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Building on our recent proposal to explain the experimental hints of new physics in B meson decays
within the framework of Pati-Salam quark-lepton unification, through the interactions of the ð3; 1Þ2=3 vector
leptoquark, we construct a realistic model of this type based on the gauge group SUð4ÞL × SUð4ÞR ×
SUð2ÞL × Uð1Þ0 and consistent with all experimental constraints. The key feature of the model is that SUð4ÞR
is broken at a high scale, which suppresses right-handed lepton flavor changing currents at the low scale and
evades the stringent bounds from searches for lepton flavor violation. Themass of the leptoquark can be as low
as 10TeVwithout the need to introducemixing of quarks or leptonswith newvectorlike fermions.We provide
a comprehensive list of model-independent bounds from low energy processes on the couplings in the
effective Hamiltonian that arises from generic leptoquark interactions, and then apply these to the model
presented here. We discuss various meson decay channels that can be used to probe the model and we
investigate the prospects for discovering the new gauge boson at future colliders.
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I. INTRODUCTION

The Standard Model (SM) provides a remarkably suc-
cessful description of nature at the elementary particle level
and, so far, there are only a handful of experimental
indications of deviations from its predictions. Perhaps the
most significant direct hint of physics beyond the SM are
the recently observed anomalies in B meson decays [1,2],
which suggest that lepton universality might be violated.
Assuming that those anomalies are not a result of exper-
imental systematics, they are best accounted for by the vector
leptoquark ð3; 1Þ2=3 or ð3; 3Þ2=3 [3–5]. However, building
viable UV complete models involving those particles is
challenging, especially in light of very stringent constraints
on lepton flavor violation (LFV) from various experimental
searches.
The first attempt to construct a vector leptoquark model

for the RKð�Þ anomalies was made in [6], where we proposed
that the vector leptoquark ð3; 1Þ2=3 explaining the anoma-
lies might be the gauge boson of a theory with Pati-Salam
unification. The conclusion was that the minimal model
based on SUð4Þ × SUð2ÞL × SUð2ÞR is not capable of this
because of strict bounds on kaon and B meson rare decays
[7–12]. The underlying problem in that model arises from
the interference between left-handed (LH) and right-handed

(RH) lepton flavor changing currents. We outlined a
possible solution to this: extending the gauge group to
SUð4ÞL × SUð4ÞR × SUð2ÞL × Uð1Þ0 and breaking SUð4ÞR
at a high scale, such that the RH lepton flavor changing
currents are suppressed.
Aviable realization of this idea is the subject of this paper.

We demonstrate that a Pati-Salam gauge leptoquark as light
as 10 TeV can explain the RKð�Þ anomalies and remain
consistent with all experimental bounds without introducing
any mixing of quarks and leptons with new fermions. We
discuss in detail the constraints arising from LFV searches
and show that the absence of RH lepton flavor changing
currents relaxes the bounds considerably. The model is
expected to have clean signatures at future colliders, which
we investigate in the case of the prospective 100 TeV
machine.
Several other models for the flavor anomalies based on

Pati-Salam unification have been proposed, some appear-
ing almost immediately after our initial work [13–19].
Those models overcome the experimental constraints by
mixing all or a subset of SM quarks and leptons with new
vectorlike fermions. Other approaches to account for the
B meson decay anomalies involving scalar leptoquarks or
Z0 rather than vector leptoquarks have been also proposed
(see, e.g., [20–27]).
In Appendix C we provide a model-independent analysis

of the low energy consequences of a ð3; 1Þ2=3 vector
leptoquark that interacts with both LH and RH fields.
We present an extensive list of bounds from flavor physics
on generic coupling constants in this model-independent
approach; Appendix C is thus a resource in its own right, of
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use to researchers interested in any specific model of this
type. Appendix D is one such example, where we apply the
results of Appendix C to the specific Pati-Salam model
constructed in this work. The calculations in Appendix C
update and extend previous results [7–12]. For instance, for
B decays we use the most recent lattice results for the form
factors [28], which weaken the bounds considerably com-
pared to assuming the nonphysical values fþ¼f0¼1
adopted previously in the literature.

II. THE MODEL

The theory we propose is based on the gauge group

SUð4ÞL × SUð4ÞR × SUð2ÞL × Uð1Þ0: ð1Þ

The crucial feature of the model is that the subgroup SUð4ÞR
is broken at a much higher scale than SUð4ÞL, leading to a
suppression of RH lepton flavor changing currents.

1. Fermion particle content

The matter fields in the model, along with their decom-
position into SUð3Þc × SUð2ÞL × Uð1ÞY multiplets, are

Ψ̂L ¼ ð4; 1; 2; 0Þ ¼ ð3; 2Þ1
6
⊕ ð1; 2Þ−1

2
;

Ψ̂u
R ¼

�
1; 4; 1;

1

2

�
¼ ð3; 1Þ2

3
⊕ ð1; 1Þ0;

Ψ̂d
R ¼

�
1; 4; 1;−

1

2

�
¼ ð3; 1Þ−1

3
⊕ ð1; 1Þ−1;

χ̂L ¼ ð4̄; 1; 2; 0Þ ¼ ð3̄; 2Þ−1
6
⊕ ð1; 2Þ1

2
;

χ̂R ¼ ð1; 4̄; 2; 0Þ ¼ ð3̄; 2Þ−1
6
⊕ ð1; 2Þ1

2
ð2Þ

for each generation, where Ψ̂L, Ψ̂u
R, Ψ̂d

R contain the SM
fieldsQL, LL, uR, dR, eR and a RH neutrino νR, whereas χ̂L,
χ̂R assure gauge anomaly cancellation and result in two
vectorlike pairs of fields Q0

L, Q
0
R and L0

L, L
0
R that are heavy

and do not mix with SM fermions. This is the minimal
fermion content for a consistent theory based on the gauge
group (1).

2. Scalar sector and symmetry breaking

The Higgs sector contains the scalar representations

Σ̂L ¼
�
4;1;1;

1

2

�
; Σ̂R ¼

�
1;4;1;

1

2

�
; Σ̂¼ð4̄;4;1;0Þ;

Ĥd ¼
�
4; 4̄;2;

1

2

�
; Ĥu ¼

�
4; 4̄;2;−

1

2

�
: ð3Þ

The scalar potential is given in Appendix A. The param-
eters can be chosen such that the fields Σ̂L, Σ̂R and Σ̂
develop the vacuum expectation values (VEVs)

hΣ̂Li ¼
vLffiffiffi
2

p

0
BBB@

0

0

0

1

1
CCCA; hΣ̂Ri ¼

vRffiffiffi
2

p

0
BBB@

0

0

0

1

1
CCCA;

hΣ̂i ¼ vΣffiffiffi
2

p

0
BBB@

1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 z

1
CCCA; ð4Þ

where z > 0. This results in the symmetry breaking pattern

SUð4ÞL × SUð4ÞR × SUð2ÞL × Uð1Þ0
→ SUð3Þc × SUð2ÞL × Uð1ÞY: ð5Þ

The relation between the SM hypercharge Y and the Uð1Þ0
charge Y 0 is given by

Y ¼ Y 0 þ
ffiffiffi
2

3

r
ðT15

L þ T15
R Þ; ð6Þ

where

T15
L ¼ T15

R ¼ 1

2
ffiffiffi
6

p diagð1; 1; 1;−3Þ: ð7Þ

The scalar representations decompose into SM fields as

Σ̂L ¼ ð3; 1Þ2
3
⊕ ð1; 1Þ0; Σ̂R ¼ ð3; 1Þ2

3
⊕ ð1; 1Þ0;

Σ̂ ¼ ð8; 1Þ0 ⊕ ð3; 1Þ2
3
⊕ ð3̄; 1Þ−2

3
⊕ 2ð1; 1Þ0;

Ĥd ¼ ð8; 2Þ1
2
⊕ ð3; 2Þ7

6
⊕ ð3̄; 2Þ−1

6
⊕ 2ð1; 2Þ1

2

≡O1 ⊕ T1 ⊕ T†
2 ⊕ S1 ⊕ S2;

Ĥu ¼ ð8; 2Þ−1
2
⊕ ð3; 2Þ1

6
⊕ ð3̄; 2Þ−7

6
⊕ 2ð1; 2Þ−1

2

≡O2 ⊕ T3 ⊕ T†
4 ⊕ S�3 ⊕ S�4: ð8Þ

Under the symmetry breaking pattern (5) the Ĥd, Ĥu fields
have ð4̄; 4Þ → ð3̄ ⊕ 1Þ ⊗ ð3 ⊕ 1Þ; S1, S3 stand for the
singlets in 1 ⊗ 1, while S2, S4 are the singlets in 3̄ ⊗ 3.
The components of Σ̂R, Σ̂L, Σ̂ havemasses on the order of the
SUð4ÞR and SUð4ÞL breaking scales. This is also the natural
mass scale for the components of Ĥd and Ĥu. However, as
shown in Appendix B, it is possible to fine-tune the
parameters of the potential such that only one linear combi-
nation of the fields S1;2;3;4 is light. In particular, there exists a
choice of parameters for which the light state is given by

H ¼ −ceS1 − cdS2 þ cνS3 þ cuS4; ð9Þ

where cu ≈ 1 ≫ cd ≫ cν and 1 ≫ ce ≫ cν, with the ratio
cd∶ce ≈mb∶mτ. This reduces the scalar sector of the model
to that of the SM at low energies.
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3. Gauge sector

