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Driven by the recent experimental hints of lepton-flavor-universality violation in the bottom-quark
sector, we consider a simple extension of the Standard Model (SM) with an additional vector leptoquark
VLQð3; 1; 2=3Þ and a scalar diquark SDQð6; 1; 4=3Þ under the SM gauge group SUð3Þc × SUð2ÞL × Uð1ÞY ,
in order to simultaneously explain the b → slþl− (with l ¼ e, μ) and b → cl−ν̄l (with l ¼ e, μ, τ) flavor
anomalies, as well as to generate small neutrino masses through a two-loop radiative mechanism. We
perform a global fit to all the relevant and up-to-date b → slþl− and b → cl−ν̄l data under the assumption
that the leptoquark couples predominantly to second and third-generation SM fermions. We then look over
the implications of the allowed parameter space on lepton-flavor-violating B and τ decay modes, such as
Bs → lþi l

−
j , B → Kð�Þlþi l

−
j , Bs → ϕlþi l

−
j , ϒðnSÞ → μτ, and τ → μγ, τ → μϕðηð0ÞÞ, respectively. Minimally

extending this model by adding a fermion singlet χð1; 1; 0Þ also explains the ANITA anomalous upgoing
events. Furthermore, we provide complementary constraints on leptoquark and diquark couplings from
high-energy collider and other low-energy experiments to test this model.

DOI: 10.1103/PhysRevD.102.095012

I. INTRODUCTION

Over the last few years, several B-physics experiments,
such as the LHCb [1–10], as well as the B factories BABAR
[11,12] and Belle [13–17], have reported a number of
deviations from the Standard Model (SM) expectations at
the level of ð2–4Þσ [18] in the rare flavor-changing neutral-
current (NC) and charged-current (CC) semileptonic
B-meson decays involving the quark-level transitions
b → slþl− (with l ¼ e, μ) and b → cl−ν̄l (with l¼e,
μ, τ), respectively, which provide intriguing hints of new
physics (NP) beyond the SM (BSM). The nonobservation
of any new heavy BSM particle through direct detection at
LHC experiments makes these indirect hints a powerful
tool in the NP exploration. A more careful analysis of these
tantalizing hints for lepton-flavor-universality violation

(LFUV), taking into account the possibility of statistical
fluctuations and yet unknown systematic and/or theoretical
issues, is absolutely essential to confirm or rule out the
possible role of NP in the B-sector. However, given
their possible impact on NP searches, it is worthwhile to
scrutinize these experimental results at their face values in
light of possible NP scenarios.
Since the above-mentioned anomalies associated with

b → slþl− and b → clν̄l transitions probe different NP
scales [19], most of the theoretical studies in the literature
have attempted to address either theNC or the CC sector, but
not both on the same footing. Only a few specific models,
mainly those involving the color-triplet leptoquark (LQ)
boson [20–54] which allows tree-level couplings between
quarks and leptons, have been successful in explaining
both kinds of flavor anomalies simultaneously (see also
Refs. [55–67] for other plausible simultaneous explanations
of the B-anomalies). As discussed in Refs. [22,44,48,68],
models with a single scalar LQ cannot address both these
anomalies simultaneously. With the aim of understanding
the experimental observations linked with both types of
processes in a common framework, here we consider a
simple extension of the SM by adding a single vector
leptoquark (VLQ) VLQ which transforms as ð3; 1; 2=3Þ
under the SM gauge group SUð3Þc × SUð2ÞL × Uð1ÞY .
The existence of VLQ at low energy can be theoretically
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motivated from many ultraviolet (UV)-complete frame-
works [69], such as grand unified theories [70–73], Pati-
Salam model [74–76], technicolor model [77–80], etc.
In the literature, the flavor anomalies have been investigated
in the VLQ scenario [20,22–24,27–30,35,38–40,42,45,
46,57,62,81–91]. Here we update this discussion with
the latest experimental data and also minimally extend
the VLQ model by introducing a scalar diquark (SDQ)
SDQð6; 1; 4=3Þ, to explain the light neutrinomass generation
through a two-loop radiative mechanism. Moreover, the
observation of LFUV generically implies the existence of
lepton-flavor-violating (LFV) decay modes [92]. Even
though some theoretical works [20,93] contradict this
precept, the link between LFVand LFUV persists in several
models. In this connection, we will also investigate the
LFV decays of neutral and charged mesons, as well as
of the tau lepton, in conjunction with the LFUV parameters
for the VLQ case. Moreover, as it turns out, minimally
extending this VLQ-SDQmodel with an additional fermion
singlet χð1; 1; 0Þ, we can also accommodate the recent
ANITA anomaly [94,95]. Finally, we provide complemen-
tary constraints on leptoquark and diquark couplings
from collider and other low energy experiments to test
this model.
The organization of this paper is as follows. In Sec. II,

we present the effective Hamiltonian in terms of
dimension-six operators, describing b → slþl− and
b → cτν̄l quark-level transitions. In Sec. III, we discuss
our model framework and the NP contributions arising due
to the exchange of VLQ. The set of relevant observables
that have been used to constrain the NP parameters are
listed in Sec. IV. The numerical fit to the new Wilson
coefficients from the existing experimental data on
b → slþl− and b → cτν̄τ processes is presented in
Sec. V. Section VI contains the implication of VLQ on
the LFV B, ϒðnSÞ and τ decay modes. In Sec. VII, we
discuss a two-loop radiative neutrino mass generation with
the VLQ and SDQ particles. The SDQ signal at LHC is
illustrated in Sec. VIII. Section IX presents an explanation
of the ANITA anomaly in our model with an additional
fermion singlet. Our conclusion is given in Sec. X. In
Appendix A, we list the experimental data used in our
numerical fits. Appendix B (C) contains the expressions
required for B → Kð�Þlilj LFV decays. The loop functions
for τ → μγ are provided in Appendix D.

II. GENERAL EFFECTIVE HAMILTONIAN

The effective Hamiltonian responsible for the CC
b → cτν̄l quark level transitions is given by [96]

HCC
eff ¼ 4GFffiffiffi

2
p Vcb½ðδlτ þ Cl

V1
ÞOl

V1
þ Cl

V2
Ol

V2
þ Cl

S1
Ol

S1

þ Cl
S2
Ol

S2
þ Cl

TO
l
T �; ð1Þ

where GF is the Fermi constant, Vcb is the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element, and Cl

X are
the Wilson coefficients, with X ¼ V1;2, S1;2, T, which are
zero in the SM and can arise only in the presence of NP.
The corresponding dimension-six effective operators are
given as

Ol
V1

¼ ðc̄LγμbLÞðτ̄LγμνlLÞ; Ol
V2

¼ ðc̄RγμbRÞðτ̄LγμνlLÞ;
Ol

S1
¼ ðc̄LbRÞðτ̄RνlLÞ; Ol

S2
¼ ðc̄RbLÞðτ̄RνlLÞ;

Ol
T ¼ ðc̄RσμνbLÞðτ̄RσμννlLÞ; ð2Þ

where fLðRÞ ¼ PLðRÞf are the chiral fermion (f) fields with
PLðRÞ ¼ ð1 ∓ γ5Þ=2 being the projection operators.
The effective Hamiltonian mediating the NC leptonic/

semileptonic b → slþl− processes can bewritten as [97,98]

HNC
eff ¼ −

4GFffiffiffi
2

p VtbV�
ts

�X6
i¼1

CiðμÞOi

þ
X

i¼7;9;10;S;P

ðCiðμÞOi þ C0
iðμÞO0

iÞ
�
: ð3Þ

HereVtbV�
ts is the product of CKMmatrix elements,Ci’s are

the Wilson coefficients [99] and Oi’s are the dimension-six
operators, expressed as

Oð0Þ
7 ¼ αem

4π
½s̄σμνðmsPLðRÞ þmbPRðLÞÞb�Fμν;

Oð0Þ
9 ¼ αem

4π
ðs̄γμPLðRÞbÞðl̄γμlÞ;

Oð0Þ
10 ¼

αem
4π

ðs̄γμPLðRÞbÞðl̄γμγ5lÞ;

Oð0Þ
S ¼ αem

4π
ðs̄PLðRÞbÞðl̄lÞ;

Oð0Þ
P ¼ αem

4π
ðs̄PLðRÞbÞðl̄γ5lÞ; ð4Þ

where αem is the electromagnetic fine structure constant. The
SM has vanishing contribution from primed as well as
(pseudo)scalar operators, which can be generated only in
the BSM theories.

III. MODEL FRAMEWORK

We build a simple model by extending the SM
by a color-triplet, SUð2ÞL-singlet vector leptoquark
VLQð3; 1; 2=3Þ for explaining the flavor anomalies (see
Sec. V). We also add a color-sextet, SUð2ÞL-singlet SDQ
SDQð6; 1; 4=3Þ to explain the neutrino masses by radiative
mechanism (see Sec. VII), with some interesting collider
signatures as well. Finally, we add a fermion singlet
χð1; 1; 0Þ to account for the ANITA anomaly (see
Sec. IX). The relevant interaction Lagrangian is given by
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L ⊃ λLαβQ̄Lαγ
μVLQμLLβ þ λRαβd̄Rαγ

μVLQμlRβ

þ μSV
μ
LQVLQμS

�
DQ þ ðλSÞαβūcRαuRβS�DQ

þ ðλχÞαūRαγμVLQμχ; ð5Þ

where QLðLLÞ is the left-handed quark (lepton) doublet,
uRðdRÞ is the right-handed up (down) quark singlet, lR is the
charged lepton singlet, and α, β are the generation indices.

Here λLðRÞαβ are the coefficients of VLQ couplings to left
(right) handed quarks and leptons, ðλSÞαβ are the coefficients
of SDQ couplings to up type quarks, and μS represents the
strength of VLQVLQSDQ three-point interaction. We also
include a coupling ðλχÞα between the VLQ, singlet fermion
and right-handed up-type quarks for the ANITA phenom-
enology. We choose the diquark couplings in Eq. (5) to be
flavor-diagonal, i.e., ðλSÞαβ ¼ ðλSÞαδαβ, so that the diquark
does not contribute to any flavor-changing processes at
leading order. Also note that the coupling μS in the
Lagrangian (5) softly breaks lepton number by two units
while the baryon number is conserved, so there is no proton
decay in thismodel, while a nonzeroMajorana neutrinomass
can be induced (see Sec. VII). The inclusion of these new
fields can be realized in gauged B − L extensions of SM or
in UV-complete models. For illustration, one such UV-
completed scenario is the asymmetric left-right extension
of the SM with gauge group SUð3ÞC × SUð2ÞL ×Uð1ÞR×
Uð1ÞB−L, in which the electric charge relation is defined as
Q ¼ T3L þ T3R þ ðB − LÞ=2≡ T3L þ Y, where T3L and
T3R are the third components of isospin generators
corresponding to the gauge groups SUð2ÞL and Uð1ÞR,
respectively, and B − L is the difference between baryon
and lepton numbers. Apart from these usual quarks and
leptons, these extra fields like the VLQ, SDQ as well
as the singlet fermion are transformingunder this asymmetric
left-right gauge symmetry as VLQð3C; 1L; 0R; 4=3B−LÞ,
SDQð6C; 1L; 0R; 8=3B−LÞ, and χð1C; 1L; 1=2R;−1B−LÞ.
However, in this work we will not focus on any specific
model details. Instead, we work with the effective
Lagrangian (5) and discuss its phenomenology in subsequent
sections.

