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1 Introduction

Many theories beyond the Standard Model (SM) which treat quarks and leptons in a

similar footing include a particular type of bosons called ‘leptoquarks’. These particles

are present in Gran Unified Theories, such as SU(5) [1], SU(4)C × SU(2)L× SU(2)R [2], or

SO(10) [3, 4], where quarks and leptons usually appear in the same multiplets, but can also

show up in some models with dynamical symmetry breaking like technicolor or extended

technicolor [5, 6]. Leptoquarks can turn a quark into a lepton and vice versa and, due to

this unique nature, the discovery of leptoquarks would be an unambiguous signal of new

physics (NP).

Extensive searches for leptoquarks have been conducted in past experiments and the

hunt is still very much on in recent colliders as well. So far, the LHC has not found any

signal of new particles beyond the SM (BSM), pushing their mass scale further up to the
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TeV range. Under this circumstance, relatively low-energy phenomena can be important to

indirectly identify the possible evidence of leptoquarks. At low energies, leptoquarks induce

interactions between two leptons and two quarks, and/or four leptons (quarks), which are in

some cases either stringently suppressed or forbidden in the SM. We use such measurements

or upper bounds for decay modes from various experiments to constrain the leptoquark

couplings. In most of the cases the analysis is done within the model-independent effective

theory approach and thus can be used for other types of NP scenarios as well.

There exist several thorough studies dealing with diverse aspects of leptoquark phe-

nomenology [7–11]. Moreover, the experimental flavour anomalies recently observed in

some B decay modes have triggered a renewed interest in leptoquark interactions as a

possible explanation of the data [12–50]. In this paper we reconsider various decay modes

which could be potential candidates to hint for possible evidence of leptoquark interac-

tions. Since most of the recent analyses have focused on the leptoquark couplings to heavy

quarks, we restrict ourselves to leptons and mesons with light quarks, namely kaons for this

work. Many of the modes that we consider have been already studied in the past. However,

we carefully re-examine them by including almost all possible effects within the SM that

were previously neglected. The experimental precision has been improved significantly in

some cases and, therefore, the interference terms between the SM contribution and the NP

interaction can be very important and need to be properly taken into account.

Leptoquarks can be scalar or vector particles. In this article we discuss only the scalar

leptoquarks because they can be more easily analyzed in a model-independent way. The

phenomenology of vector leptoquarks is much more sensitive to the ultra-violet (UV) com-

pleteness of a particular model. The particle content of the full UV theory can in principle

affect the low-energy phenomena abruptly, hence the obtained limits on vector leptoquark

couplings may not be that robust. Our bounds on the scalar leptoquark couplings are

extracted from data at a low-energy scale of about few GeV. When constructing a full

leptoquark theory, a proper scale evolution through renormalization group (RG) equations

must be then incorporated.

The rest of the paper is organized in the following way. In section 2 we briefly discuss

a generic interaction Lagrangian, containing all five scalar leptoquarks, which will be the

starting point of our analysis. The most general effective Lagrangian at low energies, arising

from these scalar leptoquark interactions, is then derived in section 3, where we also set

up the notation. We discuss the bounds originating from several rare decays of leptons,

and from their electric and magnetic moments, in section 4. The limits from kaon decays

are derived in section 5. Finally, in section 6 we summarize our results.

2 Scalar leptoquarks

In this section we discuss the interaction of scalar leptoquarks with the SM fields. From

the representations of quark and lepton fields under the SM gauge group SU(3)C ⊗
SU(2)L⊗U(1)Y , the leptoquarks can be classified in five different categories. We follow the

nomenclature widely used in the literature [8, 10] for these leptoquarks as S1 (3̄, 1, 1/3),

S̃1 (3̄, 1, 4/3), R2 (3, 2, 7/6), R̃2 (3, 2, 1/6) and S3 (3̄, 3, 1/3). It can be seen that while
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S1 and S̃1 are singlets under the SU(2)L gauge group, R2 and R̃2 are doublets and S3

transforms as a triplet. The hypercharge normalization is chosen in such a way that the

electromagnetic (EM) charge Qem = T3 + Y , where T3 is the eigenvalue of the diagonal

generator of SU(2)L. We denote the left-handed SM quark (lepton) doublets as Q (L),

while uR (dR) and `R are the right-handed up (down)-type quark and lepton singlets, re-

spectively. The so-called genuine leptoquarks [10], R2 and R̃2, can be assigned a definite

baryon (B = 1
3) and lepton (L = −1) number, but S1, S̃1 and S3 could violate in principle

the conservation of these quantum numbers through diquark interactions. The leptoquark

couplings to diquarks induce proton decays and thus have to be very suppressed. In this

paper we neglect such couplings, as we are only interested in low-energy phenomena, and

will assume that there is some symmetry in the UV theory that forbids these terms.

Using the freedom to rotate the different equal-charge fermion fields in flavour space,

we adopt a ‘down’ basis where the down-type-quark and charged-lepton Yukawas are di-

agonal. In this basis, the transformation from the fermion interaction eigenstates to mass

eigenstates is simply given by uL → V †uL and νL → UνL, where V is the quark Cabibbo-

Kobayashi-Maskawa (CKM) matrix [51, 52] and U the Pontecorvo-Maki-Nakagawa-Sakata

(PMNS) unitary matrix in the neutrino sector [53–55].

Following the notation used in ref. [10], we write the fermionic interaction Lagrangian

for the five mentioned scalar leptoquarks as

LLQ =Qc iτ2 YS1L S1 + ucR ZS1`R S1

+ dcR YS̃1
`R S̃1

+ `R YR2 R
†
2Q− ūR ZR2 R

T
2 iτ2 L

− dR YR̃2
R̃T2 iτ2L

+Qc YS3 iτ2 τ · S3 L+ h.c. , (2.1)

where f c ≡ Cf̄ T indicates the charge-conjugated field of the fermion f . Here YLQ and

ZLQ are completely arbitrary Yukawa matrices in flavour space and τk, k ∈ {1, 2, 3} are

the Pauli matrices. We have suppressed the SU(2)L indices for simplicity. Expanding the

interaction terms in the mass-eigenstate basis we get

LLQ =
[
ucL

i
(V ∗YS1)ij`jL − dcL

i
(YS1U)ij νjL + ucR

i
ZijS1

`jR

]
S1

+ dcR
i
Y ij

S̃1
`jR S̃1

+ `
i
RY

ij
R2
djLR

2/3
2

∗
+ u iR(ZR2U)ij νjLR

2/3
2 + `

i
R(YR2V

†)ij ujLR
5/3
2

∗
− u iRZ

ij
R2
`jLR

5/3
2

− d iR Y
ij

R̃2
`jL R̃

2/3
2 + d

i
R (YR̃2

U)ij νjL R̃
−1/3
2

− dcL
i
(YS3U)ijνjL S

1/3
3 −

√
2 dcL

i
Y ij
S3
`jL S

4/3
3 +

√
2ucL

i
(V ∗YS3U)ijνjL S

−2/3
3

− ucL
i
(V ∗YS3)ij`jL S

1/3
3 + h.c. . (2.2)

We have explicitly shown the generation indices in eq. (2.2), where i, j ∈ {1, 2, 3}. The

superscripts for R2, R̃2 and S3 denote the EM charge of the corresponding leptoquark.

Being doublets, R2 and R̃2 each have two components, while for the triplet S3 we get
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three components differing by their EM charges. As we neglect the diquark couplings, a

baryon and lepton number can be assigned to all leptoquarks in a consistent way. In the

subsequent sections we explore the constraints that arise on the arbitrary Yukawa matrices

YLQ and ZLQ from various lepton and kaon decay modes.

