lepton has pTðlÞ > 30 GeV with azimuthal separa-
tion from the τhad, jΔϕðpl

T; p
τhad
T Þj > 2.4.

the transverse mass on the selected lepton and missing
transverse momentum, mTðpl

T; =ETÞ > 40 GeV.
If l ¼ e, to reduce the background from Z → ee events
with an invariant mass for τ − l pair between 80 GeV
and 110 GeV are rejected.

The transverse mass is defined as

mTðpA
T; p

B
TÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pA

Tp
B
Tf1 − cosΔϕðpA

T; p
B
TÞg

q
: ð65Þ

The analysis also make use of the total transverse mass
defined as

mtot
T ðτ1; τ2; =ETÞ
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

Tðpτ1
T ; p

τ2
T Þ þm2

Tðpτ1
T ; =ETÞ þm2

Tðpτ2
T ; =ETÞ

q
: ð66Þ

Here, τ2 in the τlepτhad channel represents the lepton. We
use the distribution of the observed and the SM events with
respect to mtot

T presented in the analysis.

B. CMS μμ search

A search for nonresonant excesses in the dilepton
channel was performed by the CMS experiment at a
centre-of-mass energy of 13 TeV corresponding to a
integrated luminosity of 140 fb−1 [83]. The event selection
criteria that we use in our analysis can be summarised as

(i) In the dimuon channel, the requirement is that both
of the muons must have jηj< 2.4 and pT > 53 GeV.
The invariant mass of the muon pair is 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 after

validating them with the efficiencies given in the exper-
imental papers. As explained in Ref. [81], we generated
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pp → Z0 → ll events for validation and compared our cut
efficiencies (ε) with the experimental efficiencies ×
detector acceptance to ensure they agree with each other.
In Table VI, we show the production cross sections, cut
efficiencies, and number of events surviving the cuts for
different signal contributions for the RDð�Þ-motivated and
RKð�Þ-motivated one-coupling scenarios, respectively. We
obtain these numbers by setting the concerned coupling
to unity. There are a few points to note here. Pair produc-
tion is, in general, insensitive to new physics couplings.
However, a mild sensitivity arises due to the model-
dependent t-channel lepton exchange diagram that con-
tributes to the pair production [see Fig. 3(b)]. In Scenario
RD1Awhere only λL23 is nonzero, the pair production cross
section is 40.87 fb for MU1

¼ 1 TeV, whereas in Scenario

RD1B, it is 35.67 fb. This is because the t-channel lepton
exchange contribution is larger in Scenario RD1A. In this
scenario, the second-generation quarks contribute in the
initial states with PDFs bigger than the b-PDF contribu-
ting in Scenario RD1B. A similar minor difference can be
seen between Scenario RK1A and Scenario RK1B. In
Scenario RK1A, the process cc→U1U1 through a neutrino
exchange is present, but it is absent in Scenario RK1B
causing the minor difference. The single production cross
sections are relatively larger in scenarios where the second-
generation quarks appear in the initial states than those
where only b-quarks can appear.
The cut efficiencies for different production modes for

RKð�Þ scenarios are generally much higher compared to
RDð�Þ scenarios. This is mainly because the selection

TABLE VI. The table displays the cross section (σ) in fb, efficiency (ϵ) 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 interference.

Pair production Single production t-channel LQ Interference

Mass(Tev) σp ϵp N p σs ϵs N s σnr4 ϵnr4 N nr4 σnr2 ϵnr2 N nr2

Contribution to ττ signal [82]
λL23 ¼ 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

λL33 ¼ 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

λR33 ¼ 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]
λL22 ¼ 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

λR22 ¼ 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

λL32 ¼ 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

λR32 ¼ 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
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efficiency of the τ in the final state is much lower compared
to the muons. For instance, in the RKð�Þ scenarios, the
efficiency for pair production processes εp can be as high
as 71% forMU1

¼ 1 TeV, whereas for RDð�Þ scenarios, it is
only ∼2%. The hadronic BR of τ is ∼64%, and the
τ-tagging efficiency is about 60%. Combining just these
two factors we get a factor of 0.642 × 0.62 ∼ 1=7 reduction
in the efficiency for the two τhad’s in the pair production
final state. Note that all of pair and single productions and
t-channel U1 exchange contribute positively towards the
dilepton signal, whereas the signal-background interfer-
ence contributes negatively as it is destructive in nature.
The minus signs in σnr2 and N nr2 indicate the destructive
nature of the interference.
Before presenting our results, we list the publicly

available HEP packages used at various stages of our
analysis.