After expanding the SUð2Þ indices in Eq. (5) and
performing the Fierz transformation, we obtain the new
Wilson coefficients for the process b → cτν̄l [cf. Eq. (1)]
as [81].

CLQ
V1

¼ 1

2
ffiffiffi
2

p
GFVcb

X3
k¼1

Vk3
λL2lλ

L
k3

�

M2
VLQ

;

CLQ
S1

¼ −
1

2
ffiffiffi
2

p
GFVcb

X3
k¼1

Vk3
2λL2lλ

R
k3

�

M2
VLQ

; ð6Þ

where Vk3 denotes the CKM matrix element. There are

also additional contributions from Cð0ÞLQ
i (i ¼ 9; 10; S; P)

Wilson coefficients to the b → slþ
i l

−
j processes as [81]

CLQ
9 ¼ −CLQ

10 ¼ πffiffiffi
2

p
GFVtbV�

tsαem

X3
m;n¼1

Vm3V�
n2

λLniλ
L
mj

�

M2
VLQ

;

C0LQ
9 ¼ C0LQ

10 ¼ πffiffiffi
2

p
GFVtbV�

tsαem

X3
m;n¼1

Vm3V�
n2

λRniλ
R
mj

�

M2
VLQ

;

−CLQ
P ¼ CLQ

S ¼
ffiffiffi
2

p
π

GFVtbV�
tsαem

X3
m;n¼1

Vm3V�
n2

λLniλ
R
mj

�

M2
VLQ

;

C0LQ
P ¼ C0LQ

S ¼
ffiffiffi
2

p
π

GFVtbV�
tsαem

X3
m;n¼1

Vm3V�
n2

λRniλ
L
mj

�

M2
VLQ

: ð7Þ

It should be noted here that the SUð2ÞL-singlet VLQ does
not provide any additional tensor-type contribution to either
b → cτν̄l or to b → sll channels. The tree level Feynman
diagram for b → cτν̄τ (left panel) and b → sll (right
panel) processes mediated via VLQ are shown in Fig. 1.
After having the idea about the NP contributions to

the Wilson coefficients for both b → sll and b → cτν̄l,
we now move forward to constrain these new parameters.
For this purpose, we classify the new parameters into the
following four scenarios:

(i) Scenario-I (S-I): Includes CLQ
V1

for b → cτν̄τ
and CLQ

9 ¼ −CLQ
10 for b → sll (contains only LL

couplings).

FIG. 1. Feynman diagrams for b → cτ−ν̄τ (left panel) and b → slþl− (right panel) processes mediated via VLQ, where l ¼ μ, τ.
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(ii) Scenario-II (S-II): Includes C0LQ
9 ¼ −C0LQ

10 for
b → sll (involves only RR couplings).

(iii) Scenario-III (S-III): Includes CLQ
S1

for b → cτν̄τ
and −CLQ

P ¼ CLQ
S for b → sll (only LR couplings

present).
(iv) Scenario-IV (S-IV): Includes C0LQ

P ¼ C0LQ
S for

b → sll (involves only RL couplings).
These new couplings for various scenarios are constrained by
performing a global fit (as discussed in Sec. V), to the relevant
experimental observables as listed in the next section.

IV. OBSERVABLES USED FOR NUMERICAL FIT

In our analysis, we consider the following most relevant
flavor observables to constrain the new parameters.

A. b → sμ+ μ−
In the b → sμμ sector, we include the following observ-

ables and their corresponding experimental data.
(i) RK and RK� : The lepton flavor universality violation

ratios RK and RK� are defined as

RK ¼ BRðBþ → Kþμþμ−Þ
BRðBþ → Kþeþe−Þ ;

RK� ¼ BRðB0 → K�0μþμ−Þ
BRðB0 → K�0eþe−Þ : ð8Þ

In 2014, the measurement on the LFUV parameter
RK , in the low q2 ∈ ½1; 6� GeV2 region by the LHCb
experiment [4]:

RLHCb14
K ¼ BRðBþ → Kþμþμ−Þ

BRðBþ → Kþeþe−Þ
¼ 0.745þ0.090

−0.074 � 0.036 ð9Þ

(where the first uncertainty is statistical and the
second one is systematic), has attracted a lot of
attention, as it amounted to a deviation of 2.6σ from
its SM prediction [100] (see also [101]),

RSM
K ¼ 1.0003� 0.0001: ð10Þ

The updated LHCb measurement of RK in the q2 ∈
½1.1; 6� GeV2 region obtained by combining the data
collected during three data-taking periods in which
the c.o.m. energy of the collisions was 7, 8, and
13 TeV [10],

RLHCb19
K ¼ 0.846þ0.060þ0.016

−0.054−0.014 ; ð11Þ

also shows a discrepancy at the level of 2.5σ.
Analogously, the LHCb Collaboration has also

measured the RK� ratio in two bins of low- and
high-q2 regions [7]:

RLHCb
K�

¼
�
0.660þ0.110

−0.070 � 0.024 q2 ∈ ½0.045; 1.1� GeV2;

0.685þ0.113
−0.069 � 0.047 q2 ∈ ½1.1; 6.0� GeV2:

ð12Þ

which have, respectively, 2.2σ and 2.4σ deviations
from their corresponding SM results [102]:

RSM
K� ¼

�
0.92� 0.02 q2 ∈ ½0.045; 1.1� GeV2;

1.00� 0.01 q2 ∈ ½1.1; 6.0� GeV2:

ð13Þ

In addition to these LHCb results, Belle experiment
has recently announced new measurements on RK
[17] and RK� [15] in several other bins:

RBelle
K ¼

8>>><
>>>:

0.95þ0.27
−0.24 � 0.06 q2 ∈ ½0.1;4.0� GeV2;

0.81þ0.28
−0.23 � 0.05 q2 ∈ ½4.0;8.12� GeV2;

0.98þ0.27
−0.23 � 0.06 q2 ∈ ½1.0;6.0� GeV2;

1.11þ0.29
−0.26 � 0.07 q2 > 14.18 GeV2;

ð14Þ

RBelle
K� ¼

8>>><
>>>:

0.52þ0.36
−0.26 � 0.05 q2 ∈ ½0.045;1.1� GeV2;

0.96þ0.45
−0.29 � 0.11 q2 ∈ ½1.1;6� GeV2;

0.90þ0.27
−0.21 � 0.10 q2 ∈ ½0.1;8.0� GeV2;

1.18þ0.52
−0.32 � 0.10 q2 ∈ ½15;19� GeV2:

ð15Þ

One can notice that the Belle results have compa-
ratively larger uncertainties than the LHCb mea-
surements on RK� ; therefore, we do not include the
Belle results for RKð�Þ in our fit for constraining the
new parameters.

(ii) Bs → μþμ−: The current experimental value of the
branching ratio of Bs → μþμ− process is [103]:

BRðB0
s → μþμ−Þ ¼ ð3.0� 0.4Þ × 10−9; ð16Þ

which is compatible with the SM prediction [104]

BRðB0
s → μþμ−ÞSM ¼ ð3.65� 0.23Þ × 10−9; ð17Þ

at 1.6σ confidence level (CL).
(iii) Semileptonic BðsÞ decays: We use the differential

branching ratio measurements of Bþ → Kþð�Þμþμ−

[3], B0 → K0ð�Þμþμ− [3,105] and Bs → ϕμþμ− [6]
in different q2 bins from LHCb, as listed in Table III.
We have considered the forward-backward asym-
metry ðAFBÞ, longitudinal polarization asymmetry
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ðFLÞ, form-factor independent observables
(P1;2;3; P0

4;5;6;8Þ, CP-averaged angular coefficients
ðS3;4;5;7;8;9Þ and CP asymmetries ðA3;4;5;6;7;8;9Þ.

B. b → cτν̄τ
In this sector, we consider the following observables:
(i) RD and RD� : The lepton nonuniversality ratios RD

and RD� are defined as

RDð�Þ ¼ BRðB → Dð�Þτν̄τÞ
BRðB → Dð�Þlν̄lÞ

; ð18Þ

with l ¼ e, μ. These observables have been mea-
sured by the Belle [13,14,106], BABAR [11,12], and
LHCb [5,8] has measured only the RD� parameter.
Combining all these measurements, the averaged
measured values of these ratios [18]:

RExp
D ¼ 0.34� 0.027� 0.013; ð19Þ

RExp
D� ¼ 0.295� 0.011� 0.008; ð20Þ

induce a tension at the level of 3.08σ with the
corresponding SM predictions [107–115]

RSM
D ¼ 0.299� 0.003; ð21Þ

RSM
D� ¼ 0.258� 0.005: ð22Þ

(ii) RJ=ψ : Discrepancy of 1.7σ has also been observed
between the experimental measurement of [9]

RExp
J=ψ ¼ BRðB → J=ψτν̄τÞ

BRðB → J=ψlν̄lÞ
¼ 0.71� 0.17� 0.184;

ð23Þ

and the corresponding SM prediction [116–123]

RSM
J=ψ ¼ 0.289� 0.01: ð24Þ

(iii) Bþ
c → τþντ: This channel has not been measured

yet, but indirect constraints on BRðBþ
c → τþντÞ ≲

30% have been imposed using the lifetime of Bc
[124] (see also Refs. [125,126]). A stronger con-
straint of BRðBþ

c → τþντÞ ≲ 10% was obtained
from LEP data at the Z peak [127]. However, it
assumes that the Bc hadronization fraction measured
in proton-proton collisions can be simply translated
to eþe− collisions and it uses this method to predict
the number of Bc mesons produced at LEP. How-
ever, Bc production has not been observed at LEP,
so there is a large uncertainty in this number, which
was not considered in Ref. [127]. Therefore, we will

use the more conservative bound of 30% on the
Bþ
c → τþντ branching ratio.

C. b → sτ + τ −
In this sector, we consider the following two observ-

ables: BRðBs → τþτ−Þ < 6.8 × 10−3 [128] and BRðBþ →
Kþτþτ−Þ < 2.2 × 10−3 [129].

D. Comments

To estimate the SM values of the above-discussed
observables, we use all the particles masses and lifetime
of Bq mesons from PDG [103]. The SM results of Bs →
μþμ−ðτþτ−Þ processes are taken from Ref. [104]. The B →
K form factors evaluated in the light cone sum rule (LCSR)
approach [130] are considered to estimate B → Kll
processes in the SM. For BðsÞ → K�ðϕÞll decay modes,
we use the form factors from Refs. [131,132]. The decay
constant of Bc meson is considered as fBc

¼ 489 MeV
[133] to compute branching ratio of Bc → τντ.
Since the singlet ð3; 1; 2=3Þ VLQ does not provide addi-

tional contributions to b → sνlν̄l type decay modes at tree
level due to charge conservation violation, the branching
ratio of B → Kð�Þνlν̄l remains SM-like. Though the charge
current D meson decays mediated by c → slνl transitions
such asDþ

s → lþνl,Dþ → K0lþνl,D0 → Kð�Þ−lþνl can
also play a pivotal role in constraining VLQ couplings;
however, they provide veryweak bounds on these couplings.
Thus, we do not consider these decay modes in our analysis.
We further assume that the NP couplings associated with
first-generation down-type quark and leptons are negligible.
However, the coupling to up-type first generation quark can
be nonvanishing via CKM matrix. Since we are mainly
interested in the new couplings associated with second and
third generation fermions, we do not consider the constraints
coming from leptonic/semileptonic KðDÞ meson decay
modes and the K0 − K̄0ðD0 − D̄0Þ mixing. We also do not
consider the decays like Bu → τντ which require new
couplings to the first-generation fermions to have the b →
uτντ transition, which can be chosen to be small without
affecting the b → cτντ transitions, we are interested in.
The VLQ also contributes to loop-level flavor-changing

processes, such as the Bs − B̄s mixing, radiative b → sγ
and b → sνν̄ decays, as well as Z → lil̄j decays. However,
the simple VLQ model considered here is, by itself,
nonrenormalizable, which undermines the predictivity
of these loop-level processes, unless some UV-complete
framework generating the VLQmass is explicitly specified;
see e.g., Refs. [36–39,61,134,135]. Therefore, in the
numerical analysis discussed below, we have considered
only those processes which occur at tree-level through the
exchange of a VLQ to derive constraints on our simplified
model parameter space. However, we will consider a few
loop-level processes for tau LFV prediction (see Sec. VI G)
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and neutrino mass generation (see Sec. VII), which should
be used with caution due to this caveat.