3 Effective Lagrangian

The tree-level exchange of scalar leptoquarks (φ = S1, S̃1, R2, R̃2, S3) generates a low-

energy effective Lagrangian,

LLQ
eff = Lcc

eff + Lnc,`
eff + Lnc,ν

eff , (3.1)

where (i, k,m, n are flavour indices)

Lcc
eff =

∑
i,k,m,n

{
[CVL ]ik,mn (ūiLγ

µdkL)(¯̀m
L γµν

n
L) + [CVR ]ik,mn (ūiRγ

µdkR)(¯̀m
L γµν

n
L)

+ [CSL ]ik,mn (ūiRd
k
L)(¯̀m

Rν
n
L) + [CSR ]ik,mn (ūiLd

k
R)(¯̀m

Rν
n
L)

+ [CT ]ik,mn (ūiRσ
µνdkL)(¯̀m

Rσµνν
n
L)
}

+ h.c. , (3.2)

Lnc,`
eff =

∑
i,k,m,n

∑
q=u,d

{
[gLLV,q]

ik,mn (q̄iLγ
µqkL)(¯̀m

L γµ`
n
L) + [gLRV,q ]ik,mn (q̄iLγ

µqkL)(¯̀m
Rγµ`

n
R)

+ [gRLV,q ]ik,mn (q̄iRγ
µqkR)(¯̀m

L γµ`
n
L) + [gRRV,q ]ik,mn (q̄iRγ

µqkR)(¯̀m
Rγµ`

n
R)

+ [gLS,q]
ik,mn (q̄iRq

k
L)(¯̀m

R `
n
L) + [gRS,q]

ik,mn (q̄iLq
k
R)(¯̀m

L `
n
R)

+ [gLT,q]
ik,mn (q̄iRσ

µνqkL)(¯̀m
Rσµν`

n
L) + [gRT,q]

ik,mn (q̄iLσ
µνqkR)(¯̀m

L σµν`
n
R)
}
,

(3.3)

and

Lnc,ν
eff =

∑
i,k,m,n

∑
q=u,d

{
[N q

VL
]ik,mn (q̄iLγ

µqkL)(ν̄mL γµν
n
L) + [N q

VR
]ik,mn (q̄iRγ

µqkR)(ν̄mL γµν
n
L)
}
.

(3.4)

We detail next the contributions from the different scalar leptoquarks. Only those Wil-

son coefficients that are non-vanishing (up to Hermitian conjugation) are listed. Notice that

the following coefficients do not receive any contribution from scalar leptoquark exchange:

CVR = CSR = gLS,d = gLT,d = gRS,d = gRT,d = 0 . (3.5)

S1 exchange: all Wilson coefficients are proportional to w1 ≡ 1/(2M2
S1

). Defining

{C, g,N} ≡ w1 {Ĉ, ĝ, N̂}, one gets:

[ĈVL ]ik,mn = −(YS1U)kn (V Y ∗S1
)im , [ĈSL ]ik,mn = −4 [ĈT ]ik,mn = (YS1U)kn (Z∗S1

)im ,

[ĝLLV,u]ik,mn = (V ∗YS1)kn (V Y ∗S1
)im , [ĝLS,u]ik,mn = −4 [ĝLT,u]ik,mn = −(V ∗YS1)kn (Z∗S1

)im ,

[ĝRRV,u ]ik,mn = (ZS1)kn (Z∗S1
)im , [ĝRS,u]ik,mn = −4 [ĝRT,u]ik,mn = −(ZS1)kn (V Y ∗S1

)im ,

[N̂d
VL

]ik,mn = (YS1U)kn (Y ∗S1
U∗)im . (3.6)
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S̃1 exchange: only one operator gets a non-zero contribution in this case:

[gRRV,d ]ik,mn =
1

2M2
S̃1

Y kn
S̃1

(Y ∗
S̃1

)im . (3.7)

R2 exchange: similar to the previous cases all Wilson coefficients are proportional to

w2 ≡ 1/(2M2
R2

). Thus, we define {C, g,N} ≡ w2 {Ĉ, ĝ, N̂}. However, we separate the

contributions from leptoquarks with different electric charges, so that leptoquark mass

splittings can be easily taken into account. The exchange of R
2/3
2 gives

[ĈSL ]ik,mn = 4 [ĈT ]ik,mn = −(ZR2U)in (YR2)mk ,

[ĝLRV,d ]ik,mn = −(Y †R2
)in (YR2)mk , [N̂u

VR
]ik,mn = −(ZR2U)in (Z∗R2

U∗)km ,

(3.8)

while R
5/3
2 exchange leads to

[ĝLRV,u]ik,mn = −(V Y †R2
)in (YR2V

†)mk , [ĝLS,u]ik,mn = 4 [ĝLT,u]ik,mn = (ZR2)in (YR2V
†)mk ,

[ĝRLV,u]ik,mn = −(ZR2)in (Z∗R2
)km , [ĝRS,u]ik,mn = 4 [ĝRT,u]ik,mn = (V Y †R2

)in (Z∗R2
)km .

(3.9)

R̃2 exchange: the two different components of R̃2 give rise to one operator each, given as

[gRLV,d ]ik,mn = − 1

2M2

R̃
2/3
2

Y in
R̃2

(Y ∗
R̃2

)km , [Nd
VR

]ik,mn = − 1

2M2

R̃
−1/3
2

(YR̃2
U)in (Y ∗

R̃2
U∗)km .

(3.10)

S3 exchange: all Wilson coefficients are proportional to w3 ≡ 1/(2M2
S3

). Again, we

define {C, g,N} ≡ w3 {Ĉ, ĝ, N̂}, and separate the contributions from leptoquarks with

different electric charges. The exchange of S
1/3
3 gives

[ĈVL ]ik,mn = (V Y ∗S3
)im (YS3U)kn , [ĝLLV,u]ik,mn = (V Y ∗S3

)im (V ∗YS3)kn ,

[N̂d
VL

]ik,mn = (Y ∗S3
U∗)im (YS3U)kn , (3.11)

while S
4/3
3 only contributes to

[ĝLLV,d]
ik,mn = 2 (Y ∗S3

)im (YS3)kn , (3.12)

and S
−2/3
3 leads to

[N̂u
VL

]ik,mn = 2 (V Y ∗S3
U∗)im (V ∗YS3U)kn . (3.13)

We denote the elements of the matrices YLQ and ZLQ with lowercase, namely, yijLQ and

zijLQ. As we see from the above expressions, particular combinations of these Yukawa matrix

elements arise several times, and hence for convenience we introduce the following notation:

y′LQ
ij ≡ (YLQ V

†)ij , ỹijLQ ≡ (V ∗ YLQ)ij , ŷijLQ ≡ (YLQ U)ij . (3.14)

– 5 –
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3.1 QCD running

The previous derivation of the Wilson coefficients (matching calculation) applies at the high

scale µ = MLQ, where QCD interactions amount to very small corrections because αs(MLQ)

is small. However, we need to evolve these predictions, using the renormalization group, to

the much lower scales where hadronic decays take place. Neglecting electroweak corrections,

we only need to care about the quark currents. One obtains then the simplified result:

W (µ) = ΩW (µ,MLQ) W (MLQ) , (3.15)

where W refers to any of the Wilson coefficients in eqs. (3.2) to (3.4). At lowest order

(leading logarithm), the evolution operator is given by

ΩW (µ,MLQ) =

(
α

(nf )
s (µ)

α
(nf )
s (mf+1

q )

)−γJ1 /β(nf )

1

· · ·

(
α

(5)
s (mb)

α
(5)
s (mt)

)−γJ1 /β(5)
1
(

α
(6)
s (mt)

α
(6)
s (MLQ)

)−γJ1 /β(6)
1

(3.16)

with nf the relevant number of quark flavours at the hadronic scale considered and mf+1
q

the lightest (integrated out) heavy quark. The powers are governed by the first coefficients

of the QCD β function, β
(nf )
1 = (2nf − 33)/6, and the current anomalous dimensions:

γV1 = 0 , γS1 = 2 , γT1 = −2/3 . (3.17)

Notice that the vector currents do not get renormalized, while the scalar and tensor currents

renormalize multiplicatively. Electroweak corrections generate sizable mixings between the

scalar and tensor operators [56, 57].