The gauge and kinetic terms are

Lgþk ¼ −
1

4
GA

LμνG
Aμν
L −

1

4
GA

RμνG
Aμν
R −

1

4
Wa

μνWaμν

−
1

4
Y 0
μνY 0μν þ jDμΣ̂Lj2 þ jDμΣ̂Rj2

þ jDμΣ̂j2 þ jDμĤdj2 þ jDμĤuj2

þ Ψ̂LiDΨ̂L þ Ψ̂u
RiDΨ̂u

R þ Ψ̂d
RiDΨ̂d

R; ð10Þ

with A ¼ 1;…; 15 and a ¼ 1; 2; 3. The gauge covariant
derivative takes the form

Dμ ¼ ∂μ þ igLGA
LμT

A
L þ igRGA

RμT
A
R

þ ig2Wa
μta þ ig01Y

0
μY 0; ð11Þ

where TA
L, TA

R, ta, Y 0 are the SUð4ÞL, SUð4ÞR,
SUð2ÞL, Uð1Þ0 generators. The gauge couplings at the
low scale are related to the SM strong and hypercharge
couplings via

gs ¼
gLgRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2L þ g2R

p ;

g1 ¼
g01gLgRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
3
g021 ðg2R þ g2LÞ þ g2Lg

2
R

q : ð12Þ

The new gauge bosons are

XL ¼ ð3; 1Þ2
3
; XR ¼ ð3; 1Þ2

3
; G0 ¼ ð8; 1Þ0;

Z0
L ¼ ð1; 1Þ0; Z0

R ¼ ð1; 1Þ0: ð13Þ

The mass of G0 is MG0 ¼ 1ffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2L þ g2R

p
vΣ. The squared

mass matrix for the gauge leptoquarks XL, XR is

M2
X ¼ 1

4

�
g2L½v2L þ v2Σð1þ z2Þ� −2gLgRv2Σz

−2gLgRv2Σz g2R½v2R þ v2Σð1þ z2Þ�

�
:

ð14Þ

The leptoquark mass eigenstates can be written as�
X1

X2

�
¼

�
cos θ4 sin θ4
− sin θ4 cos θ4

��
XL

XR

�
; ð15Þ

where the mixing angle θ4 depends on the parameters in
Eq. (14). In the limit vR ≫ vL and vR ≫ vΣ the mixing
vanishes, sin θ4 ¼ 0, and the leptoquark masses become

MX1
¼ 1

2
gL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2L þ v2Σð1þ z2Þ

q
;

MX2
¼ 1

2
gRvR: ð16Þ

The Z0
L and Z0

R squared masses are given by the two
nonzero eigenvalues of the matrix

M2
Z0 ¼ 3

8

0
BBBBBB@

g2L

�
v2L þ v2Σ

�
1
3
þ z2

��
−gLgRv2Σ

�
1
3
þ z2

�
−

ffiffi
2

pffiffi
3

p g01gLv
2
L

−gLgRv2Σ
�
1
3
þ z2

�
g2R

�
v2R þ v2Σ

�
1
3
þ z2

��
−

ffiffi
2

pffiffi
3

p g01gRv
2
R

−
ffiffi
2

pffiffi
3

p g01gLv
2
L −

ffiffi
2

pffiffi
3

p g01gRv
2
R

2
3
g01

2ðv2L þ v2RÞ

1
CCCCCCA
: ð17Þ

Taking the limit vR ≫ vL and vR ≫ vΣ yields

MZ0
L
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g021 ðg2L þ g2RÞ þ 3

2
g2Lg

2
R

8ðg021 þ 3
2
g2RÞ

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3v2L þ v2Σð1þ 3z2Þ

q
; MZ0

R
¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g021 þ 3

2
g2R

r
vR: ð18Þ

4. Fermion masses

The Yukawa interactions are

LY ¼ ydijΨ̂
i
LĤdΨ̂

dj
R þ yuijΨ̂

i
LĤuΨ̂

uj
R þ Yijχ̂

i
L Σ̂ χ̂jR þ H:c:

⊃ ydijL
i
LS1e

j
R þ ydijQ

i
LS2d

j
R þ yuijL

i
LS

�
3ν

j
R þ yuijQ

i
LS

�
4u

j
R þ 1ffiffiffi

2
p YijvΣðQ0i

LQ
0j
R þ zL0i

LL
0j
RÞ þ H:c:

⊃ −ceydijLi
LHejR − cdydijQ

i
LHdjR þ cνyuijL

i
L H̃ νjR þ cuyuijQ

i
L H̃ ujR þ 1ffiffiffi

2
p YijvΣðQ0i

LQ
0j
R þ zL0i

LL
0j
RÞ þ H:c:; ð19Þ

where i; j ¼ 1; 2; 3 are family indices and the coefficients “c” are those in Eq. (9). Typically, in theories with quark-lepton
unification, the up-type quark and neutrino masses of a given generation are the same at the unification scale, and similarly
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the down-type quark and charged lepton masses. In our
model this is not the case, but since there are only two
Yukawa matrices yu and yd, without additional mass
contributions the hierarchy of the up-type quark masses
is, a priori, the same as for the neutrinos, and the down-
type quark mass hierarchy the same as for the charged
leptons at the unification scale.
Regarding the up-type quarks and neutrinos, for which

the experimentally determined mass hierarchies differ
considerably, this is solved by introducing a new scalar
representation Φ̂10 ¼ ð1; 10; 1;−1Þ. If the SM singlet
component of Φ̂10 develops a VEV v10 at a high scale,
this provides a seesaw mechanism for the neutrinos via the
interaction

yu0ijðΨ̂ui
R ÞcΦ̂10Ψ̂

uj
R : ð20Þ

The contribution to the up-type quarks vanishes. Therefore,
the up-type quark masses are mu ∼ yuv, whereas the
neutrino masses are mν ∼ ðcνyuvÞ2=ðyu0v10Þ.
The relative mass hierarchies of the down-type quarks

versus charged leptons are not in vast disagreement with
experiment. The running of the masses will largely account
formb=mτ. One can also introduce the scalar representation
Φ̂15 ¼ ð15; 1; 1; 0Þ into the model, with the SM singlet
component developing the VEV v15diagð1; 1; 1;−3Þ.
New mass contributions to the down-type quarks and
charged leptons would then result from loop processes,
parametrized via the effective dimension five interaction

yd0ijΨ̂
i
LĤdΨ̂

dj
R Φ̂15=Λ, and mediated, e.g., by heavy vector-

like fermions, leading to additional mass splitting.

5. Flavor structure

In terms of SM fermion mass eigenstates, the interactions
of the vector leptoquarks with quarks and leptons are
given by

L ⊃
gLffiffiffi
2

p XLμ½Lu
ijðūiγμPLν

jÞ þ Ld
ijðd̄iγμPLejÞ�

þ gRffiffiffi
2

p XRμ½Ru
ijðūiγμPRν

jÞ þ Rd
ijðd̄iγμPRejÞ� þ H:c:;

ð21Þ

where Lu=d, Ru=d are unitary mixing matrices. They are
related via Lu ¼ VLdU and Ru ¼ VRdU, where V is the
Cabibbo-Kobayashi-Maskawa matrix and U is the
Pontecorvo-Maki-Nakagawa-Sakata matrix.

6. Proton stability

The vector boson ð3; 1Þ2=3 does not mediate proton
decay [6] and neither do any of the scalars in our model.
In particular, for the scalar ð3; 2Þ1=6, which by itself would
be problematic [29], gauge invariance forbids tree-level

proton decay. In broader terms, the Lagrangian in Eq. (19)
is invariant under the global symmetries Uð1Þ0B and Uð1Þ0L,
with the matter fields ΨL, Ψd

R and Ψu
R carrying charges

B0 ¼ L0 ¼ 1=4 and all scalar fields being neutral. After
symmetry breaking the charges under the remaining global
Uð1ÞB and Uð1ÞL are

B ¼ B0 þ 1ffiffiffi
6

p ðT15
L þ T15

R Þ;

L ¼ L0 −
ffiffiffi
6

p

2
ðT15

L þ T15
R Þ; ð22Þ

which are simply the SM baryon and lepton number. Proton
decay is thus forbidden at all orders in perturbation theory.

III. FLAVOR ANOMALIES

In this section we discuss how the vector leptoquark of
SUð4ÞL can explain the recent hints of physics beyond the
SM in B meson decays, i.e., the deficit in the ratios

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

RK� ¼ BrðB0 → K�0μþμ−Þ
BrðB0 → K�0eþe−Þ ð23Þ

with respect to SM predictions [1,2]. For an analysis of the
anomalies at the effective operator level see [30–37].
To describe the decays in Eq. (23) quantitatively, it is

convenient to start out from the effective Lagrangian for
flavor changing neutral current processes with a b → s
transition. Up to four-quark operators, it can be written as

L ¼ 4GFffiffiffi
2

p VtbV�
ts

X
i;j

�X10
k¼7

Cij
k O

ijð0Þ
k þ Cij

ν O
ij
ν

þ Cijð0Þ
S Oijð0Þ

S þ Cijð0Þ
P Oijð0Þ

P

�
: ð24Þ

The operators Oij
7 and Oij

8 correspond to electromagnetic

and chromomagnetic moment transitions; the Oijð0Þ
9 , Oijð0Þ

10 ,
Okl

ν are the semileptonic operators

Oij
9ð10Þ ¼

e2

16π2
ðsγμPLbÞ½liγμðγ5Þlj�;

Oij0
9ð10Þ ¼

e2

16π2
ðsγμPRbÞ½liγμðγ5Þlj�;

Oij
ν ¼ e2

8π2
ðsγμPLbÞðνiγμPLν

jÞ; ð25Þ

and Oijð0Þ
S , Oijð0Þ

P are the scalar operators
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Oijð0Þ
S ¼ e2

16π2
½s̄PRðLÞb�ðl̄iljÞ;

Oijð0Þ
P ¼ e2

16π2
½s̄PRðLÞb�ðl̄iγ5ljÞ: ð26Þ

Tensor operators were neglected since they cannot arise from
short-distance new physics with SM linearly realized [4].
Global fits to the RKð�Þ anomalies and other b → sll data

have been performed [30–37]. These analyses yield similar
best fit values for the Wilson coefficients. In what follows
we adopt the results of [30], i.e.,