V. NUMERICAL FITS TO
MODEL PARAMETERS

In this section, we consider the NP contributions to both
b → sll and b → cτν̄τ processes, and fit the NP param-
eters by confronting the SM predictions with the observed
data. The expression for χ2 used in our analysis is given by

χ2ðCLQ
i Þ ¼

X
i

½Oth
i ðCLQ

i Þ −Oexp
i �2

ðΔOexp
i Þ2 þ ðΔOth

i Þ2
; ð25Þ

where Oth
i ðCLQ

i Þ are the theoretical predictions for the
observables used in this fit, which depend on the new
Wilson coefficients ðCLQ

i Þ arising due to the VLQ exchange
and ΔOth

i contains the 1σ error from theory. Here Oexp
i

and ΔOexp
i , respectively, represent the corresponding

experimental central value and 1σ uncertainty for the
observables. All feasible new parameters of the VLQ model
with VLQð3; 1; 2=3Þ, which provide a good fit to both b →
sll and b → cτν̄τ data are discussed inRefs. [29,35,62]. For
concreteness, we fix the VLQ mass at MVLQ

¼ 1.2 TeV in
the following analysis, which is consistent with the current
LHC constraints [136].
We consider various possible sets of data to fit different

scenarios of new Wilson coefficients. These different cases
are further classified as follows.
(1) [C-I]: Includes measurement on B decay modes

with only third generation leptons in the final state
(a) C-Ia: Only b → cτν̄τ.
(b) C-Ib: Both b → cτν̄τ and b → sτþτ−.

(2) [C-II]: Includes measurement on B decay modes
with only second generation leptons in the final
state, i.e., b → sμþμ−.

FIG. 2. Constraints on new VLQ couplings which include only LL type operators (Scenario-I) for different sets of observables.
Different colors represent the 1σ, 2σ, and 3σ contours, and the black dot stands for the best-fit value.
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(3) [C-III]: Includes measurement on B decay modes,
which decay either to third generation or second
generation leptons, i.e., b → cτν̄τ, b → sτþτ− and
b → sμþμ−.

In Fig. 2, we show the constraints on new leptoquark
couplings by using different data sets of above discussed
observables for Scenario-I (see Sec. III), which includes
only LL type operators, i.e., CLQ

V1
contribution from b →

cτν̄τ and CLQ
9;10 from b → slþl−. Here, the constraint plots

for the new couplings for C-Ia (left), C-Ib (middle) and C-II
(right) cases are presented in the top panel. The bottom
panel of Fig. 2 represents the constraint plots for C-III in the
λL33 − λL23 (left) and λL32 − λL22 (right) panels. In each plot of
Fig. 2, different colors represent the 1σ, 2σ, and 3σ contours
and the black dot stands for the best-fit value. The
corresponding best-fit values obtained for various cases
are presented in Table I. In this table, we have also provided
the χ2min;VLQþSM=d:o:f as well as the pull¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2SM−χ2best−fit

p
values. For C-Ia case, we have 4 observables with two
parameters for fit; thus the number of degrees of freedom
(d.o.f.) is 2. Here we find χ2min=d:o:f ¼ 2.3=2 ¼ 1.15,
which implies the fit is acceptable. The χ2min=d:o:f for
C-Ib case is found to be 0.58; i.e., the singlet VLQ can
explain both b → cτν̄τ and b → sτþτ− data simultaneously.
We find χ2min;VLQþSM=d:o:f < 1 for both C-II and C-III
cases, which implies the VLQ can accommodate b →
sττðμμÞ anomalies as well as the issues in both b →
sττðμμÞ and b → cτν̄τ very well. This analysis implies
that the presence of only LL type VLQ couplings can
illustrate the B anomalies associated with both b → cτν̄τ
and b → sll kind of processes on equal footing.
In Scenario-II with the new leptoquark couplings of RR

operator type, the constraint on the new couplings asso-
ciated with right-handed quark and lepton singlets is
depicted in Fig. 3. Since the VLQ has no λRij type coupling
contribution to b → cτν̄τ, we fit the new λRij parameters
from only b → sμμ data (C-II case of our analysis).

In Table I, the best-fit values and the χ2min=d:o:f for this
scenario are shown. Here the value of χ2min=d:o:f ¼ 1.04 is
very close to one, implying that the fit is acceptable.
Figure 4 depicts the constraints on LR-type couplings

(Scenario III) associated with unprimed pseudo(scalar)
operators for different sets of data. The corresponding
best-fit values and χ2min=d:o:f for different cases are given in
Table I. The χ2min=d:o:f is found to be 4.235(2.11) for C-Ia
(C-Ib), which means the fit is rather poor. The χ2min=d:o:f
for both C-II and C-III cases are slightly greater than 1.
Thus, the presence of only pseudo(scalar) type couplings
arising due to the exchange of VLQ is not good enough
to explain the anomalies in both b → cτν̄τ and b → sll
processes.
Figure 5 represents constraints on new RL-type cou-

plings (Scenario-IV) obtained from only b → sμμ observ-
ables (C-II case). The obtained best-fit value and χ2min=d:o:f
are give in Table I. We notice that χ2min=d:o:f is slightly

TABLE I. Best-fit values of new VLQ couplings, χ2min=d:o:f and pull values for different cases of all scenarios (S-I, S-II, S-III, S-IV).

Scenarios Cases Couplings Best-fit Values χ2min=d:o:f Pull

S-I

C-Ia ðλL33; λL23Þ (0.451, 0.631) 1.15 2.982
C-Ib ðλL33; λL23Þ (0.475, 0.595) 0.58 2.979
C-II ðλL32; λL22Þ (0.035, 0.035) 0.931 5.78
C-III ðλL33; λL23; λL32; λL22Þ (0.56, 0.51, 0.0351, 0.0351) 0.926 6.1

S-II C-II ðλR32; λR22Þ (0.0315, 0.0315) 1.04 3.499

C-Ia ðλL33; λR23Þ ð0.44;−0.44Þ 4.235 1.65
S-III C-Ib ðλL33; λR23Þ ð0.42;−0.462Þ 2.11 1.66

C-II ðλL32; λR22Þ (0.0254, 0.0254) 1.05 3.049
C-III ðλL33; λR23; λL32; λR22Þ (0.005, 0.005, 0.0258, 0.0258) 1.043 4.28

S-IV C-II ðλR32; λL22Þ (0.0233, 0.0233) 1.063 2.67

FIG. 3. Constraints on new VLQ couplings of RR-type with
quark and lepton singlets (Scenario-II). Here only C-II case is
relevant. Different colors represent the 1σ, 2σ, and 3σ contours,
and the black dot stands for the best-fit value.
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larger than one. Though the fit is not as good as Scenario-I,
but still it is acceptable.
As can be seen from Table I, the case C-III in Scenario-I

with Cμμ
9;NP ¼ −Cμμ

10;NP provides the best-fit to all the
observables in b → sμþμ− and RKð�Þ . This is in agreement
with the recent global-fit results [137] which include the
latest LHCb measurements of RK . If the fit is done
separately, i.e., one for all the data involving b → sμþμ−
and the other for RKð�Þ observables, there is a slight tension
between the NP Wilson coefficients required to explain the
b → sμþμ− and the RKð�Þ data, which can be addressed by
considering NP contribution to b → seþe− process as well
[138]. However, in this case, one has to take into account
the additional constraint from the LFV process μ → eγ.
Since in our framework, the LQ is not coupled to the first
generation of fermions, we do not encounter any NP
contribution to b → seþe− process nor to the LFV process
μ → eγ.

FIG. 4. Constraints on new VLQ couplings which include only LR-type operators (Scenario-III) for different data sets of observables.
Different colors represent the 1σ, 2σ, and 3σ contours, and the black dot stands for the best-fit value.

FIG. 5. Constraints on new VLQ couplings of RL-type with
quark and lepton singlets (Scenario-IV). Different colors re-
present the 1σ, 2σ, and 3σ contours, and the black dot stands for
the best-fit value.
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VI. IMPLICATIONS ON LEPTON FLAVOR
VIOLATING B AND TAU DECAY MODES

This section will be dedicated to the study of LFV two/
three body decay modes of B meson and τ lepton in the
presence of the VLQ, VLQð3; 1; 2=3Þ. The rare leptonic/
semileptonic LFV B channels involving b → sl−i l

þ
j quark-

level transition, occur at tree level due to the exchange of
VLQ. The left panel of Fig. 6 depicts the Feynman diagram
of b → sτμ LFV decay modes at tree level.

The total effective Hamiltonian for b → sl−i l
þ
j processes

in the VLQ model can be written as

Heffðb → sl−i l
þ
j Þ ¼ HVA

eff þHSP
eff ; ð26Þ

where the vector-axial vector (VA) and scalar-pseudoscalar
(SP) parts are given by

HVA
eff ¼−

GFαemffiffiffi
2

p
π

VtbV�
ts½CLQ

9 ðs̄γμPLbÞðl̄iγμljÞþCLQ
10 ðs̄γμPLbÞðl̄iγμγ5ljÞþC0LQ

9 ðs̄γμPRbÞðl̄iγμljÞþC0LQ
10 ðs̄γμPRbÞðl̄iγμγ5ljÞ�;

HSP
eff ¼−

GFαemffiffiffi
2

p
π

VtbV�
ts½CLQ

S ðs̄PRbÞðl̄iljÞþCLQ
P ðs̄PRbÞðl̄iγ5ljÞþC0LQ

S ðs̄PLbÞðl̄iljÞþC0LQ
P ðs̄PLbÞðl̄iγ5ljÞ�: ð27Þ

This leads to the following LFV processes:

A. Bs → l −i l +j
The branching ratio of the LFV Bs → l−i l

þ
j decay process in the presence of VLQ is given as [139]

BRðBs → l−i l
þ
j Þ ¼ τBs

α2emG2
F

64π3M3
Bs

f3Bs
jVtbV�

tsj2λ1=2ðMBs
;mi; mjÞ

×

�
½M2

Bs
− ðmi þmjÞ2�

����ðCLQ
9 − C0LQ

9 Þðmi −mjÞ þ ðCLQ
S − C0LQ

S Þ M2
Bs

mb þms

����2

þ ½M2
Bs
− ðmi −mjÞ2�

����ðCLQ
10 − C0LQ

10 Þðmi þmjÞ þ ðCLQ
P − C0LQ

P Þ M2
Bs

mb þms

����2
�
; ð28Þ

where fBs
is the Bs decay constant and

λða; b; cÞ ¼ a4 þ b4 þ c4 − 2ða2b2 þ b2c2 þ a2c2Þ ð29Þ

is the so-called triangle function.