4 Bounds from leptons

In this section we consider processes involving charged leptons in the initial and/or final

states. This includes µ and τ decays, the electric and magnetic dipole moments of the

electron and the muon, and µ conversion inside nuclei. These processes are either very

precisely measured at experiments or very suppressed, and even in some cases they are

disallowed in the SM. As a result, strong constraints can be imposed on the leptoquark

couplings which induce such phenomena.

4.1 τ decays to mesons

The heaviest charged lepton in the SM, τ , is the only lepton which can decay to mesons [58].

Lepton-flavour-violating τ decays into mesons and a lighter lepton ` = e, µ are forbidden

in the SM (up to tiny contributions proportional to neutrino masses that are completely

negligible). However the leptoquark scenarios considered in this paper contribute to such

decays at tree level. The experimental upper bounds on several τ− → P `− and τ− → V `−

decay modes, where P (V ) is a pseudo-scalar (vector) meson, put then strong constraints

on the Yukawa couplings given in eq. (2.2). After integrating out the leptoquarks, these

decay modes get tree-level contributions from the neutral-current operators with charged

leptons in eq. (3.3) [59–61].
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For a pseudoscalar final state with flavour quantum numbers P 0
ij ≡ qiq̄j , we find

M(τ → ` P 0
ij) =

i

2
fP
{
αijq (¯̀

LτR) + βijq (¯̀
RτL)

}
, (4.1)

where

αijq =

[
mτ (gLLV,q − gRLV,q )−m` (gLRV,q − gRRV,q )−

m2
P

mqi +mqj
gRS,q

]ij,`3
,

βijq =

[
−m` (gLLV,q − gRLV,q ) +mτ (gLRV,q − gRRV,q ) +

m2
P

mqi +mqj
gLS,q

]ij,`3
. (4.2)

The QCD renormalization-scale dependence of the scalar Wilson coefficients gRS,q and gLS,q
is exactly canceled by the running quark masses.

The numerical values of the meson decay constants fP are given in appendix A, where

we compile the relevant hadronic matrix elements. We remind that for the physical mesons

one must take into account their quark structure. Thus,

απ0 =
1√
2

(α11
u − α11

d ) , αKS,L ≈
1√
2

[α12
d (1 + ε̄K)∓ α21

d (1− ε̄K)] , (4.3)

and similar expressions for βP . The decay width is given by

Γ(τ → ` P 0) =
f2
P λ

1/2
P

128πm3
τ

{
(m2

τ +m2
` −m2

P )
(
|αP |2 + |βP |2

)
+ 4mτm` Re (αPβ

∗
P )
}
,

(4.4)

with λ
1/2
P,V ≡ λ1/2(m2

τ ,m
2
` ,m

2
P,V ) where λ(x, y, z) ≡ x2 + y2 + z2 − 2xy − 2xz − 2yz is the

Källen function.

The decay amplitude into a vector final state takes the form

M(τ → ` V 0
ij) =

1

2
mV fV ε

µ(k)∗
(

¯̀γµ
[
(gLLV,q + gRLV,q )PL + (gLRV,q + gRRV,q )PR

]ij,`3
τ
)

−i f⊥V (µ) kµεν(k)∗
(

¯̀σµν [gLT,qPL + gRT,qPR]ij,`3τ
)
. (4.5)

Denoting by αLV , αRV , αTLV and αTRV the corresponding combinations of leptoquark couplings

(gLLV,q + gRLV,q )ij,`3, (gLRV,q + gRRV,q )ij,`3, (gLT,q)
ij,`3 and (gRT,q)

ij,`3, respectively, for a given vector

meson V , we find,

Γ(τ → ` V 0) =
λ

1/2
V

128πm3
τ

[
f2
V

{
[(m2

τ −m2
` )

2 +m2
V (m2

τ +m2
` )− 2m4

V ]
(
|αLV |2 + |αRV |2

)
− 12mτm`m

2
V Re

(
αLV α

R∗
V

)}
+ 4f⊥V (µ)2

{
[2 (m2

τ −m2
` )

2 −m2
V (m2

τ +m2
` )−m4

V ]
[
|αTLV |2 + |αTRV |2

]
− 12mτm`m

2
V Re

(
αTLV αTR∗V

)}
+ 12 fV f

⊥
V (µ)mV

{
m` (m2

τ −m2
` +m2

V ) Re
(
αLV α

TL∗
V + αRV α

TR∗
V

)
−mτ (m2

τ −m2
` −m2

V ) Re
(
αLV α

TR∗
V + αRV α

TL∗
V

)}]
.

(4.6)
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BRexp Scalar leptoquark couplings Bound