(i) Lagrangian and model files: The Lagrangian terms
defined in the previous section are implemented in
the FeynRules package [114] to obtain the UFO model
files [115].

(ii) Event generation: Using the UFO model files,
we generate signal events using the MADGRAPH5

Monte-Carlo event generator [116] at the leading
order (LO). The NNPDF2.3LO PDFs [117] are
used with default dynamical scales.4 Higher-order
QCD corrections for the vLQ are not considered
in this analysis as they are not available in the
literature.

(iii) Showering and hadronization: This is performed by
passing the parton-level events to PYTHIA6 [118]. We
use the MLM matching scheme [119,120] (up to two
additional jets) with virtuality-ordered PYTHIA show-
ers to avoid double counting of the matrix-element
partons with parton showers.

(iv) Detector simulation: We use DELPHES3.4.2 [121]
(with ATLAS and CMS cards) to perform the
detector simulations. The jet-clusterings are
done using the FastJet package [122]. We use the
anti-kT algorithm [123] with the radius param-
eter R ¼ 0.4.

V. EXCLUSION LIMITS

There are three free couplings λL23; λ
L
33, and λR33 that take

part in the RDð�Þ scenarios. We show the current exclusion
limits on these couplings taken one at a time in Fig. 5(a)
from the latest LHC ττ resonance search data [82].
Similarly, the RKð�Þ scenarios have four free couplings in
total: λL22; λ

L
32, λ

R
22, and λR32. We use the latest CMS μμ

resonance search data [83] to obtain exclusion limits on

these couplings by considering one of them at a time as
shown in Fig. 5(b). These are the 95% (2σ) confidence level
(CL) exclusion limits. To obtain the limits, we set all other
couplings except the one under consideration to zero.
The method we follow is the same as the one used in
Ref. [81] and is elaborated on in Appendix B. From the left
plot, we see that the limit on λL23 is more severe than on

λL=R33 . This is because, for nonzero λL23, there is a s-quark-
initiated contribution to the t-channel U1 exchange that
interferes with the SM ss → γ�=Z� → ττ process. In the
case of nonzero λL=R33 , the process is b-quark-initiated and,
therefore, is suppressed by the small b-PDF. Among the
offshell photon and Z-boson contributions to the signal-
background (SB) interference, the second one dominates.
Similarly, one can also understand the relatively weaker
limits on λL=R32 in Fig. 5(b).
Among the four sources of dilepton events [the pair

and single production, t-channel U1 exchange, and the
SB interference], different processes play the dominating
roles in deciding the limits in different mass ranges. We
observe an interesting role switch in these plots. In the
high mass region where the limits on λ reach high values
(≳1), the resonant productions are relatively less impor-
tant (also see Fig. 4)], and the nonresonant productions
play the determining roles. However,for MU1

≲ 1.5 TeV,
mainly the resonant productions determine the limits, and
all the λ-dependent contributions are small. This switch
of roles can also be inferred from Fig. 6 where we show
the same limits as in Fig. 5 but ignore the resonant
contributions in the dilepton signal. Comparing Figs. 5
and 6 we see that for MU1

≲ 2.5 TeV, the limits can vary
significantly depending on whether one considers the
resonant productions or not. Since the nonresonant
processes do not depend on the U1 branching ratios,
for a low mass U1 the limits thus obtained are strictly
valid when the branching ratio of the decay U1 → τj=τb
mediated by the coupling λ is small. However, the limits
in Fig. 5 are obtained assuming only one coupling is
nonzero, i.e., maximum branching ratio for the U1 →
τj=τb decay mediated by the coupling λ. For a very
heavy U1 (≳3 TeV) the resonant productions become
negligible, and hence, the limits of Figs. 5 and 6
converge. We also observe that in the low mass region
(MU1

∼ 1 TeV) where the limit is determined almost
solely by the pair production, the data are badly fitted
by the U1 events (i.e., χ2min=d:o:f: ≫ 1). This suggests
that the dimuon data disfavor pair production of a
∼1 TeV U1—this is similar to but independent of the
direct LQ search limits.
We plot the relevant direct search limits from the jjþ =ET

and ttþ =ET channels [85] together with the limits on the
RDð�Þ scenarios with one coupling in Figs. 7(a) and 7(b). We
also show the parameter regions that are favored by the
RDð�Þ observables and consistent with the relevant flavor