ReðΔCμμ
9 − ΔCee

9 Þ ¼ −ReðΔCμμ
10 − ΔCee

10Þ ≈ −0.6; ð27Þ

with the contributions to the remaining Wilson coefficients
being small. In our model, the vector leptoquarks X1, X2

modify the coefficients by

ΔCij
9 ¼ −ΔCij

10 ¼ −

ffiffiffi
2

p
π2g2LL

d
2iL

d�
3j

GFe2VtbV�
ts

�
cos2θ4
M2

X1

þ sin2θ4
M2

X2

�
;

ΔCij0
9 ¼ ΔCij0

10 ¼ −

ffiffiffi
2

p
π2g2RR

d
2iR

d�
3j

GFe2VtbV�
ts

�
sin2θ4
M2

X1

þ cos2θ4
M2

X2

�
;

ΔCij
S ¼ −ΔCij

P

¼ −

ffiffiffi
2

p
π2gLgRRd

2iL
d�
3j sin 2θ4

GFe2VtbV�
ts

�
1

M2
X1

−
1

M2
X2

�
;

ΔCij0
S ¼ ΔCij0

P

¼ −

ffiffiffi
2

p
π2gLgRLd

2iR
d�
3j sin 2θ4

GFe2VtbV�
ts

�
1

M2
X1

−
1

M2
X2

�
;

ΔCij
ν ¼ 0: ð28Þ

Guided by the tightness of the bounds from LFV searches
(discussed in Sec. IV and Appendix C), we assume that
SUð4ÞR is broken at a much higher scale than SUð4ÞL, i.e.,

vR ≫ vL and vR ≫ vΣ: ð29Þ

This suppresses RH lepton flavor changing currents and
results in the contributions to the Wilson coefficients other
thanΔCij

9;10 being small. The condition in Eq. (27) becomes

MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ReðLd

22L
d�
32 − Ld

21L
d�
31Þ

q ≈ 23 TeV: ð30Þ

IV. EXPERIMENTAL CONSTRAINTS

The leptoquarkmasses and themixingmatrices are subject
to experimental constraints from a number of null searches
for LFV, with the most stringent bounds coming from rare

decays of pions [38–40], kaons [41–46],Bmesons [47–54], τ
leptons [55–58] and μ − e conversion [59].
Implications of those constraints for Pati-Salam unifi-

cation have been considered in the literature [7–12], but
focused on models in which the vector leptoquark ð3; 1Þ2=3
couples to both LH and RH fermion fields with similar
strength. The conclusion of those analyses, updated with
the most recent experimental bounds [52–54], is that the
leptoquark mass has to be ≳ 90 TeV [12]. In addition,
constraints from searches for μ → eγ when both LH and
RH leptoquark interactions are present can push this limit
much higher due to the bottom quark mass enhancement of
the one-loop diagram (see Appendix C and also [60] for a
discussion of a similar effect in scalar leptoquark models).
Such a heavy leptoquark would not explain the RKð�Þ

anomalies, since the required relation, analogous to the
one in Eq. (30), could not be satisfied for a perturbative
gauge coupling and unitary mixing matrices.
In our model, for a sufficiently high scale of SUð4ÞR

breaking, the constraints arising from the presence of
leptoquark RH couplings to fermions are eliminated and
the remaining bounds on LH interactions can be satisfied
for a significantly lower leptoquark mass. The tightest
limits are listed in the Appendix, for arbitrary LH and RH
leptoquark interactions in Appendix C and for the case of
just LH interactions in Appendix D.
If the mixing matrix entries Ld

11, L
d
12 are Oð1Þ, the limits

from searches for K0
L → e�μ∓ and μ − e conversion

a priori push the leptoquark mass up to hundreds of
TeV in our model (thousands of TeV for models in which
both LH and RH leptoquark interactions are present, due to
the enhancement of the scalar current contribution; see
Appendix C). The bounds, however, are satisfied for a
much lighter leptoquark provided Ld

11; L
d
12 ≪ 1. Unitarity

then implies that Ld
13 ≈ 1 and Ld

23; L
d
33 ≪ 1; therefore Ld

takes the form

Ld ≈ eiϕ

0
BB@

δ1 δ2 1

eiϕ1 cos θ eiϕ2 sin θ δ3

−e−iϕ2 sin θ e−iϕ1 cos θ δ4

1
CCA; ð31Þ

where jδij ≪ 1. Note that the suppression of RH flavor
changing currents in our model implies that there are no
significant bounds from π0 → νν̄ or K0

L → νν̄.
The remaining entries of Ld are subject to further

constraints, mainly from B meson and τ decays. If both
LH and RH leptoquark interactions were present, the B0 →
μþμ− decay would provide the most stringent bound.
However, with only LH interactions the tightest limits
arise from searches for Bþ → Kþe�μ∓. We calculated the
corresponding branching fractions (see Appendix C) using
the most recent lattice results for the form factors [28] based
on the Bourrely-Caprini-Lellouch parametrization [61],
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which relaxes the bounds considerably compared to taking
the nonphysical values fþ ¼ f0 ¼ 1 [11].
The resulting bound on MXL

is minimized for θ ≈ π=4
and requires merelyMXL

=gL ≳ 9.2 TeV. Given the relation
between the gauge couplings in Eq. (12) and assuming gR ≈ffiffiffiffiffiffi
3π

p
(close to the perturbative limit) implies gL ≈ 1.06gs,

where gs ≈ 0.96 is the strong coupling constant at 10 TeV.
This leads to the constraint

MXL
≳ 10 TeV: ð32Þ

(If one chose instead gL ¼ gR ¼ ffiffiffi
2

p
gs, this would result in

the constraint MXL
≳ 14 TeV.) Saturating the bound in

Eq. (32), the condition in Eq. (30) for explaining the RKð�Þ

anomalies is fulfilled if cosðϕ1 þ ϕ2Þ ≈ 0.18. We also note
that for MXL

≈ 10 TeV one could have jδij ∼ 0.02, so the
matrix Ld in Eq. (31) does not need to be highly tuned.
Finally, let us note that all loop-level constraints,

including K � K̄, B − B̄, Bs − B̄s mixing; radiative decays
μ → eγ (see Appendix C), τ → eγ; anomalous magnetic
and electric moments of leptons; Z → bb̄ and others [62],
are satisfied due to the unitarity of Ld and a leptoquark
mass in excess of 10 TeV.

V. COLLIDER PHENOMENOLOGY

The aim of this limited phenomenological analysis is to
simply demonstrate that the leptoquark XL in our model
accounting for the flavor anomalies can be searched for at
the next generation collider. Focusing on the proposed
100 TeV Future Circular Collider (FCC), we find that one
of the best signatures to look for is provided by the single
leptoquark production process

pp → XLjμ− → jjμþμ−: ð33Þ

In an in-depth analysis one could also investigate final
states involving other leptons, which for the case of
neutrinos would lead to missing energy signatures. Pair
production of 10 TeV leptoquarks is suppressed even at a
100 TeV collider.
To simulate the SM background and the leptoquark

signal for the process (33) we used MadGraph 5 [63]
(version 2.6.3) with the default cuts apart from the
lower cut on the transverse momentum of jets and leptons,
which was set to 300 GeV. The leptoquark model file for
MadGraph was implemented using FeynRules [64]
(version 2.3.32).
Figure 1 plots the number of background (B) and signal

(S) events for a leptoquark mass 10, 12 and 14 TeV
expected within the first year of FCC running (estimated
to be 250 fb−1 of data [65]) as a function of the invariant
mass of the highest transverse momentum jet j and μþ.
Implementing the invariant mass cut jMjμþ −MXL

j < ΓX,
where ΓX is the width of the leptoquark, the significance of

the signal, S=
ffiffiffiffi
B

p
, is very high: 19σ for MXL

¼ 10 TeV,
6.7σ for 12 TeV and 4.5σ for 14 TeV. More sophisticated
cuts may make the search more efficient. A detailed
analysis of the XL vector leptoquark collider phenomenol-
ogy is beyond the scope of this paper.
Were theB decay anomalies inRK andRK� confirmed and

established, inspection of Eq. (30) indicates that this model
couldbe ruled out at a future 100TeVhigh luminosity hadron
collider. Not only does the right-hand side ofEq. (30) provide
an upper bound on the mass of the vector leptoquark, but
Eq. (12) shows that the strength of the coupling constant gL is
bounded from below, and therefore the height of the resonant
signal in Fig. 1 is bounded from below.

VI. CONCLUSIONS

We have constructed a new model to account for the
recently observed anomalies in B meson decays set within
the framework of Pati-Salam unification. The theory avoids
all experimental bounds without introducing any vectorlike
fields mixing with the Standard Model fermions. This was
achieved by suppressing the leptoquark right-handed inter-
actions by associating themwith a symmetry broken at a high
scale, which eliminates the most stringent constraints arising
from the simultaneous presence of left- and right-handed
lepton flavor changing currents. In some regions of param-
eter space themass of the leptoquark can be as low as 10 TeV
while remaining consistent with all experimental data.
The tightest constraints on the model come from the

experimental limits on rare kaon, B meson and τ decays, as
well as μ − e conversion. In the appendix we presented
general model-independent formulas for the various decay
rates and listed the corresponding bounds. Those results
can be used to read off the constraints on any model with
one or more ð3; 1Þ2=3 vector leptoquarks with arbitrary

FIG. 1. Expected number of events in 250 fb−1 of data
collected by a 100 TeV pp collider for the SM background pp →
jjμþμ− (blue) and the leptoquark signal pp → XLjμ− → jjμþμ−
for masses MXL

¼ 10; 12; 14 TeV (red, orange, gray) as a
function of the invariant mass of the highest pT jet and μþ.
The values of parameters discussed in Sec. IV were used.
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left- and right-handed interactions with Standard Model
quarks and leptons.
In our analysis we chose parameters to explain the RKð�Þ

flavor anomalies. As shown in [3], phenomenological
models of the vector leptoquark ð3; 1Þ2=3 can also account
for RDð�Þ anomalies [66–68] (see [69] for an updated fit).
The vector leptoquark ð3; 1Þ2=3 in our model is too heavy to
account also for the RDð�Þ anomalies. Still, it has been
shown [70] that the scalar leptoquark ð3; 2Þ1=6 might be a
good candidate for that. This leptoquark appears in the
scalar sector of our model and can be made sufficiently
light. It would be interesting to investigate this in more
detail.