B. B → Kl −i l +j
The differential branching ratio of B̄ → K̄l−i l

þ
j process is given as [83]

dBR
dq2

ðB̄ → K̄l−i l
þ
j Þ ¼ τB

G2
Fα

2
em

212π5M3
B

βij

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðM2

B;M
2
K; q

2Þ
q

jVtbV�
tsj2

X6
i¼1

Ji; ð30Þ

FIG. 6. Feynman diagrams for lepton-flavor-violating b → sτþμ− (left panel), τ → μϕðηð0ÞÞ (middle panel), and τ → μγ (right panel)
processes mediated via the VLQ.
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where βij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1 −

ðmi þmjÞ2
q2

��
1 −

ðmi −mjÞ2
q2

�s
:

ð31Þ

The coefficients Ji in Eq. (30) are given in Appendix B.

C. B → K�l −i l +j and Bs → ϕl −i l +j
Including the VLQ contribution, the differential branch-

ing ratio of B̄ → K̄�l−i l
þ
j decay process is given by [139]

dBR
dq2

ðB̄ → K̄�l−i l
þ
j Þ

¼ 1

4
½3Ic1ðq2Þ þ 6Is1ðq2Þ − Ic2ðq2Þ − 2Is2ðq2Þ�; ð32Þ

where the expressions for the angular coefficients Iiðq2Þ
are provided in Appendix C. The same expression can be
applied to Bs → ϕlilj process with appropriate changes in
the particles masses and the lifetime of Bs meson.
Assuming that there is no NP contribution to the first-

generation fermions, here we compute the branching
fractions for the LFV decay modes of B meson to second
and third generation leptons only. One can also notice
that the leptoquark couplings required to investigate the
above-defined LFV decay modes are present in the C-III

scenario of our analysis, which includes both b → cτν̄τ and
b → sττðμμÞ types of processes. For the numerical esti-
mates, all the required B meson masses and lifetimes are
taken from PDG [103]. Using fBs

¼ð225.6�1.1�5.4ÞMeV
[140] and the best-fit values of the constrained new
parameters of S-I and S-III from Table I, we present our
predictions on various LFV branching ratios of Bmesons in
Table II. From the table, one can notice that the branching
ratios of the LFV B decays are quite significant in S-I
scenario and are within the reach of Belle or LHCb
experiments. However, the experimental limits on most
of these decay modes are not yet available. The only
LFV channels that have been looked for are Bþ →
Kþμ−τþðμþτ−Þ [141] and Bs → τ�μ∓ [142] for which
we find our predictions for the branching ratios are well
below the current 90% CL experimental upper limits. Our
predictions on branching ratio of Bs → τ�μ∓ process,

BRðBs → τ�μ∓Þ ¼ BRðBs → τþμ−Þ þ BRðBs → τ−μþÞ

¼
�
6.0 × 10−7 for S-I;

1.3 × 10−9 for S-III;
ð33Þ

which are much lower than the current experimental limit at
90% C.L. [142]:

BRðBs → τ�μ∓ÞjExp < 3.4 × 10−5: ð34Þ

TABLE II. Predicted branching ratios of lepton flavor violating decay modes of B meson and τ lepton in the VLQ
model for C-III case in Scenario-I and Scenario-III.

Decay modes

Predicted values

Experimental limit (90% CL)S-I S-III

Bs → μ−τþ 2.7 × 10−7 6.7 × 10−10 <3.4 × 10−5 [142]
Bþ → Kþμ−τþ 1.3 × 10−6 3.0 × 10−10 <2.8 × 10−5 [141]
B̄0 → K̄0μ−τþ 1.2 × 10−6 2.8 × 10−10 …
Bþ → K�þμ−τþ 2.6 × 10−6 1.11 × 10−10 …
B̄0 → K̄�0μ−τþ 2.4 × 10−6 1.0 × 10−10 …
Bs → ϕμ−τþ 3.1 × 10−6 1.4 × 10−10 …
Bs → μþτ− 3.3 × 10−7 6.7 × 10−10 <3.4 × 10−5 [142]
Bþ → Kþμþτ− 1.6 × 10−6 3.0 × 10−10 <4.5 × 10−5 [141]
B̄0 → K̄0μþτ− 1.5 × 10−6 2.8 × 10−10 …
Bþ → K�þμþτ− 3.1 × 10−6 1.1 × 10−10 …
B̄0 → K̄�0μþτ− 2.9 × 10−6 1.0 × 10−10 …
Bs → ϕμþτ− 3.8 × 10−6 1.4 × 10−10 …
ϒð1SÞ → μ−τþ 1.8 × 10−11 7.7 × 10−16 …
ϒð2SÞ → μ−τþ 1.8 × 10−11 7.9 × 10−16 …
ϒð3SÞ → μ−τþ 2.4 × 10−11 1.0 × 10−15 …
ϒð1SÞ → μþτ− 1.8 × 10−11 7.7 × 10−16 …
ϒð2SÞ → μþτ− 1.8 × 10−11 7.9 × 10−16 …
ϒð3SÞ → μþτ− 2.4 × 10−11 1.0 × 10−15 …
τ− → μ−ϕ 2.0 × 10−8 1.0 × 10−12 <8.4 × 10−8 [145]
τ− → μ−η 2.1 × 10−8 1.1 × 10−12 <6.5 × 10−8 [103]
τ− → μ−η0 6.8 × 10−10 3.5 × 10−14 <1.3 × 10−7 [103]
τ− → μ−γ 4.8 × 10−9 … <4.4 × 10−8 [146]
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Our estimated branching ratios of the LFV processes
BðsÞ → ðK;K�;ϕÞμ−τþðμþτ−Þ even for Scenario-III are
reasonable and within the reach of future B-physics experi-
ments, such as LHCb upgrade [143] and Belle-II [144].
In Fig. 7, we show the variation of differential branching

ratios of Bþ → Kþμ−τþ (top-left panel), Bþ → K�þμ−τþ
(top-right panel), and Bs → ϕμ−τþ (bottom panel) proc-
esses with respect to q2 for C-III of Scenario-I in the
presence of VLQ; cf. Eqs. (30), (32).
In the following two subsections, we study the LFV

decay modes of ϒðnSÞ and the τ lepton.

D. ϒðnSÞ → μτ

The Feynman diagram for LFVϒðnSÞ → μτ channel can
be obtained from the diagram for b → sμτ decay mode (left
panel of Fig. 6) by replacing s → b. The branching ratio of
ϒðnSÞ → μ−τþ decay mode is given by [29]

BRðϒðnSÞ→ μ−τþÞ ¼
f2ϒðnSÞm

3
ϒðnSÞ

48πΓϒðnSÞ

�
2−

m2
τ

m2
ϒðnSÞ

−
m4

τ

m4
ϒðnSÞ

�

×
�
1−

m2
τ

m2
ϒðnSÞ

�����λL32λL�33M2
VLQ

����2: ð35Þ

The branching ratio expression for ϒðnSÞ → μþτ− process
can be obtained from ϒðnSÞ → μ−τþ by replacing the LQ

coupling λL32λ
L�
33 → λL33λ

L�
32 . For numerical calculation, we

take all the particle masses and the width of ϒðnSÞ,
n ¼ 1; 2; 3 from PDG [103]. The values of decay constants
of ϒðnSÞ used in our analysis are fϒð1SÞ ¼ð700�16ÞMeV,
fϒð2SÞ ¼ ð496� 21Þ MeV, and fϒð3SÞ ¼ ð430� 21Þ MeV
[29]. The case C-III of both S-I and S-III scenarios include
the LQ couplings required for ϒðnSÞ → μþτ− branching
ratio computation, whose best-fit values are given in
Table I. Now, using all the input parameters, the predicted
branching ratios of ϒðnSÞ → μ−τþ (ϒðnSÞ → μþτ−Þ are
provided in Table II. Using the branching ratio expression
of ϒðnSÞ → μ∓τ� processes as

BRðϒðnSÞ → μ∓τ�Þ ¼ BRðϒðnSÞ → μ−τþÞ
þ BRðϒðnSÞ → μþτ−Þ; ð36Þ

our predictions in the presence of VLQ are given by

BRðϒð1SÞ → μ∓τ�Þ ¼
�
3.6 × 10−11 for S-I;

1.5 × 10−15 for S-III;

BRðϒð2SÞ → μ∓τ�Þ ¼
�
3.6 × 10−11 for S-I;

1.6 × 10−15 for S-III;

BRðϒð3SÞ → μ∓τ�Þ ¼
�
4.8 × 10−11 for S-I;

2.1 × 10−15 for S-III;
ð37Þ

FIG. 7. The q2 variation of branching ratios of Bþ → Kþμ−τþ (top-left panel), Bþ → K�þμ−τþ (top-right panel), and Bs → ϕμ−τþ
(bottom panel) processes in the presence of VLQ.
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which are much lower than the current experimental upper
limits [103]:

BRðϒð1SÞ → μ∓τ�ÞjExp < 6.0 × 10−6 95% CL;

BRðϒð2SÞ → μ∓τ�ÞjExp < 3.3 × 10−6 90% CL;

BRðϒð3SÞ → μ∓τ�ÞjExp < 3.1 × 10−6 90% CL: ð38Þ

E. τ → μϕ

The Feynman diagram for τ → μϕ LFV decay process is
presented in the middle panel of Fig. 6. The branching ratio
of τ → μϕ channel is given by [68]

BRðτ → μϕÞ

¼ ττf2ϕm
4
ϕ

128πm3
τ

���� λL23λL�22 þ λR23λ
R�
22

M2
VLQ

����2

× λ1=2ðm2
ϕ; m

2
τ ; m2

μÞ
�
−1þ ðm2

μ þm2
τÞ

2m2
ϕ

þ ðm2
μ −m2

τÞ2
2m4

ϕ

�
;

ð39Þ

where fϕ is the decay constant of ϕ meson. Using the
values of various masses and lifetime of τ from PDG [103],
fϕ ¼ ð238� 3Þ MeV from Ref. [147] and best-fit values
of required new parameters for C-III case of Scenario-I
and Scenario-III from Table I, we estimate the branching
fraction of τ → μϕ as shown in Table II. We find that the
τ− → μ−ϕ branching ratio is substantially enhanced in S-I
scenario; it is just below the current experimental upper
limit [145] and within the reach of Belle-II experiment.

F. τ → μηð0Þ

The branching ratio of τ → μηð0Þ process is given by [29]

BRðτ → μηð0ÞÞ ¼
ττf2ηð0Þm

3
τ

128π

���� λL23λL�22 þ λR23λ
R�
22

M2
VLQ

����2
�
1 −

m2
ηð0Þ

m2
τ

�
:

ð40Þ

Using fη ≃ −157.63 MeV [29], fη0 ≃ 31.76 MeV [29],
along with other input parameters from [103] and the
best-fit values of LQ couplings from Table I, the estimated
values of branching ratios of τ → μηð0Þ are presented in
Table II, which are found to be well below the current
experimental upper limits.