Mode (×10−8) R2 S1 R̃2, S̃1 S3 × (MLQ/TeV)4

eπ0 8.0

|y′ †13y
′
11 − y∗31y11|2 |ỹ13ỹ

∗
11|2 |y13y

∗
11|2 |ỹ13ỹ

†
11−2 y13y

∗
11|2 6.0× 10−4

|z13z
∗
11|2 |z13z

∗
11|2 6.0× 10−4

|y′ †13z
∗
11|2 |ỹ13z

∗
11|2 1.1× 10−3

|y′11z13|2 |z13ỹ
∗
11|2 1.1× 10−3

µπ0 11.0

|y′ †13y
′
21 − y∗31y21|2 |ỹ13ỹ

∗
12|2 |y13y

∗
12|2 |ỹ13ỹ

†
21−2 y13y

∗
12|2 8.3× 10−4

|z13z
∗
12|2 |z13z

∗
12|2 8.3× 10−4

|y′ †13z
∗
12|2 |ỹ13z

∗
12|2 1.5× 10−3

|y′21z13|2 |z13ỹ
∗
12|2 1.5× 10−3

eKS 2.6 |y∗31y12 − y∗32y11|2 |y13y
∗
21 − y23y

∗
11|2 4 |y23y

∗
11 − y13y

∗
21|2 7.2× 10−5

µKS 2.3 |y∗31y22 − y∗32y21|2 |y13y
∗
22 − y23y

∗
12|2 4 |y23y

∗
12 − y13y

∗
22|2 6.4× 10−5

eη 9.2

|y′ †13y
′
11 + y∗31y11−1.7 y∗32y12|2 |ỹ13ỹ

∗
11|2 |y13y

∗
11−1.7 y23y

∗
21|2 |ỹ13ỹ

∗
11+2 y13y

∗
11−3.4 y23y

∗
21|2 1.3× 10−3

|z13z
∗
11|2 |z13z

∗
11|2 1.3× 10−3

|y′ †13z
∗
11|2 |ỹ13z

∗
11|2 8.0× 10−6

|y′11z13|2 |z13ỹ
∗
11|2 8.0× 10−6

µη 6.5

|y′ †13y
′
21 + y∗31y21−1.7 y∗32y22|2 |ỹ13ỹ

∗
12|2 |y13y

∗
12−1.7 y23y

∗
22|2 |ỹ13ỹ

∗
12+2 y13y

∗
12−3.4 y23y

∗
22|2 9.4× 10−4

|z13z
∗
12|2 |z13z

∗
12|2 9.4× 10−4

|y′ †13z
∗
12|2 |ỹ13z

∗
12|2 5.7× 10−6

|y′21z13|2 |z13ỹ
∗
12|2 5.7× 10−6

eη′ 16.0

|y′ †13y
′
11 + y∗31y11+2 y∗32y12|2 |ỹ13ỹ

∗
11|2 |y13y

∗
11+2 y23y

∗
21|2 |ỹ13ỹ

∗
11+2 y13y

∗
11+4 y23y

∗
21|2 3.2× 10−3

|z13z
∗
11|2 |z13z

∗
11|2 3.2× 10−3

|y′ †13z
∗
11|2 |ỹ13z

∗
11|2 3.0× 10−6

|y′11z13|2 |z13ỹ
∗
11|2 3.0× 10−6

µη′ 13.0

|y′ †13y
′
21 + y∗31y21+2 y∗32y22|2 |ỹ13ỹ

∗
12|2 |y13y

∗
12+2 y23y

∗
22|2 |ỹ13ỹ

∗
12+2 y13y

∗
12+4 y23y

∗
22|2 2.6× 10−3

|z13z
∗
12|2 |z13z

∗
12|2 2.6× 10−3

|y′ †13z
∗
12|2 |ỹ13z

∗
12|2 2.4× 10−6

|y′21z13|2 |z13ỹ
∗
12|2 2.4× 10−6

Table 1. 90% C.L. bounds on scalar leptoquark couplings from τ → ` P decays.

The vector-meson couplings to the tensor quark currents, f⊥V (µ), are defined in appendix A,

where their currently estimated values are also given.

There are strong experimental (90% C.L.) upper bounds on the τ → ` P and τ → ` V

decay modes, with P = π0,KS , η, η
′ and V = ρ0, ω,K∗0,K

∗0
, φ [62, 63]. In tables 1 and 2

we highlight the corresponding upper limits on the product of leptoquark Yukawa cou-

plings that arise from such measurements, for the five different types of scalar leptoquarks.

Columns 3 to 6 indicate the combinations of couplings that get bounded in each case. For

simplicity we have dropped the subscript with the leptoquark name in the Yukawa matrix

elements. The upper bounds on these couplings are given in the last column of the tables.

Notice that the limits scale with M4
LQ (the numbers correspond to MLQ = 1 TeV) and

deteriorate very fast with increasing leptoquark masses.

For the R2 and S1 leptoquarks, the decay amplitudes τ → π0`, η`, η′` and τ → ρ0`, ω`

can receive contributions from several combinations of couplings that we have separated in

four rows. The first two correspond to contributions from vector and axial-vector operators,

which can arise when either YLQ or ZLQ is non-zero. The first row assumes ZLQ = 0 in order

to bound YLQ, while the opposite is done in the second row. The pseudoscalar and tensor
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BRexp Scalar leptoquark couplings Bound

Mode (×10−8) R2 S1 R̃2, (S̃1) S3 × (MLQ/TeV)4

eρ0 1.8

|y′ †13y
′
11 − y∗31y11|2 |ỹ13ỹ

∗
11|2 |y13y

∗
11|2 |ỹ13ỹ

∗
11 − 2 y13y

∗
11|2 3.0× 10−5

|z13z
∗
11|2 |z13z

∗
11|2 3.0× 10−5

|y′ †13z
∗
11|2 |ỹ13z

∗
11|2 1.2× 10−4

|y′11z13|2 |z13ỹ
∗
11|2 1.2× 10−4

µρ0 1.2

|y′ †13y
′
21 − y∗31y21|2 |ỹ13ỹ

∗
12|2 |y13y

∗
12|2 |ỹ13ỹ

∗
12 − 2 y13y

∗
12|2 2.0× 10−5

|z13z
∗
12|2 |z13z

∗
12|2 2.0× 10−5

|y′ †13z
∗
12|2 |ỹ13z

∗
12|2 7.8× 10−5

|y′21z13|2 |z13ỹ
∗
12|2 7.8× 10−5

eω 4.8

|y′ †13y
′
11 + y∗31y11|2 |ỹ13ỹ

∗
11|2 |y13y

∗
11|2 |ỹ13ỹ

∗
11 + 2 y13y

∗
11|2 9.9× 10−5

|z13z
∗
11|2 |z13z

∗
11|2 9.9× 10−5

|y′ †13z
∗
11|2 |ỹ13z

∗
11|2 3.1× 10−4

|y′11z13|2 |z13ỹ
∗
11|2 3.1× 10−4

µω 4.7

|y′ †13y
′
21 + y∗31y21|2 |ỹ13ỹ

∗
12|2 |y13y

∗
12|2 |ỹ13ỹ

∗
12 + 2 y13y

∗
12|2 9.8× 10−5

|z13z
∗
12|2 |z13z

∗
12|2 9.8× 10−5

|y′ †13z
∗
12|2 |ỹ13z

∗
12|2 3.1× 10−4

|y′21z13|2 |z13ỹ
∗
12|2 3.1× 10−4

eK∗0 3.2 |y∗31y12|2 |y13y
∗
21|2, (|y23y

∗
11|2) 4 |y23y

∗
11|2 5.8× 10−5

µK∗0 5.9 |y∗31y22|2 |y13y
∗
22|2, (|y23y

∗
12|2) 4 |y23y

∗
12|2 1.1× 10−4

eK
∗0

3.4 |y∗32y11|2 |y23y
∗
11|2, (|y13y

∗
21|2) 4 |y13y

∗
21|2 6.2× 10−5

µK
∗0

7.0 |y∗32y21|2 |y23y
∗
12|2, (|y13y

∗
22|2) 4 |y13y

∗
22|2 1.3× 10−4

eφ 3.1 |y∗32y12|2 |y23y
∗
21|2 4 |y23y

∗
21|2 5.1× 10−5

µφ 8.4 |y∗32y22|2 |y23y
∗
22|2 4 |y23y

∗
22|2 1.4× 10−4

Table 2. 90% C.L. bounds on scalar leptoquark couplings from τ → ` V decays.

operators can only generate contributions when both YLQ and ZLQ are non-vanishing; the

corresponding combinations of couplings are given in the third and fourth rows, and their

limits assume all other contributions to be absent. Obviously, these bounds are weaker

since they neglect possible interference effects that could generate fine-tuned cancellations.

We have neglected the tiny CP -violating component of the KS state. We remind that

the ‘prime’ and ‘tilde’ notations imply the inclusion of the CKM matrix V as defined in

eq. (3.14). In several decays similar combinations of couplings with the same lepton flavour

appear, e.g., π0, η, η′, ρ0, ω. For these cases the strongest bound on vector operators

comes from the ρ0 mode, while the η′ channel provides a stronger limit on the scalar and

tensor contributions.

4.2 Leptonic dipole moments and rare decays of leptons

The leptoquark coupling to a charged lepton and a quark can give rise to an anomalous

magnetic or electric dipole moment of the corresponding charged lepton (when `′ ≡ `), or

to the radiative lepton-flavour-violating decay ` → `′γ, via the one-loop diagrams shown

in figure 1.
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Figure 1. Scalar leptoquark (φ) contributions to lepton dipole moments (`′ = `) and `→ `′γ.

4.2.1 Anomalous magnetic moments

The interaction term
¯̀
i(λ

ij
LPR + λijRPL)qj φ

∗ + h.c. , (4.7)

with φ being the scalar leptoquark and λij the corresponding Yukawa coupling, induces

NP contributions to the anomalous magnetic moment a` ≡ 1
2 (g − 2)` given by [64, 65]

∆a`i =
−3

16π2

m2
`

M2
LQ

∑
j

{
(|λijL |

2 + |λijR|
2)
[
QqjF1(xj) +QLQF2(xj)

]
+
mqj

m`
Re(λijLλ

ij∗
R ) [QqF3(xj) +QLQF4(xj)]

}
, (4.8)

where the loop functions are defined as

F1(xj) =
1

6 (1− xj)4
(2 + 3xj − 6x2

j + x3
j + 6xj lnxj) ,

F2(xj) =
1

6 (1− xj)4
(1− 6xj + 3x2

j + 2x3
j − 6x2

j lnxj) ,

F3(xj) =
1

(1− xj)3
(−3 + 4xj − x2

j − 2 lnxj) ,

F4(xj) =
1

(1− xj)3
(1− x2

j + 2xj lnxj) . (4.9)

In the above expression, Qq and QLQ are the EM charges of the quark and leptoquark

flowing in the loop, respectively, xj = m2
qj/M

2
LQ, and we have neglected terms proportional

to m2
`/M

2
LQ. Note that when working in the charge-conjugate quark basis one has to flip

the sign of the mass and charge of the corresponding quark in the above expressions.