4The NNPDF2.3LO PDF for the heavy quarks might have
considerable uncertainties. However, our results, i.e., the limits on
the U1 parameters, are largely insensitive to these.
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observables (as discussed in Section II) in the same plots.
We see that in Scenario RD1A, the region marked as FlavD,
which is defined as

FlavD≡ the region allowed byfRDð�Þ þ FLðD�Þ
þ PτðD�Þ þBðBðcÞ → τνÞ þ C univ

9 g ð67Þ

is in tension with the Bs − B̄s mixing data and is
independently and entirely excluded by the ττ data.
The tension between FlavD and the Bs − B̄s mixing data
arises since the Bs − B̄s mixing data favors a smaller CU1

VL

(via CU1

box which roughly goes as the square of CU1

VL
) than

the RDð�Þ observables. Scenario RD1B does not contribute
to Eq. (17) and hence cannot accommodate a nonzero
C univ

9 . We mark the parameter region favored by the RDð�Þ

observables in this scenario as FlavD9 which stands for
the region allowed by all the constraints included in
FlavD except C univ

9 , i.e.,

FlavD9 ≡ the region allowed byfRDð�Þ þ FLðD�Þ
þ PτðD�Þ þBðBðcÞ → τνÞg: ð68Þ

(a) (b)

FIG. 6. These exclusion plots are similar to the ones in Fig. 5, but they are obtained only for the nonresonant production and its
interference with the SM background. Comparing with Fig. 5, they show that in the lower mass region, the contribution of the resonant
U1 productions is significant. However, in the higher mass region, the nonresonant production and its interference with the SM
background determine the limits.

(a) (b)

FIG. 5. The 2σ LHC exclusion limits on the couplings participating in the (a) RDð�Þ and (b) RKð�Þ scenarios. The regions above these
lines are excluded. These exclusion limits are obtained by recasting the dilepton search data [82,83] with a combination of all possible
U1 production processes that can contribute to the dilepton final states.
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From Fig. 7(b), we see that for this strictly one-coupling
scenario, the entire FlavD9 is excluded by the latest
ττ data.
If we look at the two-coupling scenarios, the situation

somewhat improves. For example, in Figs. 7(c) and 7(d),
we show a projection of the three-dimensional parameter
space of Scenario RD2A and Scenario RD2B, respectively.
In Fig. 7(c), we keep λL33 ¼ 0.5 and let λL23 and MU1

vary
(Scenario RD2A). We see that a good part of the FlavD9

region (note that the FlavD is a subregion within FlavD9)

survives the LHC bounds, but a large part of it remains in
conflict with the Bs − B̄s mixing data. However, a small
part of FlavD9 does agree with Bs − B̄s mixing and
survives the LHC bounds. We show two more projections
of the parameter space of Scenario RD2A in Figs. 8(a)
and 8(c)—we let λL23 and λL33 vary and keep the mass of U1

fixed. There we show the region allowed by the LHC data
and the relevant flavor regions for MU1

¼ 1.5ð2.0Þ TeV,
respectively. In absence of λL33, Scenario RD2B cannot
accommodate the allowed C univ

9 , and, in this case, the

(a) (b)

(c) (d)

FIG. 7. The 2σ exclusion limits from the LHC and the preferred regions by the flavor anomalies. The purple regions are excluded at 2σ
by the ATLAS ττ data [82]. The magenta and blue regions depict the excluded mass ranges from direct searches. (a) Scenario RD1A:
Only λL23 is nonzero. The FlavD region (yellow), defined in Eq. (67), is favored by the RDð�Þ anomalies. The light orange region is favored
by Bs − B̄s mixing. The direct detection mass limit (magenta) is from the CMS search in the ccνν channel [85]. (b) Scenario RD1B:
Only λL33 is nonzero. The FlavD9 region (green) agrees with all the constraints in FlavD except Cuniv9 [Eq. (18)] since the corresponding
operator, Ouniv