Currently, there existmanymodels that account for thehints
of lepton universality violation in B meson decays. If these
anomalies are established, new physicsmust emerge at a scale
similar to that of the mass of the “left-handed” leptoquark in
our model. We have demonstrated that simple kinematic cuts
can isolate clearly observable signals with 250 fb−1 of
accumulated data at a 100 TeV pp collider. Further analysis
is badly required to determine whether such an apparatus
could distinguish among the many proposed models.
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APPENDIX A: SUð4ÞL × SUð4ÞR SYMMETRY BREAKING

The scalar potential of the model is given by

V ¼ −μ21jΣ̂Lj2 þ λ1jΣ̂Lj4 − μ22jΣ̂Rj2 þ λ2jΣ̂Rj4 − μ23jΣ̂j2 þ λ3ðΣ̂Σ̂†Þ2 þ λ03jΣ̂Σ̂†j2 − μ24jĤdj2 þ λ4ðĤdĤ
†
dÞ2 þ λ04jĤdĤ

†
dj2

− μ25jĤuj2 þ λ5ðĤuĤ
†
uÞ2 þ λ05jĤuĤ

†
uj2 þ λ12jΣ̂Lj2jΣ̂Rj2 þ λ13jΣ̂Lj2jΣ̂j2 þ λ14jΣ̂Lj2jĤdj2 þ λ15jΣ̂Lj2jĤuj2 þ λ23jΣ̂Rj2jΣ̂j2

þ λ24jΣ̂Rj2jĤdj2 þ λ25jΣ̂Rj2jĤuj2 þ λ34jΣ̂j2jĤdj2 þ λ35jΣ̂j2jĤuj2 þ λ45jĤdj2jĤuj2 þ λ013jΣ̂LΣ̂j2 þ λ014jΣ̂†
LĤdj2

þ λ015jΣ̂†
LĤuj2 þ λ023jΣ̂†

RΣ̂j2 þ λ024jΣ̂RĤdj2 þ λ025jΣ̂RĤuj2 þ λ034jΣ̂Ĥdj2 þ λ035jΣ̂Ĥuj2 þ λ045jĤ†
dĤuj2 þ λ0034TrðΣ̂ĤdĤ

†
dΣ̂

†Þ
þ λ0035TrðΣ̂ĤuĤ

†
uΣ̂†Þ þ λ0045TrðĤ†

dĤuĤ
†
uĤdÞ þ ½λ0345ðΣ̂ĤdÞðΣ̂ĤuÞ þ λ00345TrðΣ̂ĤdΣ̂ĤuÞ

þ λ000345TrðĤdΣ̂ Σ̂ ĤuÞ þ κΣ̂LΣ̂Σ̂
†
R þH:c:�; ðA1Þ

where we have adopted the notation jΣ̂Lj2 ≡ ðΣ̂LÞαLðΣ̂†
LÞαL , jΣ̂j2 ≡ ðΣ̂ÞαLαRðΣ̂†ÞαRαL , ðΣ̂ĤdÞ≡ ðΣ̂ÞαLαRðĤdÞαRαL , jΣ̂LΣ̂j2≡

ðΣ̂LÞαLðΣ̂Þ
αL
αRðΣ̂†ÞαRβLðΣ̂

†
LÞβL , jΣ̂Ĥdj2≡ðΣ̂ÞαLαRðĤdÞαRβLðĤ

†
dÞβLβRðΣ̂†ÞβRαL , TrðΣ̂ĤdΣ̂ĤuÞ≡ ðΣ̂ÞαLαRðĤdÞαRβLðΣ̂Þ

βL
βR
ðĤuÞβRαL , etc.

Let us consider hΣ̂Li, hΣ̂Ri and hΣ̂i. Via a suitable
SUð4ÞL and SUð4ÞR transformation, it is possible to bring
hΣ̂Li and hΣ̂Ri to the form

hΣ̂Li ¼
vLffiffiffi
2

p

0
BBB@

0

0

0

1

1
CCCA; hΣ̂Ri ¼

vRffiffiffi
2

p

0
BBB@

0

0

0

1

1
CCCA; ðA2Þ

where vL and vR are real and positive.
The remaining SUð3Þ invariance can be utilized to obtain

hΣ̂i ¼

0
BBB@

a1 0 0 b1
0 a2 0 b2
0 0 a3 b3
c1 c2 c3 d

1
CCCA: ðA3Þ

To argue that hΣ̂i can be brought to the diagonal form as in
Eq. (4), it is sufficient to consider the potential terms jΣ̂j2,
ðΣ̂Σ̂†Þ2, jΣ̂Σ̂†j2, jΣ̂LΣ̂j2, jΣ̂†

RΣ̂j2 and Σ̂LΣ̂Σ̂
†
R. Since

λ013jΣ̂LΣ̂j2 ¼
1

2
λ013v

2
Lðc21 þ c22 þ c23 þ d2Þ;

λ023jΣ̂†
RΣ̂j2 ¼

1

2
λ023v

2
Rðb21 þ b22 þ b23 þ d2Þ;

−μ23jΣ̂j2 þ λ3ðΣ̂Σ̂†Þ2 ¼ λ3ða21 þ a22 þ a23 þ b21 þ b22 þ b23

þ c21 þ c22 þ c23 þ d2 − v2ΣÞ2 − λ3v4Σ;

ðA4Þ

the potential is minimized for hΣ̂i ¼ diagða1; a2; a3; dÞ. In
addition, the terms

λ03jΣ̂Σ̂†j2 ¼ λ03ða41 þ a42 þ a43 þ d4Þ;

κΣ̂LΣ̂Σ̂
†
R ¼ 1

2
κvLvRd ðA5Þ

imply that the minimum occurs at a1 ¼ a2 ¼ a3. Finally,
we are free to choose κ to be real and negative, which
through an appropriate redefinition of Σ̂ leads to real d > 0;
therefore
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hΣ̂i ¼ vΣffiffiffi
2

p

0
BBB@

1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 z

1
CCCA ðA6Þ

with z being real and positive. Note that only one of the
parameters λ0345, λ

00
345 and λ000345 can be made real by a field

redefinition. If any of the other two has a nonzero
imaginary part, the scalar potential is CP-violating.
A rigorous minimization procedure is beyond the scope
of this work.

APPENDIX B: SCALAR MASSES

To show that Eq. (9) can be satisfied, it is again sufficient
to consider only a few terms in the scalar potential. In terms
of hard masses, the relevant part of the Lagrangian is

Lm ⊃M2
djĤdj2þM2

ujĤuj2−λ024jΣ̂RĤdj2−λ025jΣ̂RĤuj2
−λ034jΣ̂Ĥdj2−λ035jΣ̂Ĥuj2−λ0345ðΣ̂ĤdÞðΣ̂ĤuÞ: ðB1Þ

This results in the masses for the color octets and triplets,

mO1
¼ mT1

¼ mT2
≡M2

d;

mO2
¼ mT3

¼ mT4
≡M2

u: ðB2Þ

The mass squared matrix for the fields S1;2;3;4 is

M2
S ¼

0
BBBBBB@

M2
dþad 0 1

2
λ0345z

2v2Σ
ffiffi
3

p
2
λ0345zv

2
Σ

0 M2
dþbd

ffiffi
3

p
2
λ0345zv

2
Σ

3
2
λ0345v

2
Σ

1
2
λ0345z

2v2Σ
ffiffi
3

p
2
λ0345zv

2
Σ M2

uþau 0ffiffi
3

p
2
λ0345zv

2
Σ

3
2
λ0345v

2
Σ 0 M2

uþbu

1
CCCCCCA
;

ðB3Þ

where

ad ¼
1

2
λ024v

2
R þ 1

2
λ034z

2v2Σ; bd ¼
3

2
λ034v

2
Σ;

au ¼
1

2
λ025v

2
R þ 1

2
λ035z

2v2Σ; bu ¼
3

2
λ035v

2
Σ: ðB4Þ

We have verified that there exists a class of solutions with
only one linear combination of the four scalars being light.
To reproduce the SM fermion masses while keeping the
Yukawas perturbative, it is sufficient to have the light mass
eigenstate, identified with the SM Higgs, given by

H ¼ −ceS1 − cdS2 þ cνS3 þ cuS4; ðB5Þ

where cu ≈ 1 ≫ cd ≫ cν and 1 ≫ ce ≫ cν, with the ratio
cd∶ce ≈mb∶mτ.