It is interesting to note that the current discrepancies between data and theoretical

estimates for the muon and electron g − 2 have opposite signs. The difference ∆aµ ≡
aexp
µ −aSM

µ is non-zero and positive with a significance of 3.7σ [66–70], whereas the deviation

is at the 2.4σ level for ∆ae ≡ aexp
e − aSM

e and with the opposite sign [71–75]. The explicit

values are quoted in the first column of table 3.

It can be easily seen from eq. (4.8) that leptoquarks having both left- and right-handed

couplings to charged leptons can generate much larger contributions than those with only

one type (either left or right) of interaction, due to the enhancement from the quark mass in

the loop, especially the top quark. In that case, the second term in eq. (4.8) dominates over

the first term. Such scenario occurs for the R2 and S1 leptoquarks. After summing over the
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∆a` ≡ aexp
` − aSM

` R2 leptoquark S1 leptoquark

∆ae = (−87± 36)×10−14
Re(y′13z31)∈ [7, 17]×10−5 Re(ỹ31z

∗
31)∈ [12, 28]×10−5

Re(y′12z21)∈ [24, 58]×10−4 Re(ỹ21z
∗
21)∈ [27, 66]×10−4

∆aµ = (2.74± 0.73)×10−9
Re(y′23z32)∈ [−23,−13]×10−4 Re(ỹ32z

∗
32)∈ [−37,−22]×10−4

Re(y′22z22)∈ [−78,−45]×10−3 Re(ỹ22z
∗
22)∈ [−88,−51]×10−3

Table 3. 1σ ranges of R2 and S1 leptoquark couplings able to explain the electron and muon

anomalous magnetic moments, for MLQ = 1 TeV. For larger leptoquark masses, the numbers

increase approximately as M2
LQ.

contributions from the second and third quark generations in the loop (the contribution

from the first generation is negligible), the respective constraint equations for R2 and S1

can be written as

Re(y′i3z3i) + 0.029 Re(y′i2z2i) =


(1.2± 0.5)×10−4

(
MLQ

TeV

)2

(i = 1),

(−1.8± 0.5)×10−3

(
MLQ

TeV

)2

(i = 2),

(4.10)

Re(ỹ3iz
∗
3i) + 0.042 Re(ỹ2iz

∗
2i) =


(2.0± 0.8)×10−4

(
MLQ

TeV

)2

(i = 1),

(−3.0± 0.8)×10−3

(
MLQ

TeV

)2

(i = 2),

(4.11)

where i = 1, 2 represent the electron and muon cases, respectively. As the loop functions

depend on the leptoquark mass, it is not possible to completely factor out the dependence

on MLQ. The numerical coefficients written above have been obtained with MLQ = 1 TeV.

These two equations depict the allowed ±1σ regions that could explain the measured

anomalous magnetic moments. In the first and second rows of table 3 we separately high-

light the needed ranges of leptoquark couplings for the discrepancy to be fully ascribed

to either the top or charm quark flowing in the loop, respectively. It can be noted from

eqs. (4.10) and (4.11) that the difference in limits is not simply linear in quark masses, as

the loop functions depend significantly on mqj . The explanation of the muon g−2 anomaly

in explicit leptoquark models is subject to several other constraints; some detailed studies

can be found in refs. [76, 77].

In the absence of either the left- or right-handed coupling to charged leptons, the

expression in eq. (4.8) simplifies significantly and can be written, in the limit xj → 0, as

∆a`i =
−3

16π2

m2
`

M2
LQ

∑
j

|λijL/R|
2 [QqF1(xj) +QLQF2(xj)] ,

=
−3

96π2

m2
`

M2
LQ

∑
j

|λijL/R|
2 (2Qq +QLQ) . (4.12)

Due to the m` suppression, the resulting ranges of couplings are irrelevant for a TeV-

mass leptoquark, as they exceed the perturbativity limit. Therefore, we do not show them
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|d`| |d exp
` | (e cm) R2 leptoquark S1 leptoquark

|de| < 8.7× 10−29
|Im(y′13z31)| < 6.2× 10−10 |Im(ỹ31z

∗
31)| < 1.0× 10−9

|Im(y′12z21)| < 2.2× 10−8 |Im(ỹ21z
∗
21)| < 2.4× 10−8

|dµ| < 1.9×10−19 |Im(y′23z32)| < 1.4 |Im(ỹ32z
∗
32)| < 2.1

Table 4. Bounds on R2 and S1 leptoquark couplings from the electric dipole moments of leptons,

at 90% C.L. (95% C.L.) for the electron (muon), for MLQ = 1 TeV. For larger leptoquark masses,

the numbers increase approximately as M2
LQ.

in table 3 and simply conclude that the R̃2, S̃1 and S3 leptoquarks cannot provide an

explanation of the magnetic moment anomalies.1

4.2.2 Electric dipole moments

Leptoquarks can also induce a lepton electric dipole moment (EDM) through the imaginary

part of the Yukawa couplings in eq. (4.7). The effect is significant only when the leptoquark

couples directly to both the left- and right-handed charged lepton, so that at one loop the

top quark mass can induce the chirality flip. The relevant expression is given by [65]

|d`i | =
3 e

32π2

∑
j

mqj

M2
LQ

∣∣Im(λijLλ
ij∗
R ) [QqF3(xj) +QLQF4(xj)]

∣∣ . (4.13)

The most stringent limit on the electron EDM, extracted from polar ThO

molecules [79], is given in the second column of table 4. This 90% C.L. bound excludes

several BSM models with time-reversal symmetry violating interactions and, as expected,

the ensuing limits on the imaginary part of the product of leptoquark couplings (for R2 and

S1) are also very restrictive. However the current bound on the muon EDM [80] gives a

much weaker constraint on these NP couplings, with O(1) values still allowed. The exper-

imental EDM limits constrain combinations of couplings similar to the l.h.s. of eqs. (4.10)

and (4.11), replacing the real parts by their imaginary parts. Instead of summing over

contributions from all quarks, we separately show each contribution in table 4, where the

bounds on the top quark couplings are written in the first rows, for both electron and muon

EDMs; however, for the charm quark only the electron EDM provides a relevant bound,

shown in the second row. A discussion on the constraints from EDMs of nucleons, atoms,

and molecules on scalar leptoquark couplings can be found in ref. [81].