9 , cannot be generated in this scenario. The magenta region here depicts the limits from the very recent CMS combined
search in the tbτνþ tτν channel [88]. We have recast the observed events data to extrapolate the limit for λL33 > 2.5. There is no Bs − B̄s

mixing in this scenario. (c) Scenario RD2A: λL33 ¼ 0.5 (benchmark choice), and λL23 is free. The magenta and blue regions are the limits
from the direct searches at CMS [85,88]. (d) Scenario RD2B: λR33 ¼ 0.5 (benchmark choice), and λL23 is free. The blue dashed line shows
the limits from the ATLAS bbττ direct search data [87]. The dashed line implies that the recast has been done from a scalar LQ direct
search. The FlavD9B region (olive green), defined in Eq. (69), agrees with all the constraints in the FlavD9 region without the constraints
from the BðcÞ → τν decays. The light orange color shows the region preferred by BðcÞ → τν.
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region favored by the RDð�Þ observable stands in conflict
with the BðBðcÞ → τνÞ constraint—see the region marked
as FlavD9B for the region allowed by all the constraints
included in FlavD9 except BðBðcÞ → τνÞ, i.e.,

FlavD9B ≡ the region allowed byfRDð�Þ

þ FLðD�Þ þ PτðD�Þg: ð69Þ

From Fig. 7(d) [where we keep λR33 ¼ 0.5 and let λL23
and MU1

vary (Scenario RD2B)], we see that the entire
FlavD9B region is ruled out by the LHC data. This can also
be seen from the two coupling plots in Figs. 8(b) and 8(d).
In Fig. 9, we compare the bounds on λL22; λ

L
32, λ

R
22, and λ

R
32

from the CMS μμ data [83] with the regions favored by the
RKð�Þ anomalies and allowed by the Bs − B̄s mixing data
marked as

FlavK≡ the region favored byfthe global fits to b → sμμ dataþ Bs − B̄smixingg ð70Þ

in the one-coupling scenarios [except for Scenario RD2B
where, as already pointed out, λL32 alone cannot explain the
RKð�Þ anomalies. Hence, in Fig. 9(b) we only show the

region allowed by the Bs − B̄s mixing data]. In these
plots, we also show the recast limits from the recent pair
production search by the ATLAS Collaboration that

(a) (b)

(c) (d)

FIG. 8. The regions favored by the flavor observables (yellow, green, and orange) and allowed by the LHC data (blue). We consider
two benchmark mass values, MU1

¼ 1.5 TeV and 2 TeV. (a) and (c) Scenario RD2A (λR33 ¼ 0): FlavD (yellow) and FlavD9 (green) are
the regions preferred by the flavor anomalies with and without theOuniv

9 operator, respectively. The light orange region is favored by the
Bs − B̄s mixing. (b) and (d) Scenario RD2B (λL33 ¼ 0): The light orange color marks the regions preferred by the BðcÞ → τν decay.
FlavD9B (olive green) shows the region preferred by the flavor anomalies except Ouniv

9 and the BðcÞ → τν decay.
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effectively rule outU1 masses almost up to 2 TeV. To obtain
these limits we have recast the recent ATLAS search for
scalar LQ in the μμþ jj=bb channel obtained with
139 fb−1 of integrated luminosity [86].5 We see the LHC
μμ data are much less restrictive on the FlavK regions than
the ττ data on the FlavD regions. This is mainly because
the magnitudes of these couplings required to explain the
RKð�Þ anomalies are much smaller than those in the RDð�Þ

scenarios. We also note that the direct search mass
exclusion limits are weaker in the scenarios with left-type
couplings (i.e., Scenario RK1A and Scenario RK1B) than
those with right-type couplings (Scenario RK1C and

Scenario RK1D). This is because the decay U1 → μb=μj
has 100% BR in the right-type coupling scenarios instead
of the 50% in the left-type ones. The recast limits imply
that a 1.5 TeV U1 is ruled out in all the two-coupling
scenarios. Hence we consider a 2 TeV U1 in the two-
coupling scenarios in Fig. 10. There we show the regions
allowed by the LHC data along with the FlavK regions in
Scenario RK2A and Scenario RK2D and FlavKB regions
in Scenario RK2B and Scenario RK2C. In the last two
scenarios, the constraints from Bs − B̄s mixing data are not
applicable, and the FlavKB regions are just the ones favored
by the global fit of b → sμμ data

(a) (b)

(c) (d)