APPENDIX C: FLAVOR CONSTRAINTS:
MODEL-INDEPENDENT ANALYSIS

The general form of the Lagrangian describing inter-
actions of vector leptoquarks ð3; 1Þ2=3 with fermions is
given by

L ⊃
X
α

XðαÞ
μ ½fLuijðαÞðūiγμPLν

jÞ þ fRuijðαÞðūiγμPRν
jÞ

þ fLdijðαÞðd̄iγμPLejÞ þ fRdijðαÞðd̄iγμPRejÞ�; ðC1Þ

where the field XðαÞ
μ corresponds to a leptoquark with mass

Mα. The resulting contributions to rare processes are listed
below, along with the most severe experimental bounds.
The numerical values for particle masses and lifetimes

were adopted from PDG [71]. The single-particle state
normalization chosen is

hp⃗jp⃗0i ¼ 2Eð2πÞ3δð3Þðp⃗ − p⃗0Þ ðC2Þ
and the decay constant fM for a meson consisting of
quarks/antiquarks q1, q2 is defined via

h0jq̄1γ5q2jMðpÞi ¼ −ifM
m2

M

mq1þmq2

;

h0jq̄1γμγ5q2jMðpÞi ¼ ifMpμ: ðC3Þ

The following values for the meson decay constants were
adopted from the PDG,

fπþ ¼ 130MeV; fK0
L
¼ fKþ ¼ 156MeV;

fB0 ¼ 191MeV; fBþ ¼ 187MeV; fB0
s
¼ 227MeV;

ðC4Þ
and were obtained by averaging the lattice results.
The other decay constants needed in our analysis are

fϕ ≈ 238 MeV; fϒð1SÞ ≈ 700 MeV;

fϒð2SÞ ≈ 496 MeV; fϒð3SÞ ≈ 430 MeV; ðC5Þ
where fϕ was determined from the lattice [72] and fϒðnSÞ
(n ¼ 1, 2, 3) were extracted from the experimental results
for ϒðnSÞ → l−lþ (see [69,73]).
Below, we present constraints on a general model with

ð3; 1Þ2=3 vector leptoquarks described by the Lagrangian
(C1). The constraints arise from the following processes:

1. Neutral meson decays to two charged leptons
a. Neutral kaon decays
b. Neutral B meson decays
c. ϒ decays

2. Charged meson decays to a charged lepton and
neutrino
a. Charged pion decays
b. Charged kaon decays
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3. Charged meson three-body decays to a meson and
charged leptons
a. Charged kaon decays
b. Charged B meson decays

4. Tau decays
5. Radiative charged lepton decay
6. lþi → lþj conversion

The relevant formulas are listed below. The numbering of
the sections matches that in the table of contents above.

1. Neutral meson decays to two charged leptons

The leptoquark contribution to the decay of a pseudo-
scalar mesonM with mass mM to two charged leptons, lþi
with mass mi and l−j with mass mj, is given by

ΓðM→ lþi l
−
j ÞX¼

mMf2M
64π

�
Aij

�
1−

m2
i þm2

j

m2
M

�
þBij

4mimj

m2
M

�

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1−

ðmiþmjÞ2
m2

M

��
1−

ðmi−mjÞ2
m2

M

�s
;

ðC6Þ
where

Aij ≡
				X

α

aLRijðαÞ
M2

α

				2 þ
				X

α

aRLijðαÞ
M2

α

				2;
Bij ≡

X
α;β

Re½aLRijðαÞaRL�ijðβÞ�
M2

αM2
β

;

a
LRðK0

LÞ
ijðαÞ ≡ 1ffiffiffi

2
p

�
mifRd1iðαÞf

Rd�
2jðαÞ þmjfLd1iðαÞf

Ld�
2jðαÞ

þ 2m2
K0Q

ms þmd
fLd
1iðαÞf

Rd�
2jðαÞ

�
þ ð1 ↔ 2Þ;

aLRðB
0Þ

ijðαÞ ≡mifRd�1iðαÞf
Rd
3jðαÞ þmjfLd�1iðαÞf

Ld
3jðαÞ

þ 2m2
B0Q

mb þmd
fLd�
1iðαÞf

Rd
3jðαÞ;

aLRðB
0
sÞ

ijðαÞ ≡mifRd�2iðαÞf
Rd
3jðαÞ þmjfLd�2iðαÞf

Ld
3jðαÞ

þ
2m2

B0
s
Q

mb þms
fLd�
2iðαÞf

Rd
3jðαÞ;

aRLijðαÞ ≡ aLRijðαÞðL ↔ RÞ: ðC7Þ

In Eq. (C7) the quark massesmq and the factorQ depend
on the energy scale, mq ¼ mqðμÞ and Q ¼ QðμÞ, with
QðμÞ given by the formula

QðμÞ ¼
�
αð6ÞðmtÞ
αð6ÞðMXL

Þ

�4
7
�
αð5ÞðmbÞ
αð5ÞðmtÞ

�12
23
�
αð4ÞðμÞ
αð4ÞðmbÞ

�12
25

; ðC8Þ

applicable for mb > μ > mc. The coupling constant α is
calculated from

αðNfÞðμ;ΛÞ ¼ 4π

ð11 − 2Nf=3Þ logðμ2=Λ2Þ ; ðC9Þ

whereNf is the number of quark flavors at a given scale, by
matching

αð6ÞðmtÞ≡αð6Þðmt;Λ6Þ¼αð5Þðmt;Λ5Þ≡αð5ÞðmtÞ;
αð5ÞðmbÞ≡αð5Þðmb;Λ5Þ¼αð4Þðmb;Λ4Þ≡αð4ÞðmbÞ: ðC10Þ

The ratioQðμÞ=mqðμÞ is a renormalization group invariant.
Adopting the PDG values for the quark masses at μ ¼
2 GeV and for the strong coupling constant at μ ¼ MZ
[71], the value of Q depends only on the leptoquark mass
scale through

Qð2 GeVÞ ¼ 0.45

½αð6ÞðMXL
Þ�4=7 : ðC11Þ

As evident from Eq. (C7), the constraints on the
leptoquark contribution to the branching fraction of kaon
and B meson decays are much weaker when the lepto-
quarks have only LH or only RH interactions with SM
fermions, as opposed to models with both LH and RH
interactions. The bounds on the branching fraction are
milder by a factor of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m2

MQ=ðmlmqÞ
q

;

which is reflected by the much weaker constraints on the
leptoquark mass in our model compared to generic lep-
toquark models (see Appendix D).
For the majority of decays considered here only the

upper bound on the rate was experimentally established.
However, in the four casesK0

L → eþe−,K0
L → μþμ−, B0 →

μþμ− and B0
s → μþμ− nonzero rates have been measured.

For those particular decays not only the pure leptoquark
contribution is relevant, but also the interference effects
with the SM short-distance (SD) contribution. This can be
taken into account by making the following substitution in
the expressions for Aij and Bij in Eq. (C7):

X
α

aLRijðαÞ
M2

α
→

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
64πΓðM → lþi l

−
j ÞSDSM

mMf2M

s
δij �

X
α

aLRijðαÞ
M2

α
;

ðC12Þ

where the þ=− depends on the decay considered and
corresponds to the SM short-distance amplitude for M →
lþi l

−
j being negative/positive. The leptoquark-induced con-

tribution is then obtained by subtracting off the pure
SM part.
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a. Neutral kaon decays

The decays K0
L → e�μ∓ are absent in the SM and the

constraint on the leptoquark mass is derived directly from
the experimental bound on the branching fraction,
BrX ≲ ΔBr. The rates for K0

L → eþe−; μþμ− were mea-
sured [41,71]. They are dominated by long-distance SM
effects [74,75]. For K0

L → eþe− the experimental branch-
ing fraction ð8.7þ5.7

−4.1Þ × 10−12 [41] agrees well with the SM
long-distance estimate of ð9.0� 0.5Þ × 10−12 [74]. In that
case we use the experimental uncertainty for the measured
branching fraction as the upper bound for the leptoquark
contribution. For K0

L → μþμ− the measured branching
fraction is ð6.84� 0.11Þ × 10−9 [43], but it was shown
that the short-distance SM contribution is only 0.9 × 10−9

[74], whereas the upper bound on the total short-distance
contribution is 2.5 × 10−9 [75].
The constraints below reflect the most conservative

bound on the leptoquark mass obtained using Eq. (C6)
(the branching fractions were left in explicitly for easier
use of the formulas given future experimental improve-
ments):

A
ðK0

LÞ
11

m2
K0

≲
�
BrðK0

L → eþe−Þ
5.7 × 10−12

�
ð672 TeVÞ−4; ½41� ðC13Þ

A
ðK0

LÞ
12 þA

ðK0
LÞ

21

m2
K0

≲
�
BrðK0

L→e�μ∓Þ
4.7×10−12

�
ð689TeVÞ−4; ½42�

ðC14Þ

A0ðK0
LÞ

22 þ0.2B0ðK0
LÞ

22

m2
K0

≲
�
BrðK0

L→μþμ−Þ
2.5×10−9

�

×ð140TeVÞ−4; ½75� ðC15Þ

where A0ðK0
LÞ

22 is given by A
ðK0

LÞ
22 with the substitution (C12)

with ΓðK0
L → μþμ−ÞSDSM ¼ 0.9 × 10−9, and similarly for

B0ðK0
LÞ

22 .

b. Neutral B meson decays

For most of the B0 and B0
s decays only the limit on the

branching fraction is determined; therefore the bounds on
leptoquark parameters are derived using BrX ≲ ΔBr. In the
case of B0 → μþμ− and B0

s → μþμ− the branching fractions
were actually measured, BrðB0→μþμ−Þ¼ð1.6þ1.6

−1.4Þ×10−10

[71] and BrðB0
s → μþμ−Þ ¼ ð3.0� 0.6þ0.3

−0.2Þ × 10−9 [53],
and they are dominated by short-distance SM effects.
We arrive at the following set of constraints:

AðB0Þ
11

m2
B0

≲
�
BrðB0 → eþe−Þ

8.3 × 10−8

�
ð29.4 TeVÞ−4; ½51� ðC16Þ

AðB0Þ
12 þ AðB0Þ

21

m2
B0

≲
�
BrðB0 → e�μ∓Þ

1.0 × 10−9

�

× ð88.6 TeVÞ−4; ½52� ðC17Þ

A0ðB0Þ
22

m2
B0

≲
�
BrðB0 → μþμ−Þ
1.6 × 10−10

�
ð140 TeVÞ−4; ½71� ðC18Þ

AðB0Þ
13 þ AðB0Þ

31

m2
B0

≲
�
BrðB0 → e�τ∓Þ

2.8 × 10−5

�

× ð6.4 TeVÞ−4; ½50� ðC19Þ

AðB0Þ
23 þ AðB0Þ

32

m2
B0

≲
�
BrðB0 → μ�τ∓Þ

2.2 × 10−5

�

× ð6.8 TeVÞ−4; ½50� ðC20Þ

AðB0Þ
33 þ 0.59BðB0Þ

33

m2
B0

≲
�
BrðB0 → τþτ−Þ

2.1 × 10−3

�

× ð2.0 TeVÞ−4; ½54� ðC21Þ

AðB0
sÞ

11

m2
B0
s

≲
�
BrðB0

s → eþe−Þ
2.8 × 10−7

�
ð23.9 TeVÞ−4; ½51� ðC22Þ

AðB0
sÞ

12 þ AðB0
sÞ

21

m2
B0
s

≲
�
BrðB0

s → e�μ∓Þ
5.4 × 10−9

�

× ð64.1 TeVÞ−4; ½52� ðC23Þ

A0ðB0
sÞ

22

m2
B0
s

≲
�
BrðB0

s → μþμ−Þ
0.7 × 10−9

�
ð107 TeVÞ−4; ½53� ðC24Þ

AðB0
sÞ

33 þ 0.56BðB0
sÞ

33

m2
B0
s

≲
�
BrðB0

s → τþτ−Þ
6.8 × 10−3

�

× ð1.7 TeVÞ−4; ½54� ðC25Þ
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where A0ðB0Þ
22 is given by AðB0Þ

22 with the substitution (C12)
with ΓðB0 → μþμ−ÞSDSM ¼ 1.6 × 10−10, and similarly for

A0ðB0
sÞ

22 with ΓðB0
s → μþμ−ÞSDSM ¼ 3.0 × 10−9. We listed the

constraint on the leptoquark contribution to BrðB0
s →

μþμ−Þ for completeness, but this branching fraction is
actually determined by the fit that yields ΔC9 and ΔC10

in Eq. (27).

c. ϒ decays

This set of constraints arises from the vector meson
decaysϒðnSÞ → e�τ∓ andϒðnSÞ → μ�τ∓. Neglecting the
electron and muon mass, the corresponding branching
fraction is given by Eq. (C6) (only the term with Aij is
nonzero), where

aLRðϒðnSÞÞijðαÞ ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8

3

�
1þ m2

τ

2m2
ϒðnSÞ

�s �
mifRd�3iðαÞf

Rd
3jðαÞ

þmjfLd�3iðαÞf
Ld
3jðαÞ þ

m2
ϒðnSÞQ

mb
fLd�
3iðαÞf

Rd
3jðαÞ

�
;

aRLðϒðnSÞÞijðαÞ ≡ aLRðϒðnSÞÞijðαÞ ðL ↔ RÞ: ðC26Þ

Of all ϒðnSÞ → l�τ∓ decays, the ϒð3SÞ → μ�τ∓ gives the
tightest constraints. From the corresponding experimental
bounds we have

Aðϒð3SÞÞ
23 þ Aðϒð3SÞÞ

32

m2
ϒð3SÞ

≲
�
Brðϒð3SÞ → μ�τ∓Þ

3.1 × 10−6

�

× ð0.5 TeVÞ−4; ½52� ðC27Þ

which, however, is still much weaker than all other
constraints considered here.

2. Charged meson decays to a
charged lepton and a neutrino

Decays of mesons to a charged lepton and a neutrino
exist in the SM. The leading order leptoquark contribution
comes from interference effects. The theoretical uncertainty
in the SM calculation is reduced by taking ratios of decay
rates,

ΓðM→ lþi νÞ
ΓðM→ lþi0 νÞ

¼ΓðM→ lþi νÞ
ΓðM→ lþi0 νÞ

				
SM

�
1þDi0 −Diffiffiffi

2
p

GF

�
; ðC28Þ

where

Di ≡
X
α;j

1

M2
α
Re½dLRijðαÞ þ dRLijðαÞ�: ðC29Þ

For the case of Dirac neutrinos,

dLRðπ
þÞ

ijðαÞ ≡ Uij

Vud

�
fRd
1iðαÞf

Ru�
1jðαÞ þ

2m2
πþQ

miðmd þmuÞ
fLd
1iðαÞf

Ru�
1jðαÞ

�
;

dLRðK
þÞ

ijðαÞ ≡ Uij

Vus

�
fRd
1iðαÞf

Ru�
2jðαÞ þ

2m2
KþQ

miðms þmuÞ
fLd
1iðαÞf

Ru�
2jðαÞ

�
;

dRLijðαÞ ≡ dLRijðαÞðL ↔ RÞ; ðC30Þ

whereas for Majorana neutrinos the only nonzero terms are

dRLðπ
þÞ

ijðαÞ ≡ Uij

Vud
fLd
1iðαÞf

Lu�
1jðαÞ; dRLðK

þÞ
ijðαÞ ≡ Uij

Vsd
fLd
1iðαÞf

Lu�
2jðαÞ:

ðC31Þ

The tightest bounds of this type originate from measure-
ments of the branching fraction ratios:

RðπþÞ≡ Γðπþ → eþνÞ
Γðπþ → μþνÞ ; RðKþÞ≡ ΓðKþ → eþνÞ

ΓðKþ → μþνÞ :

a. Charged pion decays

The experimental measurement and the SM prediction
yield

RðπþÞ ¼ ð1.2327� 0.0023Þ × 10−4 ½71�;
RðπþÞSM ¼ ð1.2352� 0.0001Þ × 10−4 ½76�;

which, given Eq. (C28), leads to

jDðπþÞ
1 −DðπþÞ

2 j≲ ð3.9 TeVÞ−2: ðC32Þ

b. Charged kaon decays

In this case,

RðKþÞ ¼ ð2.493� 0.031Þ × 10−5 ½46�;
RðKþÞSM ¼ ð2.477� 0.001Þ × 10−5 ½76�;

which results in

jDðKþÞ
1 −DðKþÞ

2 j≲ ð3.1 TeVÞ−2: ðC33Þ

3. Charged meson three-body decays
to a meson and charged leptons

When the leptoquark has both LH and RH interactions
with SM fermions, the three-body meson decays are less
restrictive than the two-body decays. However, in the case
of our model, with predominantly LH interactions, the
bounds arising from Bþ → Kþe�μ∓ impose the most
severe constraints on the leptoquark mass. The correspond-
ing decay rate is expressed in terms of the form factors
fþðq2Þ and f0ðq2Þ defined via
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hM0ðp0Þjq̄1γμq2jM̄ðpÞi ¼ fþðq2Þ
�
pμ þ p0μ − ΔM2

q2
qμ
�
þ f0ðq2Þ

ΔM2

q2
qμ;

hM0ðp0Þjq̄1q2jM̄ðpÞi ¼ f0ðq2Þ
ΔM2

mq1 −mq2

; ðC34Þ

where the four-momentum transfer q ¼ p0 − p and the meson squared mass difference ΔM2 ¼ m2
M −m2

M0 . The
contribution to the decay rate mediated by leptoquarks is

ΓðM → M0lþi l
−
j ÞX ¼ 1

2048π3
1

m3
M

Z ðmM−mM0 Þ2

ðmiþmjÞ2
dq2

q4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðq2; m2

M; m2
M0 Þλðq2; m2

i ; m
2
jÞ

q

×


�
1

3
Nþ

ij

�
2q2 −m2

i −m2
j −

ðm2
i −m2

jÞ2
q2

�
þ 2N−

ijmimj

�
λðq2; m2

M; m2
M0 Þjfþðq2Þj2

þ
�
Nþ

ij

�
m2

i þm2
j −

ðm2
i −m2

jÞ2
q2

�
− 2N−

ijmimj þ 4Pþ
ijq

2ðq2 −m2
i −m2

jÞ − 8P−
ijq

2mimj

− 4ðRþ
ij þ R−

ijÞmiðq2 −m2
i þm2

jÞ þ 4ðRþ
ij − R−

ijÞmjðq2 þm2
i −m2

jÞ
�
ðm2

M −m2
M0 Þ2jf0ðq2Þj2

�
;

ðC35Þ
where

λðx; y; zÞ≡ ðx − y − zÞ2 − 4yz; N�
ij ≡

				X
α

nLLijðαÞ þ nRRijðαÞ
M2

α

				2 �
				X

α

nLLijðαÞ − nRRijðαÞ
M2

α

				2;
P�
ij ≡

				X
α

pLR
ijðαÞ þ pRL

ijðαÞ
M2

α

				2 �
				X

α

pLR
ijðαÞ − pRL

ijðαÞ
M2

α

				2; R�
ij ≡

X
α;β

Re½ðnLLijðαÞ � nRRijðαÞÞðpLR
ijðβÞ � pRL

ijðβÞÞ�
M2

αM2
β

;

nLLðK
þ;πþÞ

ijðαÞ ¼ fLd
1iðαÞf

Ld�
2jðαÞ; nLLðB

þ;πþÞ
ijðαÞ ¼ fLd

1iðαÞf
Ld�
3jðαÞ;

nLLðB
þ;KþÞ

ijðαÞ ¼ fLd
2iðαÞf

Ld�
3jðαÞ; nRRijðαÞ ¼ nLLijðαÞðL ↔ RÞ;

pLRðKþ;πþÞ
ijðαÞ ¼

fLd
1iðαÞf

Rd�
2jðαÞQ

ms −md
; pLRðBþ;πþÞ

ijðαÞ ¼
fLd
1iðαÞf

Rd�
3jðαÞQ

mb −md
; pLRðBþ;KþÞ

ijðαÞ ¼
fLd
2iðαÞf

Rd�
3jðαÞQ

mb −ms
; pRL

ijðαÞ ¼ pLR
ijðαÞðL ↔ RÞ:

ðC36Þ
The form factors fþðq2Þ and f0ðq2Þ are calculated using lattice methods. For the K → π form factor we use the linear fit

given in [77]. For the B → π and B → K form factors we adopt the results of [28,78], where the interpolating functions were
obtained using the Bourrely-Caprini-Lellouch parametrization [61].
The K → π form factor is [77]

ffþ;0gðq2ÞKπ ¼ fþð0ÞKπ
�
1þ λ0fþ;0g

q2

m2
πþ

�
; ðC37Þ

with fþð0ÞKπ ¼ 0.9636, λ0þ ¼ 0.0308 and λ00 ¼ 0.0198.
The B → π and B → K form factors are given by

fþðq2Þ ¼
1

Pþðq2Þ
XNþ−1

n¼0

bðnÞþ

�
zn − ð−1Þn−Nþ

n
Nþ

zNþ

�
; f0ðq2Þ ¼

XN0

n¼0

bðnÞ0 zn; ðC38Þ

where

z≡ zðq2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
− ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t0
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − q2
p

þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t0

p : ðC39Þ

In the B → π case [78],
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tþ ¼ ðmBþ þmπþÞ2, t− ¼ ðmBþ −mπþÞ2,
t0 ¼ ðmBþ þmπþÞð ffiffiffiffiffiffiffiffiffi

mBþ
p − ffiffiffiffiffiffiffiffi

mπþ
p Þ2,

bð0Þþ ¼ 0.42, bð1Þþ ¼ −1.46bð0Þþ , bð2Þþ ¼ −4.7bð0Þþ ,

bð0Þ0 ¼ 0.516, bð1Þ0 ¼ −3.94bð0Þ0 , bð2Þ0 ¼ 0.7bð0Þ0 ,
Pþðq2Þ ¼ 1 − q2=m2

B� , mB� ¼ 5.325 GeV,
whereas for B → K [28]
tþ ¼ ðmBþ þmKþÞ2, t− ¼ ðmBþ −mKþÞ2,
t0 ¼ ðmBþ þmKþÞð ffiffiffiffiffiffiffiffiffi

mBþ
p − ffiffiffiffiffiffiffiffiffi

mKþ
p Þ2,

bð0Þþ ¼ 0.432, bð1Þþ ¼ −0.65, bð2Þþ ¼ −0.97,
bð0Þ0 ¼ 0.550, bð1Þ0 ¼ −1.89, bð2Þ0 ¼ 1.98, bð3Þ0 ¼ −0.02,
Pþðq2Þ ¼ 1 − q2=ðmBþ þ Δ�þÞ2, Δ�þ ¼ 0.04578 GeV.
The resulting constraints on Bþ decays are much weaker

than the corresponding bounds presented in [11]. This is
due to the fact that the calculation in [11] assumed
fþðq2Þ ¼ f0ðq2Þ ¼ 1. This assumption for the B → π
and B → K form factors is quite far from their actual shape.

a. Charged kaon decays

Experimental constraints from searches for the processes Kþ → πþe�μ∓ yield

NþðKþ;πþÞ
12 þ ð0.54 GeV2ÞPþðKþ;πþÞ

12 þ ð0.83 GeVÞðRþðKþ;πþÞ
12 − R−ðKþ;πþÞ

12 Þ≲
�
BrðKþ → πþeþμ−Þ

5.2 × 10−10

�
ð32.1 TeVÞ−4; ½44�

ðC40Þ

NþðKþ;πþÞ
21 þ ð0.54 GeV2ÞPþðKþ;πþÞ

21 − ð0.83 GeVÞðRþðKþ;πþÞ
21 þ R−ðKþ;πþÞ

21 Þ≲
�
BrðKþ → πþe−μþÞ

1.3 × 10−11

�
ð80.6 TeVÞ−4: ½45�

ðC41Þ

b. Charged B meson decays

The experimental bounds on the decays Bþ → πþe�μ∓, Bþ → Kþe�μ∓ and Bþ → Kþμ�τ∓ give

NþðBþ;πþÞ
12 þ ð138 GeV2ÞPþðBþ;πþÞ

12 þ ð0.76 GeVÞðRþðBþ;πþÞ
12 − R−ðBþ;πþÞ

12 Þ ≲
�
BrðBþ → πþeþμ−Þ

9.2 × 10−8

�
ð13.5 TeVÞ−4; ½48�

ðC42Þ

NþðBþ;πþÞ
21 þ ð138 GeV2ÞPþðBþ;πþÞ

21 − ð0.76 GeVÞðRþðBþ;πþÞ
21 þ R−ðBþ;πþÞ

21 Þ ≲
�
BrðBþ → πþe−μþÞ

9.2 × 10−8

�
ð13.5 TeVÞ−4; ½48�

ðC43Þ

NþðBþ;KþÞ
12 þ ð109 GeV2ÞPþðBþ;KþÞ

12 þ ð1.0 GeVÞðRþðBþ;KþÞ
12 − R−ðBþ;KþÞ

12 Þ≲
�
BrðBþ → Kþeþμ−Þ

9.1 × 10−8

�
ð16.2 TeVÞ−4; ½47�

ðC44Þ

NþðBþ;KþÞ
21 þ ð109 GeV2ÞPþðBþ;KþÞ

21 − ð1.0 GeVÞðRþðBþ;KþÞ
21 þ R−ðBþ;KþÞ

21 Þ≲
�
BrðBþ → Kþe−μþÞ

1.3 × 10−7

�
ð14.9 TeVÞ−4; ½47�

ðC45Þ

NþðBþ;KþÞ
23 þ ð96 GeV2ÞPþðBþ;KþÞ

23 þ ð10.3 GeVÞðRþðBþ;KþÞ
23 − 1.2R−ðBþ;KþÞ

23 Þ≲
�
BrðBþ → Kþμþτ−Þ

7.7 × 10−5

�
ð2.7 TeVÞ−4; ½49�

ðC46Þ

NþðBþ;KþÞ
32 þ ð96 GeV2ÞPþðBþ;KþÞ

32 − ð10.3 GeVÞðRþðBþ;KþÞ
23 þ 1.2R−ðBþ;KþÞ

23 Þ≲
�
BrðBþ → Kþμ−τþÞ

7.7 × 10−5

�
ð2.7 TeVÞ−4: ½49�

ðC47Þ
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4. Tau decays

The leptoquark contribution to the rate of τ decays to a
pseudoscalar meson and a lepton, neglecting the mass of
the lepton in the final state, is

Γðτ− → M0l−i ÞX ¼ m3
τf2M0

128π
Ti

�
1 −

m2
M0

m2
τ

�
2

; ðC48Þ

where

Ti ≡
				X

α

tLiðαÞ
M2

α

				2 þ
				X

α

tRiðαÞ
M2

α

				2;
tLðπ

0Þ
iðαÞ ≡ fRd

13ðαÞf
Rd�
1iðαÞ þ

2m2
π0
Q

mτðmd þmuÞ
fLd
13ðαÞf

Rd�
1iðαÞ;

t
LðK0

SÞ
iðαÞ ≡ 1ffiffiffi

2
p

�
fRd
13ðαÞf

Rd�
2iðαÞ þ

2m2
K0

S
Q

mτðms þmdÞ
fLd
13ðαÞf

Rd�
2iðαÞ

�
− ð1 ↔ 2Þ;

tRiðαÞ ≡ tLiðαÞðL ↔ RÞ ðC49Þ

and fπ0 ¼ fπþ=
ffiffiffi
2

p
. The bounds are

Tðπ0Þ
1 ≲

�
Brðτ− → π0e−Þ
8.0 × 10−8

�
ð5.0 TeVÞ−4; ½56� ðC50Þ

Tðπ0Þ
2 ≲

�
Brðτ− → π0μ−Þ
1.1 × 10−7

�
ð4.7 TeVÞ−4; ½55� ðC51Þ

T
ðK0

SÞ
1 ≲

�
Brðτ− → K0

Se
−Þ

2.6 × 10−8

�
ð8.4 TeVÞ−4; ½57� ðC52Þ

T
ðK0

SÞ
2 ≲

�
Brðτ− → K0

Sμ
−Þ

2.3 × 10−8

�
ð8.6 TeVÞ−4: ½57� ðC53Þ

There are also constraints from τ decays to a vector
meson and a lepton, e.g., τ− → ϕl−i . The resulting lepto-
quark contribution to the rate is given by Eq. (C48) with

tLðϕÞiðαÞ ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2m2

ϕ

m2
τ

s �
fRd
23ðαÞf

Rd�
2iðαÞ þ

m2
ϕQ

mτms
fLd
23ðαÞf

Rd�
2iðαÞ

�
;

tRðϕÞiðαÞ ≡ tLðϕÞiðαÞ ðL ↔ RÞ: ðC54Þ

The experimental bounds yield

TðϕÞ
1 ≲

�
Brðτ− → ϕe−Þ
3.1 × 10−8

�
ð9.6 TeVÞ−4; ½58� ðC55Þ

TðϕÞ
2 ≲

�
Brðτ− → ϕμ−Þ
8.4 × 10−8

�
ð7.5 TeVÞ−4: ½58� ðC56Þ

5. Radiative charged lepton decay

The vector leptoquark contribution to the process
li → ljγ is induced at the loop level. Unlike for scalar
leptoquarks, in the case of vector leptoquarks this effect
cannot be computed in the general case, since the result is
infinite and requires arbitrary subtractions that are well
defined only in a UV complete model. We parametrize our
ignorance of this UV completion with the coefficients cLR
and cRL,