G. τ → μγ

The right panel of Fig. 6 represents the one loop
Feynman diagram for radiative τ → μγ channel. The
effective Hamiltonian for radiative τ− → μ−γ decay mode
can be expressed as [148]

Heff ¼ eðCLμ̄Rσ
μνFμντL þ CRμ̄Lσ

μνFμντRÞ: ð41Þ

Here σμν is the photon field strength tensor and the Wilson
coefficients CLðRÞ generated due to VLQ exchange are
given as

CL ¼ Nc

16π2M2
VLQ

�
−
1

3
½λL33λL32�f2ðxbÞ þ λR33λ

R
32

�f1ðxbÞ

þ λL33λ
R
32

�f3ðxbÞ þ λR33λ
L
32

�f4ðxbÞ�

þ 2

3
½λL33λL32�f̄2ðxbÞ þ λR33λ

R
32

�f̄1ðxbÞ

þ λL33λ
R
32

�f3ðxbÞ þ λR33λ
L
32

�f4ðxbÞ�
�
; ð42Þ

CR ¼ Nc

16π2M2
VLQ

�
−
1

3
½λL33λL32�f1ðxbÞ þ λR33λ

R
32

�f2ðxbÞ

þ λL33λ
R
32

�f4ðxbÞ þ λR33λ
L
32

�f3ðxbÞ�

þ 2

3
½λL33λL32�f̄1ðxbÞ þ λR33λ

R
32

�f̄2ðxbÞ

þ λL33λ
R
32

�f̄4ðxbÞ þ λR33λ
L
32

�f̄3ðxbÞ�
�
; ð43Þ

where xb ¼ m2
b=M

2
VLQ

, Nc ¼ 3 is the color factor, and
the expression for the loop functions f1;2;3;4ðxbÞ and
f̄1;2;3;4ðxbÞ are given in Appendix D. The branching ratio
of this process is [148]

BRðτ− → μ−γÞ ¼ ττ
ðm2

τ −m2
μÞ3

16πm3
τ

½jCLj2 þ jCRj2�; ð44Þ

where ττ is the lifetime of τ lepton. In the presence of VLQ,
the predicted branching ratio of τ → μγ for C-III of
Scenario-I is given in Table II which is roughly an order
of magnitude below the current experimental limit [146]. It
should be noted that, except for C-III of S-I, none of the
scenarios can provide the required new parameters to study
the τ → μγ process.
Though the muon anomalous magnetic moment gets an

additional contribution through one-loop diagram with
internal VLQ and down-type quark in the loop, the
observed discrepancy cannot be accommodated by using
our predicted allowed parameter space.

VII. RADIATIVE NEUTRINO
MASS GENERATION

With the particle content of the model discussed in
Sec. III, there are no tree level contributions to light neutrino
masses as well as no one-loop level contributions. However,
there is a two-loop contribution to light neutrino masses,
similar to a colored variant of the Zee-Babu model
[149,150], where the lepton doublet is replaced by up-type
quark while the singly and doubly charged scalars are
replaced byVLQand SDQ, respectively. The corresponding
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Feynman diagram for two-loop neutrino mass generation is
displayed in Fig. 8. Somewhat related models with scalar
LQ and SDQ to generate radiative neutrino mass was
studied in Refs. [151,152].
The two-loop contribution to light neutrino masses in the

flavor basis is given by

Mν
αβ ¼ 32λLαjmujμSðλSIÞjkmukλ

L
kβ; ð45Þ

where the finite part of the two-loop integral is given by

I jk ¼
Z

d4k
ð2πÞ4

Z
d4p
ð2πÞ4

1

ðk2 −m2
ujÞ

1

ðk2 −M2
VLQ

Þ

×
1

ðp2 −m2
ukÞ

1

ðp2 −M2
VLQ

Þ
1

ðpþ kÞ2 −M2
SDQ

: ð46Þ

The evaluation of this loop-integral can be done following
Ref. [151]. Assuming that the VLQ and SDQ are much
heavier than the SM quarks in the loop, the loop function
can be reduced to [153]

I jk≃I0 ¼
1

ð4πÞ4
1

ðmax½MVLQ
;MSDQ �Þ2

π2

3
Ĩ
�M2

SDQ

M2
VLQ

�
; ð47Þ

where the function ĨðxÞ has closed-form analytic expres-
sion in the following limits:

ĨðxÞ ¼
�
1þ 3

π2
fðln xÞ2 − 1g for x ≫ 1

1 for x ≪ 1:
ð48Þ

Note that here we have assumed the VLQ loops in Fig. 8 are
regularized with a suitable gauge choice (for instance, the
nonlinear Rξ gauge [154]), without affecting the phenom-
enology discussed here. In general, vector boson propa-
gators cause divergences that result in a bad UV behavior.
Analogous to the SM case where the UV divergence
in gauge boson loops are canceled by the Higgs loop, a
heavy Higgs boson giving masses to the VLQs can cancel
these UV divergences. However, the details depend on
the specific UV-completion; see Refs. [36–39,61,89,
134,135,155,156] for concrete examples. Reference [24]
considered two VLQs (instead of a VLQ and a SDQ as in
our case) to cancel the remaining infinities contained in the

Passarino-Veltman function by summing over both VLQs.
In their case, the neutrino mass can be generated at one-
loop level by Higgs-VLQ mixing.
Since for the flavor anomalies, we have only considered

couplings to third and second generation fermions, and,
therefore, do not have full information on all the λLαj
couplings needed to fit the 3-neutrino oscillation data
using Eq. (45); we will only derive an order-of-magnitude
estimate for the neutrino mass constraint on the model
parameters. For illustration, let us take the Scenario-I
Case-III which provides the best-fit to both b → cτν̄τ
and b → sll anomalies, as discussed in Sec. V. In this
case, the best-fit values of the relevant λL couplings,
ðλL33; λL23Þ ¼ ð0.56; 0.51Þ can be read off from Table I.
Also recall that we have fixed the VLQ mass at MVLQ

¼
1.2 TeV for the flavor anomalies. We still have three
unknowns in Eq. (45), namely, the trilinear mass term
μS, Yukawa coupling λS, and the SDQ mass MSDQ . As we
will see in Sec. VIII, the λS coupling cannot be arbitrarily
large due to collider constraints from diquark searches.
Similarly, the trilinear mass term μS cannot be arbitrarily
large due to perturbativity constraints in the scalar sector,
similar to the Zee-Babu model case [157], and we expect
μS≲minðMVLQ

;MSDQÞ. We will assume μS≪MVLQ
<MSDQ ,

which allows us to have larger λS couplings, while being
consistent with the dijet constraints (see Sec. VIII). In
Fig. 9, we have shown the contours of the neutrino mass
parameter Mν

33 in units of eV in the ðMSDQ ; λSÞ plane for a
fixed μS ¼ 1.0 MeV. For a desired neutrino mass value,
increasing the value of μS will result in a smaller corre-
sponding λS, according to Eq. (45). Here we have taken
muj ¼ muk ¼ mt ¼ 173 GeV in Eq. (45).

FIG. 8. Feynman diagram for two-loop neutrino mass gener-
ation via VLQ and SDQ mediators, cf. Eq. (5).
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FIG. 9. Contours of neutrino mass parameterMν
33 in units of eV

in the SDQ mass MSDQ versus its Yukawa coupling λS plane. The
shaded region is excluded at 95% CL from a recent CMS dijet
resonance search [158].
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VIII. SCALAR DIQUARK AT THE LHC

The new TeV-scale colored particles in our model
predominantly couple to third- and second-generation
fermions, and offer rich phenomenology at current and
future hadron colliders, such as the LHC and its high-
luminosity phase, as well as future hadron colliders. The
collider phenomenology of color-triplet VLQs coupling to
third-generation fermions has been extensively studied; see
e.g., Refs. [159–164]. In our numerical fits for theB-physics
anomalies, we have fixed the VLQmass at 1.2 TeV, which is
consistent with the current LHC constraints [136].
On the other hand, the color-sextet SDQ introduced here

to explain the neutrino mass is not constrained by the
B-physics sector. In this section, we explore the collider
constraints on the SDQ and its future detection prospects.
At the LHC, the SDQ can be either singly produced by the
annihilation of two up-type quarks, or pair-produced via
the gluon-gluon annihilation. The single production has the
advantage for relatively heavy SDQ due to the s-channel
resonance [165,166], so we focus on this channel only. The
single production cross section is governed by the Yukawa
coupling λS in Eq. (5), which in general has a flavor
structure. For simplicity, we assume λS to be proportional to
the identity matrix, so that it couples with equal strength to
uu, cc, and tt. Note that for the neutrino mass generation, it
might suffice to have a nonzero coupling to tt and cc only;
however, for its production at LHC, an SDQ coupling to uu
is desirable due to the large u-quark PDF inside a proton.
Once produced on-shell, the SDQ will decay back

to the diquark final states. For MSDQ ≫ 2mt, the branching
ratios to all quark flavors is roughly the same; for MSDQ

close to the 2mt threshold, one has to include the phase
space suppression factor of ð1−4m2

t =M2
SDQ

Þ3=2 in the S→ tt

partial decay rate. In our model, for MSDQ > 2MVLQ
, the

SDQ can also decay into a pair of VLQs; however, we will
choose the corresponding coupling strength μS to be small,
so that the diquark decay modes are the dominant ones.
A small μS is also favored by the neutrino mass constraint,
if we allow for relatively large λS values.
In Fig. 10, we show the SDQ single production cross

section (normalized to jλSj2 ¼ 1) times branching ratio into
dijet (uuþ cc) and ditop (tt) final states at

ffiffiffi
s

p ¼ 13 TeV
LHC. These numbers were obtained at parton level using
MadGraph5 [167] at the leading order. We have used
NNPDF3.1 PDF sets [168] with default dynamical
renormalization and factorization scales. Also shown is
the current 95% CL upper limit on the dijet cross section
times branching ratio times acceptance from a recent
CMS analysis [158]. Comparing the dijet cross section
with the corresponding CMS upper limit, one can derive an
upper limit on the coupling λS as a function of the SDQ
mass, as shown by the blue shaded region in Fig. 9. We
find that the dijet constraint requires λS ≲ 0.01–0.1 for a
multi-TeV SDQ.

The same-sign top pair (tt) final state offers a promising
test of the SDQ in this model, since the SM background is
very small [170–174]. The current experimental limit at
95% CL from a recent ATLAS analysis [169] is shown in
Fig. 10, which only goes till 3 TeV resonance mass. The
corresponding constraint on λS turns out to be weaker than
the dijet constraint derived above. However, we expect the
ditop sensitivity to improve in the high-luminosity phase
and/or in the future hadron colliders.