FIG. 9. The regions excluded at 2σ by the CMS μμ search data [83] in the minimal RKð�Þ scenarios (violet). FlavK (yellow), defined in
Eq. (70), is the region favored by the global fits to the b → sμμ and Bs − B̄s mixing. (a) Scenario RK1A: Only λL22 is nonzero.
(b) Scenario RK1B: Only λL32 is nonzero. Since, λ

L
32 alone cannot explain the RKð�Þ anomalies, we only show the region allowed by the

Bs − B̄s mixing data. (c) Scenario RK1C: Only λR22 is nonzero. (d) Scenario RK1D: Only λR32 is nonzero. The magenta dashed lines
denote the recast exclusion limits from the ATLAS direct search for pair production of scalar LQs in the μμþ jj=bb channels [86].

5We show the recast ATLAS limits [86] only with dashed lines because, strictly speaking, the search was optimized for a scalar LQ. In
our recast for U1, we have assumed that the selection efficiencies remain unchanged when one switches from the pair production of
scalar LQs to that of the vector ones.
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FlavKB ≡ FlavKþ the region exclusively disfavored byBs − B̄smixing

≡ the region favored by the global fits to b → sμμ data: ð71Þ

The recast ATLAS scalar search limits however
does not entirely rule out a 1.5 TeV U1 solution for
the RKð�Þ anomalies. To see this, one needs to make
βðU1 → μb=μjÞ≲ 0.25 by introducing additional nonzero
coupling(s). For example, in Fig. 11 we show that for
λL23 ¼ 0.006 and λL33 ¼ 0.93 [a point we chose randomly
from the FlavD9 region in Fig. 8(a) that agrees with Bs − B̄s

mixing and is allowed by the LHC data] all the two-
coupling RKð�Þ scenarios survive the recast bounds for
MU1

¼ 1.5 TeV. This is interesting, as it explicitly shows
four possible parameter choices for which a 1.5 TeVU1 can
account for both the RDð�Þ and RKð�Þ anomalies. These
choices are, of course, only illustrative, not unique or
special.

(a) (b)

(c) (d)

FIG. 10. The regions favored by the RKð�Þ observables (yellow and green) and allowed by the LHC data (blue). The blue regions are
obtained by recasting the CMS μμ search data [83]. (a) and (d) In Scenario RK2A and Scenario RK2D, the FlavK region (yellow)
depicts the allowed regions by the b → sμμ̄ global fits and Bs − B̄s mixing. (b) and (c) In Scenario RK2B and Scenario RK2D, there is
no restriction from the Bs − B̄s mixing. FlavKB (green), defined in Eq. (71), stands for the region preferred by the b → sμμ̄ global
fits alone.
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VI. SUMMARY AND CONCLUSIONS

In this paper, we have derived precise limits on a flavor-
anomalies-motivated U1 LQ model using the latest LHC
and flavor data. We started with a generic coupling texture
for U1 (with seven free couplings) that can contribute
to the RDð�Þ and RKð�Þ observables. Taking a bottom-up
approach, suitable for obtaining bounds from the existing
LHC searches, we constructed all possible one- and two-
coupling scenarios that can accommodate either the RDð�Þ or
RKð�Þ anomalies. In particular, we considered two one-
coupling and two two-coupling scenarios that can give rise
to the bτU1 and cνU1 couplings required by the RDð�Þ

observables. Similarly, we considered four one-coupling
and four two-coupling scenarios contributing to the b →
sμþμ− transition. We recast the current LHC dilepton
searches (ττ and μμ) [82,83] to obtain limits on the U1

couplings for a range of MU1
in these scenarios. We also

looked at the bounds from the latest direct LQ searches
from ATLAS and CMS. Whenever needed, we recast the

latest scalar LQ searches in terms of U1 parameters as these
were found to give better limits than the existing ones.
Put together, our results give the best limits on the U1

parameters currently available from the LHC. These bounds
are independent of and complementary to other flavor
bounds.
Previously, the high-pT dilepton data were used to put

limits on the U1 couplings. Most of these analyses,
however, focused only on the nonresonant t-channel U1

exchange process. However, we found that this process
interferes destructively with the SM background, and, in
most cases, it is this interference that plays the prominent
role in setting the exclusion limits, especially for a heavy
U1. Also, other resonant production processes, namely, the
pair and the single productions of U1, can also contribute
significantly to the high-pT dilepton tails. We have shown
the differences that the inclusion of resonant production
processes can make on the exclusion limits in Figs. 5 and 6.
The limits we obtained are robust as they depend only on a
few assumptions about the underlying model. They are also