Γðlþi → lþj γÞX ¼ e2m5
i

4096π5

�				X
α;k

fLdkjðαÞf
Ld�
kiðαÞ

M2
α

				2 þ ðL ↔ RÞ
�

þ e2m3
i m

2
b

4096π5

�
c2LR

				X
α

fLd
3jðαÞf

Rd�
3iðαÞ

M2
α

				2

þ ðL ↔ RÞ
�
þ � � � ; ðC57Þ

wherek ¼ 1, 2, 3 andwe expectcLR and cRL to beOð1Þ, with
their values dependent on the UV details of the model. The
ellipsis denotes interference and mass-suppressed terms.
If the matrices fij are proportional to unitary matrices, the

terms in the first line of Eq. (C57) vanish. The experimental
bounds, neglecting higher order terms, become

c2LR

				X
α

fLd
31ðαÞf

Rd�
32ðαÞ

M2
α

				2 þ c2RL

				X
α

fRd
31ðαÞf

Ld�
32ðαÞ

M2
α

				2 ≲
�
Brðμ → eγÞ
4.2 × 10−13

�
ð332 TeVÞ−4; ½79� ðC58Þ

c2LR

				X
α

fLd
31ðαÞf

Rd�
33ðαÞ

M2
α

				2 þ c2RL

				X
α

fRd
31ðαÞf

Ld�
33ðαÞ

M2
α

				2 ≲
�
Brðτ → eγÞ
3.3 × 10−8

�
ð3.1 TeVÞ−4; ½80� ðC59Þ

c2LR

				X
α

fLd
32ðαÞf

Rd�
33ðαÞ

M2
α

				2 þ c2RL

				X
α

fRd
32ðαÞf

Ld�
33ðαÞ

M2
α

				2 ≲
�
Brðτ → μγÞ
4.4 × 10−8

�
ð2.9 TeVÞ−4: ½80� ðC60Þ
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In our model the leading order terms contributing to
lþi → lþj γ are Oðm2

b=M
2
XL
Þ and the resulting constraints

are negligible compared to tree-level bounds.

6. l +i → l +j conversion

The effective Hamiltonian for the lþi → lþj conversion
consists of the dipole transition part corresponding to
lþi → lþj γ and terms arising from integrating out the heavy
vector leptoquarks, i.e.,

Heff
lþi →lþj

¼ emb

16π2
X
α

cLR
M2

α
fLd
3jðαÞf

Rd�
3iðαÞ l̄jRσμνliLF

μν

þ emi

16π2
X
α;k

1

M2
α
fLdkjðαÞf

Ld�
kiðαÞ l̄jRσμνliLF

μν

þ
X
α;m

1

M2
α
½fLdmjðαÞf

Ld�
miðαÞðl̄jLγμliLÞðd̄kLγμdkLÞ

− 2QfLdmjðαÞf
Rd�
miðαÞðl̄jLliRÞðd̄kRdkLÞ�

þ ðL ↔ RÞ þ � � � ; ðC61Þ

where m ¼ 1, 2. The steps required to match the effective
Hamiltonian (C61) to the Hamiltonian at the nucleon level
and compute the conversion rate are provided in [81,82].
The tightest experimental constraint from lþi − lþj con-

version arises from μ − e conversion on gold [59]. Since
the resulting bound on the dipole transition contribution
is less restrictive than the constraint from μ → eγ in
Eq. (C58), we concentrate only on the second part of
the Hamiltonian (C61). Following [81], the μ − e conver-
sion rate is then given by

Γðμ → eÞ ¼ m5
μjg̃ðpÞLVVp þ g̃ðnÞLVVn þ g̃ðpÞLS Sp þ g̃ðnÞLSSnj2

þ ðL ↔ RÞ; ðC62Þ

where

g̃ðpÞLV ¼ 1

2
g̃ðnÞLV ¼

X
α

1

M2
α
fLd
12ðαÞf

Ld�
11ðαÞ;

g̃ðpÞLS ¼ −2Q
X
α

1

M2
α
½4.3fLd

12ðαÞf
Rd�
11ðαÞ þ 2.5fLd

22ðαÞf
Rd�
21ðαÞ�;

g̃ðnÞLS ¼ −2Q
X
α

1

M2
α
½5.1fLd

12ðαÞf
Rd�
11ðαÞ þ 2.5fLd

22ðαÞf
Rd�
21ðαÞ�;

ðC63Þ

with similar relations obtained upon switching (L ↔ R).
The numerical coefficients were adopted from [83]. For the
197
79 Au nucleus, which provides the most stringent bound,
the parameters in Eq. (C62) are

Vp¼0.0974; Vn¼0.146; Sp¼0.0614; Sn¼0.0918;

and they are the result of the calculation using “method 1” in
Sec. III A of [81]. The best bound on μ − e conversion is [59]

Γðμ → e inAuÞ
Γðμ capture inAuÞ < 7 × 10−13: ðC64Þ

The constraints on general ð3; 1Þ2=3 leptoquark models
are derived by inserting Eq. (C62) into (C64) and using the
total μ− capture rate in 197

79 Au, Γðμ capture inAuÞ ¼ 8.6 ×
10−18 GeV [84]. In the case of our model, with just LH
leptoquark couplings, the constraint simplifies to

				X
α

fLd
12ðαÞf

Ld�
11ðαÞ

M2
α

				−1=2 ≳ 762 TeV: ðC65Þ

Finally, let us note that the bounds on generic leptoquark
models were considered in [7–12]. Our formulas reproduce
those results up to the difference in the adopted values of
quark masses, meson decay constants and form factors used.

APPENDIX D: FLAVOR CONSTRAINTS:
SUð4ÞL × SUð4ÞL MODEL

In our model Xð1Þ ≡ X1 and Xð2Þ ≡ X2 given by Eq. (15);
therefore the coefficients in Eq. (C1) are

fLuijð1Þ ≡
gL cos θ4ffiffiffi

2
p Lu

ij; fLdijð1Þ ≡
gL cos θ4ffiffiffi

2
p Ld

ij;

fRuijð1Þ ≡
gR sin θ4ffiffiffi

2
p Ru

ij; fRdijð1Þ ≡
gR sin θ4ffiffiffi

2
p Rd

ij;

fRuijð2Þ ≡
gR cos θ4ffiffiffi

2
p Ru

ij; fRdijð2Þ ≡
gR cos θ4ffiffiffi

2
p Rd

ij;

fLuijð2Þ ≡ −
gL sin θ4ffiffiffi

2
p Lu

ij; fLdijð2Þ ≡ −
gL sin θ4ffiffiffi

2
p Ld

ij: ðD1Þ

Constraints on the model parameters are obtained by
substituting the expressions in Eq. (D1) into the bounds
derived in Appendix C. In the limit vR ≫ vL and vR ≫ vΣ,
for which sin θ4 ≃ 0, X1 ¼ XL and X2 ¼ XR, one arrives at
the constraints listed below. It is explicitly shown which
equation in Appendix C a given constraint originated from.

1. K0
L decays

ðC13Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jReðLd

11L
d�
21Þj

q ≳ 21.2 TeV; ðD2Þ

ðC14Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

11L
d�
22 þ Ld

21L
d�
12j

q ≳ 225 TeV; ðD3Þ

ðC15Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jReðLd

12L
d�
22Þj

q ≳ 51.0 TeV: ðD4Þ
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2. B0 decays

ðC16Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

11L
d�
31j

q ≳ 0.24 TeV; ðD5Þ

ðC17Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

11L
d�
32j2 þ jLd

12L
d�
31j24

q ≳ 8.9 TeV; ðD6Þ

ðC18Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

12L
d�
32j

q ≳ 10.7 TeV ðD7Þ

ðC19Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

11L
d�
33j2 þ jLd

13L
d�
31j24

q ≳ 2.6 TeV; ðD8Þ

ðC20Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

12L
d�
33j2 þ jLd

13L
d�
32j24

q ≳ 2.8 TeV; ðD9Þ

ðC21Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

13L
d�
33j

q ≳ 1.0 TeV: ðD10Þ

3. B0
s decays

ðC22Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

21L
d�
31j

q ≳ 0.2 TeV; ðD11Þ

ðC23Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

21L
d�
32j2 þ jLd

22L
d�
31j24

q ≳ 6.4 TeV; ðD12Þ

ðC24Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

22L
d�
32j

q ≳ 6.0 TeV; ðD13Þ

ðC25Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

23L
d�
33j

q ≳ 0.7 TeV: ðD14Þ

4. π + decays

ðC32Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jRe½Ld

11ðVLdÞ�11−4.3Ld
12ðVLdÞ�12�j

q ≳2.8TeV:

ðD15Þ

5. K + decays

ðC33Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jRe½Ld

11ðVLdÞ�21−4.3Ld
12ðVLdÞ�22�j

q ≳2.2 TeV;

ðD16Þ

ðC40Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

11L
d�
22j

q ≳ 27.0 TeV; ðD17Þ

ðC41Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

12L
d�
21j

q ≳ 67.8 TeV: ðD18Þ

6. B+ decays

ðC42Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

11L
d�
32j

q ≳ 11.4 TeV; ðD19Þ

ðC43Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

12L
d�
31j

q ≳ 11.4 TeV; ðD20Þ

ðC44Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

21L
d�
32j

q ≳ 13.6 TeV; ðD21Þ

ðC45Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

22L
d�
31j

q ≳ 12.5 TeV; ðD22Þ

ðC46Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

22L
d�
33j

q ≳ 2.3 TeV; ðD23Þ

ðC47Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

23L
d�
32j

q ≳ 2.3 TeV: ðD24Þ

7. τ decays

ðC50Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

11L
d�
13j

q ≳ 3.6 TeV; ðD25Þ

ðC51Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

12L
d�
13j

q ≳ 3.3 TeV; ðD26Þ

ðC52Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

21L
d�
13 − Ld

11L
d�
23j

q ≳ 5.0 TeV; ðD27Þ
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ðC53Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

22L
d�
13 − Ld

12L
d�
23j

q ≳ 5.1 TeV; ðD28Þ

ðC55Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

21L
d�
23j

q ≳ 6.8 TeV; ðD29Þ

ðC56Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

22L
d�
23j

q ≳ 5.3 TeV: ðD30Þ

8. μ− e conversion

ðC65Þ∶ MXL

gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jLd

12L
d�
11j

q ≳ 539 TeV: ðD31Þ
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