IX. ANITA ANOMALY

Recently, the ANITA collaboration has reported two
anomalous upward-going ultrahigh energy cosmic ray
(UHECR) air shower events with deposited shower ener-
gies of 0.6� 0.4 EeV [94] and 0.56þ0.3

−0.2 EeV [95]. This is
difficult to explain within the SM framework due to the low
survival rate (≲10−6) of EeV-energy neutrinos over long
chord lengths in Earth ∼7000 km, even after accounting for
the probability increase due to ντ regeneration [175–178].
Moreover, as pointed out in Refs. [179,180], the strength of
isotropic cosmogenic neutrino flux needed to account for
the two events is in severe tension with the upper limits set
by Pierre Auger [181] and IceCube [182]. Therefore, a NP
explanation with an anisotropic astrophysical source with
some exotic generation and propagation mechanism of
upgoing events is desirable to solve the ANITA anomaly;
see e.g., Refs. [45,67,175,179,180,183–195].
As already pointed out in Ref. [45], the observed ANITA

events can be explained in our VLQ model framework by
including a fermion singlet field χð1; 1; 0Þ, which couples
to the VLQ as given by the last term in Eq. (5). Note that
this is one of the handful of models that admit LQ coupling
to a singlet fermion (aka sterile neutrino) [44,69,196]. This
new coupling leads to the production of χ in the neutrino
interactions with up-type quarks (u, c) in Earth matter
mediated by the VLQ, which can be resonantly enhanced
for TeV-scale VLQ. This occurs for the incoming neutrino

jj LHC13 jj

tt LHC13 tt

2 3 4 5 6 7 8
10 4

0.01

1

100

MSDQ TeV
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b

B
R

FIG. 10. Cross section times branching ratio (normalized to
jλSj2 ¼ 1) in the dijet and ditop channels from the SDQ resonance
at the

ffiffiffi
s

p ¼ 13 TeV LHC. Also shown are the experimental
upper limits at 95% CL from recent LHC dijet [158] and same-
sign top-pair [169] searches.
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energy Eν¼M2
VLQ

=2mNx, wheremN≃1GeV is the nucleon
mass and x is the Bjorken scaling variable, which has an
average value of ∼10−3 for these deep inelastic scattering
processes. The χ being a SM-singlet can in principle be
long-lived and traverses the required chord length before
decaying via the same interactions into a Ds meson and a
charged lepton; see Fig. 11. We will assume that the
charged lepton produced from the χ decay is a tau lepton,
which comes from the λL23 coupling of the VLQ that is also
relevant for the B-anomalies discussed above.
After integrating out the VLQ and performing Fierz

transformation, the relevant interaction Lagrangian obtained
from Eq. (5) becomes

L ⊃
2ðλχÞαλLij
MV2

LQ

ðūRαdiLÞðl̄jLχRÞ; ð49Þ

where the generation indices are as follows: α ¼ 1, 2, 3 and
i, j ¼ 2, 3. Using Eq. (49), the rate of χ → τDs decay mode
is given by

Γðχ → τDþ
s Þ ¼

λ1=2ðM2
χ ;M2

Dþ
s
; m2

τÞ
16πM3

χ

�
λχλ

L
23

M2
VLQ

��M2
Dþ

s
fDþ

s

mc þms

�2

× ðM2
χ −M2

Dþ
s
þm2

τÞ; ð50Þ

wherewe have denoted ðλχÞ2 simply as λχ . Themasses ofDþ
s

meson and τ lepton are taken from PDG [103] and the decay
constant fDþ

s
¼ 257.86 MeV. We simulate the production

of χ by implementing our model file into MadGraph5 [167] at
the leading order and using the NNPDF3.1 PDF sets [168].
This is followed by the decay of χ given by Eq. (50) to
estimate the event rate at ANITA [179]:

N ¼
Z

dEνhAeff · ΔΩi · T ·Φν; ð51Þ

where T ¼ 53 days for the total effective exposure time,
Φν¼2×10−20 ðGeV·cm2 ·s·srÞ−1 for the cosmic neutrino

flux, and hAeff · ΔΩi is the effective area integrated over
the relevant solid angle, averaged over the probability for
interaction and decay to happen over the specified geometry.
The effective area contains all the information of the
geometry, decay width of χ, and the cross section for the
χ production; seeRef. [179] for the explicit expression for an
analogous bino production in supersymmetry. In particular,
the mean lifetime of the χ particle should be fixed at around
0.022 s in the laboratory frame in order to achieve a chord
length of ∼7000 km inside the Earth, as required by the
ANITA observation. Such long lifetime ensures that there
are no direct laboratory constraints on the χ couplings. From
Eq. (51), we know that the overall event number N is a
function of mχ and λχ for a given VLQ mass. Therefore,
comparing the simulated event numbers with the ANITA
observation of two anomalous events gives us the best-fit
parameter region at a given CL. This is shown in Fig. 12,
where the dark and light blue-shaded regions can explain
the ANITA events at 2σ and 3σ CL, respectively, for

FIG. 11. VLQ mediated Feynman diagram for neutrino-quark interaction resulting into production of a long-lived particle χ (left
panel) and the decay of this long-lived particle χ into Dþ

s l− (right panel).

FIG. 12. The 2σ and 3σ preferred region in the ðMχ ; λχÞ
parameter space to explain the ANITA anomalous events in
our VLQ model. The green-shaded region is allowed by the
D0 − D̄0 mixing constraint. In the vertical gray-shaded region,
the χ decay shown in the right panel of Fig. 11 is not
kinematically allowed.
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MVLQ
¼ 1.2 TeV. The vertical gray-shaded region is kine-

matically forbidden for the χ decay shown in the right panel
of Fig. 11. Note that our results for the ANITA-preferred
region in Fig. 12 are slightly different from those given in
Ref. [45].We also include theD0 − D̄0 mixing constraint, as
discussed below.
In presence of the singlet χ, there will be a new

contribution to the D0 − D̄0 mass difference from the
box diagrams with the VLQ and χ flowing in the loop,
as shown in Fig. 13. The effective Hamiltonian forD0 − D̄0

mixing in the presence of VLQ is

HNP
eff ¼ CDD̄ðūγμð1 − γ5ÞcÞðūγμð1 − γ5ÞcÞ; ð52Þ

where the NP Wilson coefficient is given as

CDD̄ ¼ λ4χ
128π2M2

VLQ

Fðxχ ; xχÞ; ð53Þ

with xχ ¼ M2
χ=M2

VLQ
and the loop function

Fðxi; xjÞ ¼
1

ð1 − xiÞð1 − xjÞ
þ x2i log xi
ð1 − xiÞ2ðxi − xjÞ

þ x2j log xj
ð1 − xjÞ2ðxj − xiÞ

: ð54Þ

The SM contribution to the mass difference is negligible
and the corresponding measured value is given by [103]

ΔMD ¼ 0.0095þ0.0041
−0.0044 ps−1: ð55Þ

The green-shaded region in Fig. 12 shows the allowed
parameter space from this constraint.
The presence of χ also leads to an additional contribution

to the Bþ
c → τþν process, via a diagram similar to the right

panel of Fig. 11 (with s replaced by b), since the χ
practically behaves like a neutrino for the energies involved
in the B-decays. The corresponding branching ratio is
given by

BRðBþ
c →lþχÞ¼ τBc

λðM2
Bc
;m2

l;M
2
χÞ1=2

8πM3
Bc

�
λχλ

L
3j

M2
VLQ

�2

×

�M2
Bþ
c
fBþ

c

mbþmc

�2

ðM2
Bc
−m2

l−M2
χÞ: ð56Þ

For MBc
¼ 6.25 GeV and mτ ¼ 1.77ðmμ ¼ 0.106Þ GeV

[103], the maximum mass value of χ for which the
Bþ
c → lþχ process can occur kinematically is Mχ ¼

4.47ð6.144Þ GeV. However, from Fig. 12, we see that
the overlap between the ANITA andΔmD preferred regions
occurs only between Mχ ¼ ½6; 30� GeV. Hence, the Bþ

c →
τþχ decay is not relevant here.

X. CONCLUSION

The recently observed various flavor anomalies in the
CC and NC mediated semileptonic Bmeson decays may be
considered as one of the most compelling hints of NP at the
TeV scale. To explain these intriguing sets of discrepancies
in a coherent manner using a single framework is a
challenging task, as the NP scales involved in the CC
and NC sectors are significantly different from each other.
To achieve this goal, in this article we considered a minimal
extension of the SM with an additional TeV scale vector
leptoquark, which transforms as ð3; 1; 2=3Þ under the SM
gauge group. The interesting feature of this model frame-
work is that both the transitions b → cτν̄τ and b → slþl−

occur at the tree level through the exchange of the VLQ,
and it also provides the required NP contributions to
simultaneously resolve the anomalies. Assuming that NP
can couple only to second and third generation fermions
and taking into account all possible chiral couplings (LL,
RR, LR, RL) of the SM quarks and charged leptons with
the LQ, we performed a global fit to constrain the NP
parameters by using the observables associated with b →
sμ−μþðτ−τþÞ and b → cτν̄τ transitions. We find that for a
TeV-scale VLQ, only the LL-type couplings can simulta-
neously explain both b → slþl− and b → cτν̄τ anomalies
with a χ2min=d:o:f: < 1. The model predictions for lepton
flavor violating B-meson, ϒðnSÞ and τ-lepton decays
(see Table II) can be used to test this scenario in the

FIG. 13. Feynman diagram for one loop box diagram for D0 − D̄0 mixing mediated by the singlet χ and the VLQ.
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future B-physics experiments, such as LHCb upgrade and
Belle-II.
In addition, augmenting the VLQ model with a color-

sextet SDQ can explain the neutrino mass at two-loop
level (see Sec. VII). We discussed the LHC constraints on
the SDQ mass and Yukawa coupling with up-type quarks,
and identified the same-sign top-pair production as an
excellent probe of this scenario for a multi-TeV SDQ
in the future high-energy collider experiments, such as
high-luminosity LHC (see Sec. VIII). Further, adding a
GeV-scale SM-singlet fermion to the VLQ model can
also explain the ANITA anomalous upgoing events. It

was shown to be consistent with the D0 −D0 mixing
constraint (see Fig. 12). In summary, we have proposed a
unified explanation of the flavor anomalies, radiative
neutrino mass and ANITA events. Different aspects of
the model can be tested in future collider and B-physics
experiments.
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APPENDIX A: EXPERIMENTAL DATA
USED IN FIT

The experimental measured central values, statistical and
systematic uncertainties of all the observables used in our
analysis are presented in the following Tables III–VII.

APPENDIX B: B → Klilj

The matrix elements of the various hadronic currents
between the Bmeson and the K meson can be parametrized
in terms of the form factors fþ and f0 as [100]

hKðpKÞjs̄γμbjB̄ðpBÞi ¼ ð2pB − qÞμfþðq2Þ

þM2
B −M2

K

q2
qμ½f0ðq2Þ − fþðq2Þ�:

ðB1Þ

The coefficients Ji appearing in the differential branching
ratio of B → Klilj [Eq. (30)] are given by [83]

J1 ¼ 4

��
1 −

ðmi −mjÞ2
q2

�
1

3
ð2q2 þ ðmi þmjÞ2ÞjH0

V j2

þ ðmi −mjÞ2
q2

ðq2 − ðmi þmjÞ2ÞjHt
V j2

�
;

J2 ¼ 4

��
1 −

ðmi þmjÞ2
q2

�
1

3
ð2q2 þ ðmi −mjÞ2ÞjH0

Aj2

þ ðmi þmjÞ2
q2

ðq2 − ðmi −mjÞ2ÞjHt
Aj2

�
;

J3 ¼ 4½q2 − ðmi þmjÞ2�jHSj2;
J4 ¼ 4½q2 − ðmi −mjÞ2�jHPj2;

J5 ¼ 8
ðmi −mjÞffiffiffiffiffi

q2
p ½q2 − ðmi þmjÞ2�Re½Ht

VH
�
S�;

J6 ¼ 8
ðmi þmjÞffiffiffiffiffi

q2
p ½q2 − ðmi −mjÞ2�Re½Ht

AH
�
P�: ðB2Þ

The expression for the helicity amplitudes, which depends
on the form factors and new LQ couplings are given by [83]

TABLE III. Experimental measurements on the differential
branching ratios of Bþ → Kþμþμ− [3], B0 → K0μþμ− [3], Bþ →
K�þμþμ− [3], B0 → K�0μþμ− [197], and Bs → ϕμþμ− [6] proc-
esses in bins of q2. Here the first uncertainties are statistical, the
second are systematic, and the third arise due to the uncertainty on
the B0 → J=ψK�0 (B0

s → J=ψϕ) and J=ψ → μþμ−.