(a) (b)

(c) (d)

FIG. 11. Examples of regions in the parameter space of a 1.5 TeVU1 surviving the LHC limits and simultaneously accommodating the
RDð�Þ and RKð�Þ anomalies. The FlavK (yellow), FlavKB (green), and the blue regions are identical to the ones in Fig. 10. When we recast
the ATLAS search in the μμþ bb=jj channels [86], the presence of the additional couplings, λL23 ¼ 0.006 and λL33 ¼ 0.93 [allowed by
the LHC and flavor data, see Fig. 8(a)], relaxes the exclusion limits, thus allowing the otherwise excluded mass value in the RKð�Þ two-
coupling scenarios.
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precise as all the resonant and nonresonant contributions
including the signal-background interference are system-
atically incorporated in our statistical recast of the dilepton
data. The low mass regions are bounded by the direct pair
production search limits that depend only on the BRs.
When U1 is heavy, the limits mostly come from the
nonresonant process and its interference with the SM
background that depend only on the value of the cou-
pling(s) involved, not on the BRs.
We found that in the minimal (with one free coupling) or

some of the next-to-minimal (with two free couplings)
scenarios, the parameter spaces required to accommodate
the RDð�Þ anomalies are already ruled out or in tension with
the latest LHC data (see e.g. Figs. 7 and 8). In some
scenarios, the regions favored by the anomalies are in
conflict with other flavor bounds, but in the RD1B minimal
scenario, a part of the parameter space survives the LHC
bounds [see Fig. 7(b)] that can explain the RDð�Þ anomalies.
We found that a good part of the parameter space required
to explain the RKð�Þ anomalies survives the dilepton bounds,
except the recent ATLAS search for scalar LQ in the μμþ
jj=bb channel [86] put some pressure for MU1

≲ 2 TeV
(see Figs. 9 and 10).
Our method for obtaining bounds is generic. It is

possible to extend our analysis to scenarios with more
nonzero couplings and/or additional degrees of freedom by
considering our scenarios as templates. As an example, we
showed the bounds on a combined scenario with three free
couplings (λL33, λ

L=R
32 , λL=R22 ) that can accommodate both the

RDð�Þ and RKð�Þ anomalies simultaneously with a 1.5 TeV
U1 in Fig. 11 (even though a simple recast of the recent
ATLAS LQ search in the μμþ jj=bb channel rules out a
U1 of mass 1.5 TeV that decays to these final states
exclusively [86]. One should therefore keep in mind that a
U1 LQ with mass ≲2 TeV is still allowed and can resolve
the B-anomalies). To obtain limits on other general scenar-
ios, one can use the parametrization and method elaborated
in Appendixes A and B.
We also identified some possible new search channels of

U1 that have not been considered so far. Our simple
parametrization of various possible scenarios in terms of
a few parameters can serve as a guide for the future U1

searches at the LHC. It can also be used for interpreting the
results of future bottom-up experimental searches of vLQs.
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APPENDIX A: CROSS SECTION
PARAMETRIZATION FOR THE

ll SIGNAL PROCESSES

It is not straightforward to obtain precise LHC exclusion
limits from the dilepton data when multiple couplings are
nonzero simultaneously. This is mainly because different
couplings contribute to different topologies with the same
final states. In multi-coupling scenarios, the presence of
substantial signal-background interference and/or signal-
signal interference complicates the picture further. All these
possibilities are present in the U1 scenarios considered
here. Therefore, a discussion on a systematic approach to
properly take care of these complications might be useful
for the reader. Below, we discuss the method we have used
for multi-coupling scenarios in the context ofU1. However,
this method is not limited to U1 and ττ or μμ final states but
can be adapted easily for any BSM scenarios wherever
needed.