4.2.3 Radiative `→ `′γ decays

The interaction term in eq. (4.7) can also generate the rare lepton-flavour-violating decays

` → `′γ. Apart from the two Feynman topologies shown in figure 1, there exist two more

diagrams where the photon is emitted from any of the external lepton lines. Including all

four contributions, the decay width can be written as [82, 83]

Γ(`i → `′kγ) =
α

4

(m2
` −m2

`′)
3

m3
`

∑
j

(
|AijkR |

2 + |AijkL |
2

)
, (4.14)

1Ref. [78] avoids the chiral suppression through scenarios which combine two different leptoquarks with

fermionic couplings of opposite chirality.
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LQ Bounds from µ→ eγ Bounds from τ → eγ Bounds from τ → µγ

R2

|y′23z31|2, |y′13z32|2<1.2× 10−15 |y′33z31|2, |y′13z33|2<1.4× 10−7 |y′33z32|2, |y′23z33|2<1.9× 10−7

|y′22z21|2, |y′12z22|2<1.3× 10−12 |y′32z21|2, |y′12z23|2<1.6× 10−4 |y′32z22|2, |y′22z23|2<2.2× 10−4

S1

|ỹ32z
∗
31|2, |ỹ31z

∗
32|2<3.0× 10−15 |ỹ33z

∗
31|2, |ỹ31z

∗
33|2<3.8× 10−7 |ỹ33z

∗
32|2, |ỹ32z

∗
33|2<5.0× 10−7

|ỹ22z
∗
21|2, |ỹ21z

∗
22|2<1.7× 10−12 |ỹ23z

∗
21|2, |ỹ21z

∗
23|2<2.1× 10−4 |ỹ23z

∗
22|2, |ỹ22z

∗
23|2<2.8× 10−4

S̃1 |y32y
∗
31|2<5.4× 10−7 |y33y

∗
31|2<2.3× 10−1 |y33y

∗
32|2<3.1× 10−1

S3

|y32y
∗
31|2<1.3× 10−7 |y33y

∗
31|2<5.8× 10−2 |y33y

∗
32|2<7.7× 10−2

|ỹ32ỹ
†
13|2<3.4× 10−6 |ỹ33ỹ

†
13|2<1.5 |ỹ33ỹ

†
23|2<1.9

Table 5. Bounds on leptoquark couplings from `→ `′γ, at 90% C.L. . The limits are obtained for

MLQ = 1 TeV, and scale (approximately for R2 and S1) as M4
LQ for heavier leptoquark masses.

where

AijkR =
3

32π2

1

M2
LQ

{(
m`iλ

ij
Lλ

kj∗
L +m`′k

λijRλ
kj∗
R

)[
QqF1(xj) +QLQF2(xj)

]
+mqj

(
λijLλ

kj∗
R

)[
QqF3(xj) +QLQF4(xj)

]}
, (4.15)

AijkL = AijkR (R↔ L) . (4.16)

The terms proportional to m`(′) arise from the topologies where the photon is emitted

from the `(′) line. These contributions are suppressed compared to the enhancement due

to heavy quarks flowing in the loop, as shown by the last term in eq. (4.15). Similarly

to the previous discussion of dipole moments, only the leptoquarks having both left- and

right-handed couplings to charged leptons can generate such enhancement.

The MEG experiment provides the most stringent upper limit on µ → eγ [84], while

for τ → `γ the strongest bounds have been put by BaBar [85]. The current 90% C.L.

limits are:

BR(µ→ eγ) < 4.2× 10−13, BR(τ → eγ) < 3.3× 10−8, BR(τ → µγ) < 4.4× 10−8.

(4.17)

These experimental bounds imply the constraints on the appropriate combinations of lep-

toquark Yukawa parameters given in table 5. As discussed above, due to the large top-loop

contribution, we find severe limits for the R2 and S1 leptoquark couplings, as shown in

their first row in the table. Whereas the second row for these two leptoquarks displays

much weaker limits on the charm couplings (assuming that only the charm quark con-

tributes in the loop). For R2, the relevant contributions come from its component R
5/3
2 ,

because the other charge component R
2/3
2 couples only to right-handed leptons as can be

seen from eq. (2.2). It is interesting to note in table 5 that, contrary to the case of lepton

dipole moments where reasonable bounds are absent for the leptoquarks with only left-

or right-handed interactions, here, in these rare decays we find significant upper bounds

(especially in µ→ eγ) for the S̃1 and S3 leptoquarks. For S3, the first and second rows in

the table correspond to the limits arising from its S
4/3
3 and S

1/3
3 components, respectively.

There are no useful bounds for R̃2 because the corresponding combination of EM charges

and loop functions, QdF1(xj) +QR̃2
F2(xj), is almost vanishing for down-type quarks and

a TeV-mass R̃2.
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Figure 2. Penguin and box scalar leptoquark (φ) contributions to the decays `→ `′`′`′′. Diagrams

with the leptoquark and quark lines interchanged are not shown.

4.2.4 Rare `→ `′`′`′′ decays

The rare lepton-flavour-violating decays `→ `′`′`′′ are also induced by the leptoquarks, at

the one-loop level. These decays proceed via penguin diagrams with Z and γ exchanges,

and via box diagrams with quarks and leptoquarks within the loop, as shown in the left

and right panels of figure 2, respectively. The interaction term in eq. (4.7) generates the

following decay rate into final leptons with identical flavour [86–89]:

BR(`−i → (3`n)−) =
α2
em

5
`i

32πΓ`i

{
|T1L|2 + |T1R|2 +

(
|T2L|2 + |T2R|2

)(16

3
ln
m`i

m`n

− 22

3

)
− 4 Re[T1LT

∗
2R + T2LT

∗
1R]

+
1

6

(
|B1L|2 + |B1R|2

)
+

1

3

(
|B2L|2 + |B2R|2

)
+

1

3

(
2
(
|ZLgLl|2 + |ZRgRl|2

)
+ |ZLgRl|2 + |ZRgLl|2

)
(4.18)

+
2

3
Re[T1LB

∗
1L + T1RB

∗
1R + T1LB

∗
2L + T1RB

∗
2R]

− 4

3
Re[T2RB

∗
1L + T2LB

∗
1R + T2LB

∗
2R + T2RB

∗
2L]

+
2

3
Re[B1LZ

∗
LgLl +B1RZ

∗
RgRl +B2LZ

∗
LgRl +B2RZ

∗
RgLl]

+
2

3
Re[2 (T1LZ

∗
LgLl + T1RZ

∗
RgRl) + T1LZ

∗
LgRl + T1RZ

∗
RgLl]

+
2

3
Re[−4 (T2RZ

∗
LgLl + T2LZ

∗
RgRl)− 2(T2LZ

∗
RgLl + T2RZ

∗
LgRl)]

}
.

This expression gets slightly modified when there are two different lepton flavours in the

final state [88]:

BR(`−i → `−m`
−
n `

+
n ) =

α2
em

5
`i

32πΓ`i

{
2

3
(|T1L|2 + |T1R|2) +

(
|T2L|2 + |T2R|2

)(16

3
ln
m`i

m`n

− 8

)
− 8

3
Re[T1LT

∗
2R + T2LT

∗
1R]

+
1

12

(
|B1L|2 + |B1R|2

)
+

1

3

(
|B2L|2 + |B2R|2

)
+

1

3

(
|ZLgLl|2 + |ZRgRl|2 + |ZLgRl|2 + |ZRgLl|2

)
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+
1

3
Re[T1LB

∗
1L + T1RB

∗
1R + 2 (T1LB

∗
2L + T1RB

∗
2R)]

− 2

3
Re[T2RB

∗
1L + T2LB

∗
1R + 2 (T2LB

∗
2R + T2RB

∗
2L)]

+
1

3
Re[B1LZ

∗
LgLl +B1RZ

∗
RgRl + 2 (B2LZ

∗
LgRl +B2RZ

∗
RgLl)]

+
2

3
Re[T1LZ

∗
LgLl + T1RZ

∗
RgRl + T1LZ

∗
LgRl + T1RZ

∗
RgLl]

− 4

3
Re[T2RZ

∗
LgLl + T2LZ

∗
RgRl + T2LZ

∗
RgLl + T2RZ

∗
LgRl]

}
, (4.19)

The contributions from photon penguin diagrams are encoded in the T1L,1R and T2L,2R

terms, whereas the Z-penguin effects are included in ZL,R. The box-diagram decay ampli-

tudes are denoted by B1L,1R, B2L,2R. It can be seen from the detailed expressions given in

eqs. (4.20)–(4.24), that the penguin contributions are enhanced by a factor ln(M2
LQ/m