Decay processes q2 bin (GeV2) dBR=dq2 × 10−7ðGeV−2Þ
Bþ → Kþμþμ− 0.10<q2<0.98 0.332�0.018�0.017

1.1<q2<2.0 0.233�0.015�0.012
2.0<q2<3.0 0.282�0.016�0.014
3.0<q2<4.0 0.254�0.015�0.013
4.0<q2<5.0 0.221�0.014�0.011
5.0<q2<6.0 0.231�0.014�0.012
1.1<q2<6.0 0.242�0.007�0.012

B0 → K0μþμ− 0.10<q2<2.0 0.122þ0.059
−0.052�0.006

2.0<q2<4.0 0.187þ0.055
−0.049�0.009

4.0<q2<6.0 0.173þ0.053
−0.048�0.009

1.1<q2<6.0 0.187þ0.035
−0.032�0.009

Bþ → K�þμþμ− 0.10<q2<2.0 0.592þ0.144
−0.130�0.004

2.0<q2<4.0 0.559þ0.159
−0.144�0.038

4.0<q2<6.0 0.249þ0.110
−0.096�0.017

1.1<q2<6.0 0.366þ0.083
−0.076�0.026

B0 → K�0μþμ− 0.10<q2<0.98 1.016þ0.067
−0.073�0.029�0.069

1.1<q2<2.5 0.326þ0.032
−0.031�0.010�0.022

2.5<q2<4.0 0.334þ0.031
−0.033�0.009�0.023

4.0<q2<6.0 0.354þ0.027
−0.026�0.009�0.024

1.1<q2<6.0 0.342þ0.017
−0.017�0.009�0.023

Bs → ϕμþμ− 0.10<q2<2.0 0.585þ0.073
−0.069�0.014�0.044

2.0<q2<5.0 0.256þ0.042
−0.039�0.006�0.019

1.0<q2<6.0 0.258þ0.033
−0.031�0.008�0.019
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TABLE IV. CP-averaged angular observables of B0 → K�0μþμ− process in bins of q2, evaluated using the method
of moments [197]. We have used the q2 ∈ ½1.1; 6.0� bin result evaluated by the unbinned maximum likelihood fit.
Here the first uncertainties are statistical and the second are systematic.

Observable q2 bin (GeV2) Measurement Observable q2 bin (GeV2) Measurement

FL 0.10 < q2 < 0.98 0.242þ0.058
−0.056 � 0.026 AFB 0.10 < q2 < 0.98 −0.138þ0.095

−0.092 � 0.072
1.1 < q2 < 2.0 0.768þ0.141

−0.130 � 0.025 1.1 < q2 < 2.0 −0.333þ0.115
−0.130 � 0.012

2.0 < q2 < 3.0 0.690þ0.113
−0.082 � 0.023 2.0 < q2 < 3.0 −0.158þ0.080

−0.090 � 0.008
3.0 < q2 < 4.0 0.873þ0.154

−0.105 � 0.023 3.0 < q2 < 4.0 −0.041þ0.091
−0.091 � 0.002

4.0 < q2 < 5.0 0.899þ0.106
−0.104 � 0.023 4.0 < q2 < 5.0 0.052þ0.080

−0.080 � 0.004
5.0 < q2 < 6.0 0.644þ0.130

−0.121 � 0.025 5.0 < q2 < 6.0 0.057þ0.094
−0.090 � 0.006

1.1 < q2 < 6.0 0.690þ0.035
−0.036 � 0.017 1.1 < q2 < 6.0 −0.075þ0.032

−0.034 � 0.007

S3 0.10 < q2 < 0.98 −0.014þ0.059
−0.060 � 0.008 S4 0.10 < q2 < 0.98 0.039þ0.091

−0.090 � 0.015
1.1 < q2 < 2.0 0.065þ0.137

−0.127 � 0.007 1.1 < q2 < 2.0 0.127þ0.190
−0.180 � 0.027

2.0 < q2 < 3.0 0.006þ0.100
−0.100 � 0.007 2.0 < q2 < 3.0 −0.339þ0.115

−0.140 � 0.041
3.0 < q2 < 4.0 0.078þ0.131

−0.122 � 0.008 3.0 < q2 < 4.0 −0.046þ0.193
−0.196 � 0.046

4.0 < q2 < 5.0 0.200þ0.101
−0.097 � 0.007 4.0 < q2 < 5.0 −0.148þ0.154

−0.154 � 0.047
5.0 < q2 < 6.0 −0.122þ0.119

−0.126 � 0.009 5.0 < q2 < 6.0 −0.273þ0.174
−0.184 � 0.048

1.1 < q2 < 6.0 0.012þ0.038
−0.038 � 0.004 1.1 < q2 < 6.0 −0.155þ0.057

−0.056 � 0.004

S5 0.10 < q2 < 0.98 0.129þ0.068
−0.068 � 0.011 S7 0.10 < q2 < 0.98 0.038þ0.063

−0.062 � 0.009
1.1 < q2 < 2.0 0.286þ0.168

−0.172 � 0.009 1.1 < q2 < 2.0 −0.293þ0.180
−0.176 � 0.005

2.0 < q2 < 3.0 0.206þ0.131
−0.115 � 0.009 2.0 < q2 < 3.0 −0.252þ0.127

−0.151 � 0.002
3.0 < q2 < 4.0 −0.110þ0.163

−0.169 � 0.004 3.0 < q2 < 4.0 0.171þ0.175
−0.158 � 0.002

4.0 < q2 < 5.0 −0.306þ0.138
−0.141 � 0.004 4.0 < q2 < 5.0 −0.082þ0.129

−0.128 � 0.001
5.0 < q2 < 6.0 −0.095þ0.137

−0.142 � 0.004 5.0 < q2 < 6.0 0.038þ0.135
−0.135 � 0.002

1.1 < q2 < 6.0 −0.023þ0.050
−0.049 � 0.005 1.1 < q2 < 6.0 −0.077þ0.050

−0.049 � 0.006

S8 0.10 < q2 < 0.98 0.063þ0.079
−0.080 � 0.009 S9 0.10 < q2 < 0.98 −0.113þ0.061

−0.063 � 0.004
1.1 < q2 < 2.0 −0.114þ0.185

−0.196 � 0.006 1.1 < q2 < 2.0 −0.110þ0.140
−0.138 � 0.001

2.0 < q2 < 3.0 −0.176þ0.149
−0.165 � 0.006 2.0 < q2 < 3.0 −0.000þ0.100

−0.102 � 0.003
3.0 < q2 < 4.0 0.097þ0.189

−0.184 � 0.002 3.0 < q2 < 4.0 −0.203þ0.112
−0.132 � 0.002

4.0 < q2 < 5.0 0.107þ0.144
−0.146 � 0.003 4.0 < q2 < 5.0 0.181þ0.105

−0.099 � 0.001
5.0 < q2 < 6.0 −0.037þ0.160

−0.159 � 0.003 5.0 < q2 < 6.0 −0.080þ0.117
−0.120 � 0.001

1.1 < q2 < 6.0 0.028þ0.058
−0.057 � 0.008 1.1 < q2 < 6.0 0.064þ0.042

−0.041 � 0.004

TABLE V. CP asymmetries of B0 → K�0μþμ− process in bins of q2, evaluated using the method of moments
[197]. We have used the q2 ∈ ½1.1; 6.0� bin result evaluated by the unbinned maximum likelihood fit. Here the first
uncertainties are statistical and the second are systematic.

Observable q2 bin (GeV2) Measurement Observable q2 bin (GeV2) Measurement

A3 0.10 < q2 < 0.98 −0.040þ0.059
−0.061 � 0.007 A4 0.10 < q2 < 0.98 −0.047þ0.090

−0.092 � 0.013
1.1 < q2 < 2.0 −0.134þ0.126

−0.136 � 0.003 1.1 < q2 < 2.0 0.283þ0.191
−0.181 � 0.028

2.0 < q2 < 3.0 −0.018þ0.101
−0.100 � 0.001 2.0 < q2 < 3.0 −0.261þ0.146

−0.123 � 0.042
3.0 < q2 < 4.0 −0.118þ0.120

−0.132 � 0.007 3.0 < q2 < 4.0 0.002þ0.194
−0.196 � 0.045

4.0 < q2 < 5.0 −0.064þ0.098
−0.098 � 0.005 4.0 < q2 < 5.0 0.076þ0.155

−0.154 � 0.047
5.0 < q2 < 6.0 −0.076þ0.119

−0.122 � 0.004 5.0 < q2 < 6.0 −0.457þ0.174
−0.187 � 0.048

1.1 < q2 < 6.0 −0.173þ0.070
−0.079 � 0.006 1.1 < q2 < 6.0 −0.168þ0.086

−0.085 � 0.008

(Table continued)
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TABLE V. (Continued)

Observable q2 bin (GeV2) Measurement Observable q2 bin (GeV2) Measurement

A5 0.10 < q2 < 0.98 −0.008þ0.066
−0.066 � 0.011 A7 0.10 < q2 < 0.98 0.112þ0.064

−0.062 � 0.010
1.1 < q2 < 2.0 −0.110þ0.166

−0.176 � 0.008 1.1 < q2 < 2.0 −0.193þ0.167
−0.200 � 0.006

2.0 < q2 < 3.0 0.028þ0.124
−0.120 � 0.008 2.0 < q2 < 3.0 −0.162þ0.130

−0.144 � 0.003
3.0 < q2 < 4.0 0.015þ0.167

−0.168 � 0.005 3.0 < q2 < 4.0 −0.004þ0.165
−0.12 � 0.003

4.0 < q2 < 5.0 −0.051þ0.143
−0.142 � 0.005 4.0 < q2 < 5.0 −0.146þ0.13

−0.13 � 0.003
5.0 < q2 < 6.0 −0.011þ0.139

−0.139 � 0.006 5.0 < q2 < 6.0 0.116þ0.124
−0.121 � 0.003

1.1 < q2 < 6.0 −0.059þ0.071
−0.073 � 0.011 1.1 < q2 < 6.0 0.041þ0.083

−0.082 � 0.004

A8 0.10 < q2 < 0.98 0.021þ0.080
−0.080 � 0.012 A9 0.10 < q2 < 0.98 0.043þ0.062

−0.062 � 0.009
1.1 < q2 < 2.0 0.130þ0.203

−0.180 � 0.008 1.1 < q2 < 2.0 −0.126þ0.136
−0.153 � 0.010

2.0 < q2 < 3.0 −0.060þ0.152
−0.161 � 0.006 2.0 < q2 < 3.0 0.013þ0.102

−0.101 � 0.007
3.0 < q2 < 4.0 0.005þ0.188

−0.185 � 0.003 3.0 < q2 < 4.0 −0.129þ0.115
−0.125 � 0.003

4.0 < q2 < 5.0 0.183þ0.150
−0.146 � 0.001 4.0 < q2 < 5.0 0.160þ0.103

−0.100 � 0.008
5.0 < q2 < 6.0 −0.195þ0.156

−0.167 � 0.007 5.0 < q2 < 6.0 −0.001þ0.118
−0.120 � 0.002

1.1 < q2 < 6.0 0.004þ0.093
−0.095 � 0.005 1.1 < q2 < 6.0 0.062þ0.078

−0.072 � 0.004

TABLE VI. Form-factor-independent optimized observables of B0 → K�0μþμ− process in bins of q2, evaluated
using the method of moments [197]. We have used the q2 ∈ ½1.1; 6.0� bin result evaluated by the unbinned
maximum likelihood fit. Here the first uncertainties are statistical and the second are systematic.