1. Pair production

As mentioned in Section III, the pair production
of U1 is not fully model-independent. It depends on
two parameters—κ, parametrizing the new kinetic terms,
and λ, the generic coupling for lqU1 interactions. In our
analysis, we have set κ ¼ 0. The dependence on λ enters
in the pair production through the t-channel lepton
exchange diagrams. If n different new couplings (λi with
i ¼ f1; 2; 3;…ng) are contributing, the total cross section
for the process pp → U1U1 can be expressed as

σpðMU1
; λÞ ¼ σp0ðMU1

Þ þ
Xn
i

λ2i σ
p2

i ðMU1
Þ

þ
Xn
i≥j

λ2i λ
2
jσ

p4

ij ðMU1
Þ; ðA1Þ

where the sums go up to n. The σpx functions on the rhs
depend only on the mass of U1. Here, σp0ðMU1

Þ is the
λ-independent part determined by the strong coupling
constant. This part can be computed taking λi → 0 for
all the new couplings. The σp2

i ðMU1
Þ terms originate

from the interference between the QCD-mediated model-
independent diagrams and the t-channel lepton exchange
diagrams. The σp4

ij ðMU1
Þ terms are from the pure t-channel

lepton exchange diagrams.
For a particularMU1

, there are n unknown σp2

i and nðnþ
1Þ=2 unknown σp4

ij functions that we need to find out. For
that, we compute σp for nðnþ 3Þ=2 different values of λi
and solve the resulting linear equations. We repeat the same
procedure for different mass points. We can now get
σpðMU1

; λÞ for any intermediate value of MU1
either from

numerical fits to direct evaluation.
In the presence of kinematic selection cuts, different

σpxðMU1
Þ parts contribute differently to the surviving
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events. Hence, the overall cut efficiency for the pair
production process ϵp depends on both MU1

and λ. The
total number of surviving events from the pair production
process passing through some selection cuts can, therefore,
be expressed as

N p ¼ σp∘ϵpðMU1
; λÞ ×B2ðMU1

; λÞ × L

¼
n
σp0 × ϵp0 þ

Xn
i

λ2i σ
p2

i × ϵp2

i

þ
Xn
i≥j

λ2i λ
2
jσ

p4

ij × ϵp4

ij

o
×B2ðMU1

; λÞ × L; ðA2Þ

where all ϵpx depend only onMU1
. Here L is the integrated

luminosity, and BðMU1
; λÞ is the relevant branching

ratio (of the decay mode of U1 that contributes to the
signal) which can be obtained analytically. The ϵpxðMÞ
functions can be obtained by computing the fraction of
events surviving the selection cuts while computing the
σpxðMU1

Þ functions.

2. Single production

As discussed earlier, single production of U1 usually
contains two types of contributions U1x and U1yz (where
x, y, z are SM particles). The amplitudes of the U1x type of
processes are always proportional to λ. But U1yz ampli-
tudes can have both linear and cubic terms in λ. Therefore,
the most generic form of the single production process
pp → U1xþU1yz can be expressed as

σsðM; λiÞ ¼
Xn
i

λ2i σ
s2
i ðMU1

Þ þ
Xn
i≥j≥k

λ2i λ
2
jλ

2
kσ

s6
ijkðMU1

Þ:

ðA3Þ

The σsxðMÞ functions can be obtained following the same
method used for pair production. We can express the total
number of single production events as

N s ¼ σs∘ϵsðMU1
; λÞ ×BðMU1

; λÞ × L

¼
�X

i

λ2i σ
s2
i ðMU1

Þ × ϵs2i ðMU1
Þ

þ
X
i≥j≥k

λ2i λ
2
jλ

2
kσ

s6
ijkðMU1

Þ × ϵs6ijkðMU1
Þ
�

×BðMU1
; λiÞ × L: ðA4Þ

3. Nonresonant production

The t-channel U1 exchange processes fall in this cat-
egory. There are two different sources of nonresonant
contributions one has to consider. One is from the sig-
nal-SM background interference and is proportional to λ2i .