2
qj )

and dominate over the box contributions, for leptoquark masses in the TeV range:

T1L,1R = − 3

16π2

1

M2
LQ

λijL,Rλ
mj∗
L,R

[(
4

9
+

1

3
lnxj

)
Qq +

1

18
QLQ

]
, (4.20)

T2L,2R = − 3

16π2

1

M2
LQ

{[
1

6
λijR,Lλ

mj∗
R,L +

mqj

m`j

λijR,Lλ
mj∗
L,R

(
3

2
+ lnxj

)]
Qq

+

(
1

12
λijR,Lλ

mj∗
R,L −

1

2

mqj

m`i

λijR,Lλ
mj∗
L,R

)
QLQ

}
, (4.21)

ZL,R = − 3

16π2

1

M2
LQ

λijL,Rλ
mj∗
L,R

1

m2
Z sin2 θw cos2 θw

×
[

3

4
m2
`i
gLq,Rq −m2

qj (1 + lnxj) gRq,Lq −
3

4
m2
`i
g

]
, (4.22)

B1L,1R =
3

32π2

−1

M2
LQ

λijL,Rλ
mj∗
L,R

∣∣∣λnkL,R∣∣∣2 , (4.23)

B2L,2R =
3

64π2

−1

M2
LQ

λijL,Rλ
mj∗
L,R

∣∣∣λnkR,L∣∣∣2 , (4.24)

with

gLl,Rl = T
(lL,lR)
3 + sin2 θw , gLq,Rq = T

(qL,qR)
3 −Qq sin2 θw , g = TLQ

3 −QLQ sin2 θw .

(4.25)

Here, TLQ
3 , T

(lL,lR)
3 and T

(qL,qR)
3 denote the third components of the weak isospin of the

leptoquark, the SM charged leptons and the quarks, respectively.

These rare decays have not been yet observed at experiments. The current 90% C.L.

upper bounds are [62, 63]:

BR(µ− → e−e−e+) < 1.0× 10−12 ,

BR(τ− → e−e−e+) < 2.7× 10−8 , BR(τ− → µ−µ−µ+) < 2.1× 10−8 ,

BR(τ− → e−µ−µ+) < 2.7× 10−8 , BR(τ− → µ−e−e+) < 1.8× 10−8 ,

BR(τ− → e+µ−µ−) < 1.7× 10−8 , BR(τ− → µ+e−e−) < 1.5× 10−8 . (4.26)
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For the first five modes both the penguin and box diagrams contribute, whereas the last

two decays proceed only via box diagrams. We note that for the leptoquarks having both

left- and right-handed couplings to quarks and leptons, i.e., R2 and S1, the resulting limits

on the product of Yukawa couplings are two to three orders of magnitude weaker in the

` → `′`′`′′ mode compared to the corresponding rare decay ` → `′γ (shown in table 5).

Hence we do not quote such limits here. Instead we obtain constrained equations among

various couplings of the form

|λijL,Rλ
mj∗
L,R |

2

aj1 + aj2

3∑
k=1

∣∣∣λnkL,R∣∣∣2 +

(
3∑

k=1

∣∣∣λnkL,R∣∣∣2
)2
 ≤ a3 . (4.27)

Writing the constraints in this manner, we find that the coefficients aj1,2, where j is the

generation index of the quark going in the loop, depend on the corresponding quark mass

whereas a3 is independent of it. Here k is the index of the other quark in the box diagram.

The values of these coefficients are shown in table 6. It can be seen that aj2 are process

independent and depend on the mass and quantum numbers of the leptoquark. For R2

and S3 we show the bounds separately for each component R
5/3
2 , R

2/3
2 and S

4/3
3 , S

1/3
3 in

two consecutive rows. The numerical coefficients aj2 are one order of magnitude smaller

than aj1, which indeed reflects that the box contributions are suppressed compared to the

penguin terms. Also note that the logarithms of xj are large for light quarks and therefore

the bounds are stronger for them, opposite to what was obtained in the ` → `′γ channel,

as the loop functions are quite different. The constraints extracted from µ→ 3 e are quite

acceptable, e.g., |λijL,Rλ
mj∗
L,R |2 ∼ 10−5 in absence of λnkL,R, whereas the τ modes fail to impose

reasonable limits as almost O(1) values are permitted. This also holds true for the last

two decay modes in eq. (4.26), which proceed only via box diagrams, where we find that

the combination λijL,Rλ
mj∗
L,R

∣∣∣λnkR,L∣∣∣2 is allowed up to ∼ 24 for leptoquark masses of O(1 TeV).

Future improvements in data can be important to obtain limits on these coupling constants.

4.3 µ− e conversion

Similarly to the lepton-flavour-violating decays discussed in the preceding section, muon

conversion in nuclei is also another interesting process providing complementary sensitivity

to NP. Currently the strongest bound is found in the case of gold nuclei where the 90%

C.L. limit is set by the SINDRUM experiment as [90]

BRAu
µ−e =

Γ(µ−Au→ e−Au)

Γcapture
≤ 7× 10−13. (4.28)

Here the muon capture rate for gold is Γcapture = 8.6× 10−18 GeV [91].

The operators contributing to µ− e conversion within nuclei, arising from leptoquark

interactions, are given in eq. (3.3) withm = 1 and n = 2. There are additional contributions

from dipole operators, namely ēL,R σµν µL,RF
µν , where Fµν is the EM field strength tensor.

However, the constraints on these dipole operators from µ− e conversion are one order of

magnitude weaker than the bounds from µ → eγ given in table 5, and hence we do not

quote them here.
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R2 S1 R̃2 S̃1 S3

(R
5/3
2 , R

2/3
2 ) (S

4/3
3 , S

1/3
3 )

a1,2,3
2

−47.2,−24.6, 8.0 45.4, 22.8,−9.8 20.9, 15.6, 8.6 −22.7,−17.4,−10.4 −22.7,−17.4,−10.4

20.9, 15.6, 8.6 45.4, 22.8,−9.8

µ
−
→

3
e

|λijL,Rλ
mj∗
L,R |2

|y′2jy
′ †
j1|2, |zj2z∗j1|2 |ỹj2ỹ†1j |2, |zj2z∗j1|2 |yj2y∗j1|2 |yj2y∗j1|2 4|yj2y∗j1|2

|y2jyj1|2 |ỹj2ỹ†1j |2

λnkL,R
y′1k, zk1 ỹk1, zk1 yk1 yk1

√
2yk1

y1k ỹk1

a1,2,3
1

861.5, 252.4, 95.2 776.8, 197.9, 71.4 164.1, 91.0, 27.7 204.7, 124.4, 51.8 204.7, 124.4, 51.8

164.1, 91.0, 27.7 776.8, 197.9, 71.4

a3 2.9× 10−3 2.9× 10−3 2.9× 10−3 2.9× 10−3 2.9× 10−3

τ
−
→

3
e

(µ
−

2
e)

|λijL,Rλ
mj∗
L,R |2

|y′3jy
′ †
j1|2, |zj3z∗j1|2 |ỹj3ỹ†1j |2, |zj3z∗j1|2 |yj3y∗j1|2 |yj3y∗j1|2 4|yj3y∗j1|2

|y3jyj1|2 |ỹj3ỹ†1j |2

λnkL,R
y′1k, zk1 ỹk1, zk1 yk1 yk1

√
2yk1

y1k ỹk1

a1,2,3
1

884.1, 275.0, 117.8 779.3, 200.4, 74.0 164.1, 91.0, 27.7 214.7, 134.4, 61.8 214.7, 134.4, 61.8