Observable q2 bin (GeV2) Measurement Observable q2 bin (GeV2) Measurement

P1 0.10 < q2 < 0.98 −0.038þ0.157
−0.158 � 0.020 P2 0.10 < q2 < 0.98 −0.119þ0.080

−0.081 � 0.063
1.1 < q2 < 2.0 0.439þ1.916

−1.013 � 0.012 1.1 < q2 < 2.0 −0.667þ0.149
−1.939 � 0.017

2.0 < q2 < 3.0 0.055þ0.677
−0.756 � 0.007 2.0 < q2 < 3.0 −0.323þ0.147

−0.316 � 0.033
3.0 < q2 < 4.0 0.421þ18.35

−1.190 � 0.018 3.0 < q2 < 4.0 −0.117þ0.485
−4.435 � 0.015

4.0 < q2 < 5.0 2.296þ17.71
−0.694 � 0.024 4.0 < q2 < 5.0 0.174þ3.034

−0.376 � 0.010
5.0 < q2 < 6.0 −0.540þ0.521

−1.100 � 0.025 5.0 < q2 < 6.0 0.089þ0.227
−0.155 � 0.012

1.1 < q2 < 6.0 0.080þ0.248
−0.245 � 0.044 1.1 < q2 < 6.0 −0.162þ0.072

−0.073 � 0.010

P3 0.10 < q2 < 0.98 0.147þ0.086
−0.080 � 0.005 P0

4 0.10 < q2 < 0.98 0.086þ0.221
−0.209 � 0.026

1.1 < q2 < 2.0 0.363þ1.088
−0.506 � 0.001 1.1 < q2 < 2.0 −0.266þ0.648

−0.406 � 0.057
2.0 < q2 < 3.0 0.005þ0.362

−0.364 � 0.012 2.0 < q2 < 3.0 −0.765þ0.271
−0.359 � 0.099

3.0 < q2 < 4.0 0.905þ17.51
−0.258 � 0.009 3.0 < q2 < 4.0 −0.134þ0.810

−1.343 � 0.108
4.0 < q2 < 5.0 −0.801þ0.221

−17.42 � 0.007 4.0 < q2 < 5.0 −0.415þ0.438
−1.911 � 0.104

5.0 < q2 < 6.0 0.178þ0.465
−0.286 � 0.007 5.0 < q2 < 6.0 −0.561þ0.345

−0.465 � 0.101
1.1 < q2 < 6.0 0.205þ0.135

−0.134 � 0.017 1.1 < q2 < 6.0 −0.336þ0.124
−0.122 � 0.012

P0
5 0.10 < q2 < 0.98 0.300þ0.171

−0.152 � 0.023 P0
6 0.10 < q2 < 0.98 0.086þ0.152

−0.145 � 0.024
1.1 < q2 < 2.0 −0.632þ0.347

−0.753 � 0.009 1.1 < q2 < 2.0 −0.244þ0.433
−0.645 � 0.012

2.0 < q2 < 3.0 −0.176þ0.149
−0.165 � 0.006 2.0 < q2 < 3.0 −0.000þ0.100

−0.102 � 0.003
3.0 < q2 < 4.0 −0.549þ0.276

−0.393 � 0.005 3.0 < q2 < 4.0 −0.393þ0.332
−0.388 � 0.002

4.0 < q2 < 5.0 0.449þ19.04
−0.397 � 0.007 4.0 < q2 < 5.0 0.303þ1.394

−0.719 � 0.006
5.0 < q2 < 6.0 −0.799þ0.266

−18.19 � 0.022 5.0 < q2 < 6.0 −0.215þ0.397
−1.243 � 0.006

1.1 < q2 < 6.0 −0.049þ0.107
−0.108 � 0.014 1.1 < q2 < 6.0 −0.166þ0.108

−0.108 � 0.021

P0
8 0.10 < q2 < 0.98 0.143þ0.195

−0.184 � 0.022
1.1 < q2 < 2.0 −0.244þ0.433

−0.645 � 0.012
2.0 < q2 < 3.0 −0.393þ0.332

−0.388 � 0.002
3.0 < q2 < 4.0 0.303þ1.394

−0.719 � 0.006
4.0 < q2 < 5.0 0.293þ1.522

−0.441 � 0.006
5.0 < q2 < 6.0 −0.068þ0.338

−0.372 � 0.006
1.1 < q2 < 6.0 0.060þ0.122

−0.124 � 0.009
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H0
V ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðM2

B;M
2
K; q

2Þ
q2

s
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9 Þfþðq2Þ;

Ht
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B −M2
Kffiffiffiffiffi

q2
p ðCLQ
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9 Þf0ðq2Þ;

H0
A ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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B;M
2
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2Þ
q2

s
ðCLQ

10 þ C0LQ
10 Þfþðq2Þ;

Ht
A ¼ M2

B −M2
Kffiffiffiffiffi

q2
p ðCLQ

10 þ C0LQ
10 Þf0ðq2Þ;

HS ¼
M2

B −M2
K

mb
ðCLQ
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S Þf0ðq2Þ;

HP ¼ M2
B −M2

K

mb
ðCLQ

P þ C0LQ
P Þf0ðq2Þ: ðB3Þ

APPENDIX C: B → K�lilj

The matrix elements of the various hadronic currents
between the B meson and the K� vector meson can be
parametrized as [198]

hK�ðpK� Þjs̄γμPL;RbjBðpÞi

¼ iϵμναβϵν�pαqβ
VðsÞ

MB þMK�
∓ 1

2

�
ϵ�μðMB þMK�ÞA1ðq2Þ

− ðϵ� · qÞð2p− qÞμ
A2ðq2Þ

MB þMK�

−
2MK�

s
ðϵ� · qÞ½A3ðq2Þ−A0ðq2Þ�qμ

�
; ðC1Þ

where

A3ðq2Þ ¼
ðMB þMK�Þ

2MK�
A1ðq2Þ −

ðMB −MK� Þ
2MK�

A2ðq2Þ:

ðC2Þ

The angular coefficients Iiðq2Þ appearing in Eq. (32) are
given by [157]

Is1ðq2Þ ¼ ½jAL⊥j2 þ jAkj2 þ ðL → RÞ� λq þ 2½q4 − ðm2
i −m2

jÞ2�
4q4

þ 4mimj

q2
ReðAL

kA
R�
k þ AL⊥AR�⊥ Þ;

Ic1ðq2Þ ¼ ½jAL
0 j2 þ jAR

0 j2�
q4 − ðm2

i −m2
jÞ2

q4
þ 8mimj

q2
ReðAL

0A
R�
0 − AL

t AR�
t Þ

− 2
ðm2

i −m2
jÞ2 − q2ðm2

i þm2
jÞ

q4
ðjAL

t j2 þ jAR
t j2Þ;

Is2ðq2Þ ¼
λq
4q4

½jAL⊥j2 þ jAkj2 þ ðL → RÞ�;

Ic2ðq2Þ ¼ −
λq
q4

ðjAL
0 j2 þ jAR

0 j2Þ; ðC3Þ

TABLE VII. CP-averaged angular observables andCP asymmetries of Bs → ϕμþμ− process in bins of q2, evaluated using the method
of moments [6]. Here the first uncertainties are statistical and the second are systematic.

Observables q2 bin (GeV2) Measurement Observables q2 bin (GeV2) Measurement

FL 0.10 < q2 < 2.0 0.20þ0.08
−0.09 � 0.02 S3 0.10 < q2 < 2.0 −0.05þ0.13

−0.13 � 0.01
2.0 < q2 < 5.0 0.69þ0.16

−0.13 � 0.03 2.0 < q2 < 5.0 −0.06þ0.19
−0.23 � 0.01

1.0 < q2 < 6.0 0.63þ0.09
−0.09 � 0.03 1.0 < q2 < 6.0 −0.02þ0.12

−0.13 � 0.01
S4 0.10 < q2 < 2.0 0.27þ0.28

−0.18 � 0.015 S7 0.10 < q2 < 2.0 0.04þ0.12
−0.12 � 0.0

2.0 < q2 < 5.0 −0.47þ0.30
−0.44 � 0.01 2.0 < q2 < 5.0 −0.03þ0.18

−0.23 � 0.01
1.0 < q2 < 6.0 −0.19þ0.14

−0.13 � 0.01 1.0 < q2 < 6.0 −0.03þ0.14
−0.14 � 0.00

A5 0.10 < q2 < 2.0 −0.02þ0.13
−0.13 � 0.00 A6 0.10 < q2 < 2.0 −0.19þ0.15

−0.15 � 0.01
2.0 < q2 < 5.0 0.09þ0.28

−0.22 � 0.01 2.0 < q2 < 5.0 0.09þ0.20
−0.19 � 0.02

1.0 < q2 < 6.0 0.20þ0.13
−0.13 � 0.00 1.0 < q2 < 6.0 0.08þ0.12

−0.11 � 0.01
A8 0.10 < q2 < 2.0 0.10þ0.14

−0.14 � 0.00 A9 0.10 < q2 < 2.0 0.03þ0.14
−0.14 � 0.01

2.0 < q2 < 5.0 0.19þ0.26
−0.21 � 0.01 2.0 < q2 < 5.0 −0.13þ0.24

−0.30 � 0.01
1.0 < q2 < 6.0 −0.00þ0.15

−0.17 � 0.00 1.0 < q2 < 6.0 −0.01þ0.13
−0.13 � 0.01
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with λq ¼ λðm2
i ; m

2
j ; q

2Þ, with the triangle function λða; b; cÞ defined in Eq. (29). The transversity amplitudes in terms of
form factors and new Wilson coefficients are given as [157]
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with

NK� ðq2Þ ¼ VtbV�
ts

�
τBd

α2emG2
F

3 × 210π5M3
B

λ1=2B λ1=2q

�
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and λB ¼ λðM2
B;M

2
K� ; q2Þ.

APPENDIX D: τ → μγ

The loop functions required to compute τ → μγ decay mode in the presence of VLQ are [148]

f1ðxbÞ ¼ mτ

�
−5x3b þ 9x2b − 30xb þ 8

12ðxb − 1Þ3 þ 3x2b ln xb
2ðxb − 1Þ4

�
;
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�
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�
;
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�
;
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m2
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�
;
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�
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�
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