The other is from the signal-signal interference and hence is
quartic in λ. We can express the total nonresonant pp → xy
cross section as

σnrðMU1
; λÞ ¼

Xn
i

λ2i σ
nr2
i ðMU1

Þ þ
Xn
i≥j

λ2i λ
2
jσ

nr4
ij ðMU1

Þ:

ðA5Þ

Note that σnrðMU1
; λÞ can be negative when the signal-

background interference is destructive. Indeed, this is the
case we observe for U1. By introducing the ϵðMU1

Þ
functions, the total number of surviving events can be
written as

N nr ¼ σnr∘ϵnrðMU1
; λÞ × L

¼
�Xn

i

λ2i σ
nr2
i ðMU1

Þ × ϵnr2i ðMU1
Þ

þ
Xn
i≥j

λ2i λ
2
jσ

nr4
ij ðMU1

Þ × ϵnr4ij ðMU1
Þ
�
× L: ðA6Þ

Notice, no BR appears in the above equation. A negative
σnrðMU1

; λÞ makes N nr a negative number as presented in
Table VI.
For an illustration, we show the observed μμ data [83]

and the corresponding SM contributions in Fig. 12. In the
lower panel we show the different signal components for
MU1

¼ 1.5 TeV and λL22 ¼ 1 (Scenario RK1A).

FIG. 12. The observed Mμμ distribution and the corresponding
SM contributions from Ref. [83]. The errors are obtained using
Eq. (B3). (Lower panel) The different signal components for a
typical choice of parameters, MU1

¼ 1.5 TeV and λL22 ¼ 1

(Scenario RK1A). The number of U1 signal events are denoted
by N U1

[Eq. (B2)], and N pþs ¼ N p þN s denotes the events
from pair and single production processes. Among the nonreso-
nant contributions, N nr2 denotes the SM-BSM interference, and
N nr4 is the pure BSM nonresonant part.
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APPENDIX B: LIMITS ESTIMATION:
χ 2 TESTS

To obtain the limits on the parameter space in variousU1

scenarios, we recast the LHC ττ and μμ search data [82,83].
In particular, we perform χ2 tests to estimate the limits on
parameters from the transverse (invariant) mass distribution
of the ττ (μμ) data. The method is essentially the same as
the one used in Ref. [81] for S1 LQ. Here we briefly outline
the steps.
(1) For each distribution, the test statistic can be

defined as

χ2 ¼
X
i

�
N i

TðMU1
; λÞ −N i

D

ΔN i

�
2

; ðB1Þ

where the sum runs over the corresponding bins.
Here, N i

TðMU1
; λÞ stands for expected (theory)

events, and N i
D is the number of observed events

in the ith bin. The number of theory events in the ith
bin can be expressed

N i
TðMU1

; λÞ ¼ N i
U1
ðMU1

; λÞ þN i
SM

¼ ½N pðMU1
; λÞ þN sðMU1

; λÞ
þN nrðMU1

; λÞ� þN i
SM: ðB2Þ

Here, N i
U1

and N i
SM are the total signal events from

U1 and the SM background in the ith bin, respec-
tively. The total signal events are composed of N p,
N s, and N nr from Eqs. (A2), (A4), and (A6),

respectively. The details on how to calculate N i
U1

for different scenarios is sketched in Appendix A.
For the error ΔN i, we use

ΔN i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔN i

statÞ2 þ ðΔN i
systÞ2

q
; ðB3Þ

where ΔN i
stat ¼

ffiffiffiffiffiffiffiffi
N i

D

p
and we assume a uniform

10% systematic error, i.e., ΔN i
syst ¼ δi ×N i

D with
δi ¼ 0.1.

(2) In every scenario, for some discrete benchmark
values of MU1

¼ Mb
U1

we compute the minimum
of χ2 as χ2minðMb

U1
Þ by varying the couplings λ.

(3) In one-coupling scenarios (like Scenario RD1A,
Scenario RK1A, etc.), we obtain the 1σ and 2σ
confidence level upper limits on the coupling
at MU1

¼ Mb
U1

from the values of λ for which
Δχ2ðMb

U1
; λÞ ¼ χ2ðMb

U1
; λÞ − χ2minðMb

U1
Þ ¼ 1 and 4,

respectively.
In two-coupling scenarios (like Scenario RD2A,

Scenario RK2A, etc.), we do the same, except
we obtain the 1σ and 2σ limits (contours) from
the 2-variable limits on Δχ2; i.e., we solve
Δχ2ðMb

U1
; λ1; λ2Þ ¼ χ2ðMb

U1
; λ1; λ2Þ − χ2minðMb

U1
Þ ¼

2.30 and 6.17, respectively.
Similarly, we can obtain the limits for the scenarios

with nð≥ 2Þ free couplings by using the n-variable
ranges for Δχ2.

(4) We obtain the limits for arbitrary values of MU1
by

interpolating the limits for the benchmark masses.
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