(1213.0, 401.0, 221.4) (1042.9, 271.1, 124.0) (218.8, 121.3, 37.0) (301.5, 194.5, 97.8) (301.5, 194.5, 97.8)

164.1, 91.0, 27.7 779.3, 200.4, 74.0

(218.8, 121.3, 37.0) (1042.9, 271.1, 124.0)

a3

4.4× 102 4.4× 102 4.4× 102 4.4× 102 4.4× 102

(5.8×102) (5.8×102) (5.8×102) (5.8×102) (5.8×102)

τ
−
→

3
µ

(e
−

2
µ

)

|λijL,Rλ
mj∗
L,R |2

|y′3jy
′ †
j2|2, |zj3z∗j2|2 |ỹj3ỹ†2j |2, |zj3z∗j2|2 |yj3y∗j2|2 |yj3y∗j2|2 4|yj3y∗j2|2

|y3jyj2|2 |ỹj3ỹ†2j |2

λnkL,R
y′2k, zk2 ỹk2, zk2 yk2 yk2

√
2yk2

y2k ỹk2

a1,2,3
1

841.3, 232.3, 75.0 774.5, 195.7, 69.2 164.1, 91.0, 27.7 195.7, 115.4, 42.8 195.7, 115.4, 42.8

(1127.5, 315.5, 135.8) (1033.4, 271.1, 114.5) (218.8, 121.3, 37.0) (263.5, 156.5, 59.7) (263.5, 156.5, 59.7)

164.1, 91.0, 27.7 774.5, 195.7, 69.2

(218.8, 121.3, 37.0) (1033.4, 271.1, 114.5)

a3

3.4×102 3.4×102 3.4×102 3.4×102 3.4×102

(8.7×102) (8.7×102) (8.7×102) (8.7×102) (8.7×102)

Table 6. Coefficients of the constrained equation (4.27), arising from `→ `′`′`′′, for all five scalar

leptoquarks and MLQ = 1 TeV.

We use the results derived in ref. [92], where the conversion rate is given by

Γconv = 4m5
µ

∣∣∣g̃(p)
LS S

(p) + g̃
(n)
LS S

(n) + g̃
(p)
LV V

(p) + g̃
(n)
LV V

(n)
∣∣∣2 + (L→ R), (4.29)

with the coupling constant g̃’s defined as

g̃
(p)
LS,RS =

∑
q

G
(q,p)
S

1

2
[gR,LS,q ]ii,12 , (4.30)

g̃
(n)
LS,RS =

∑
q

G
(q,n)
S

1

2
[gR,LS,q ]ii,12 , (4.31)

g̃
(p)
LV = ([gLLV,u]11,12 + [gRLV,u]11,12) +

1

2
([gLLV,d]

11,12 + [gRLV,d ]11,12) , (4.32)

g̃
(p)
RV = ([gRRV,u ]11,12 + [gLRV,u]11,12) +

1

2
([gRRV,d ]11,12 + [gLRV,d ]11,12) , (4.33)
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Bound

R2 S1 R̃2, S̃1 S3 × (MLQ/TeV)4

|0.14 y′ †12y
′
11+0.15 y11y

∗
21|2 |0.14 ỹ12ỹ

†
11+0.30 y12y

∗
11|2 4.7× 10−11

|z12z
∗
11|2 |ỹ12ỹ

†
11|2, |z12z

∗
11|2 2.4× 10−11

|y12y
∗
11|2 2.1× 10−11

|y′ †12z
∗
11|2, |y

′ †
11z12|2 |ỹ12z

∗
11|2, |ỹ

†
11z12|2 6.7× 10−12

Table 7. Bounds on leptoquark couplings from muon conversion to electron in gold nuclei.

g̃
(n)
LV =

1

2
([gLLV,u]11,12 + [gRLV,u]11,12) + ([gLLV,d]

11,12 + [gRLV,d ]11,12) , (4.34)

g̃
(n)
RV =

1

2
([gRRV,u ]11,12 + [gLRV,u]11,12) + ([gRRV,d ]11,12 + [gLRV,d ]11,12) . (4.35)

The overlap-integral values are S(p) = 0.0523, S(n) = 0.0610, V (p) = 0.0859 and V (n) =

0.108, and the coefficients for scalar operators are evaluated as Gu,pS = Gd,nS = 5.1, Gd,pS =

Gu,nS = 4.3 and Gs,pS = Gs,nS = 2.5 [93].

Using all these inputs we depict in table 7 the extracted bounds on the product of

leptoquark Yukawa elements. It can be seen from eq. (3.6)–(3.13), that only the R2, S1

and S3 leptoquarks couple to the u quark and charged leptons. These couplings, for the

vector and axial-vector operators, are shown in the first two rows of table 7, where quite

strong bounds are visible. The third row displays those combinations of couplings for

vector and axial-vector operators dealing with d quarks and charged leptons where bounds

are stronger. The last row shows the contributions from scalar operators, which arise only

for the R2 and S1 leptoquark couplings to the u quark and charged leptons, and provide

the strongest limit.

5 Bounds from kaons

Some of the rare (semi)leptonic decays of K mesons are mediated by FCNCs and thus are

suppressed in the SM. Although most of these processes are dominated by long-distance

contributions and significant efforts are devoted to sharpen the SM predictions [94], these

modes are also important in constraining BSM interactions.2 This is achievable due to

the strong suppression of the SM decay amplitude ASM, as well as the improvements in

experimental sensitivity. In the next three subsections we discuss the effect of NP operators,

arising from scalar leptoquarks, in K → `−i `
+
j , π`

−
i `

+
j and πνν̄. The total amplitude for

these decays can be written as

A = ASM +ALQ . (5.1)

Owing to the conservation of lepton flavour, ASM = 0 when `i 6= `j up to tiny contributions

proportional to neutrino masses.

2Correlations between leptoquark contributions to ε′/ε and rare kaon decays have been investigated in

ref. [32].
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5.1 Rare leptonic decays of kaons

The rare decays K0
L,S → `+`− are forbidden at tree level in the SM. However, leptoquarks

can contribute to these modes at lowest order, which imposes strong constraints on their

coupling constants. The neutral-current operators with down-type quarks given in eq. (3.3)

lead to such decays. The SM amplitude ASM is dominated by the long-distance contribution

arising from a two-photon intermediate state: K0
S,L → γ∗γ∗ → `+`− [95]. The estimated

K0
S branching ratios are [94]:

BRLD(K0
S → e+e−) = 2.1× 10−14 and BRLD(K0

S → µ+µ−) = 5.1× 10−12 . (5.2)

In the SM, there exists a small CP -violating short-distance contribution to K0
S → µ+µ−

that is one order of magnitude smaller: BRSD(K0
S → µ+µ−) ' 1.7× 10−13 [96, 97]. Owing

to its helicity suppression (ASD
SM ∝ m`), the analogous short-distance contribution to the

electron mode is completely negligible. The current experimental upper bounds on the

electron [98] and muon [99, 100] modes, shown in table 8, are larger than their predicted

SM values by five and two orders of magnitude, respectively. Hence, to constrain the

leptoquark couplings, we can neglect the SM contributions and assume that the leptoquark

amplitudes saturate the experimental limits.

It can be seen from eqs. (3.6)–(3.13) that S1 cannot contribute at tree level to these

transitions, while for each of the other four scalar leptoquark types the contribution to

ALQ is generated by a single (axial)vector operator with Wilson coefficient gXYV,d , where

X,Y ∈ {L,R}. The corresponding decay rate of the P 0
ki ≡ qkq̄i meson is given by

ΓLQ(P 0
ki → `+n `

−
m) =

f2
P

∣∣[gXYV,d ]ik,mn
∣∣2

64πm3
P

λ1/2(m2
P ,m

2
`m ,m

2
`n)

×
[
m2
P (m2

`m+m2
`n)− (m2

`m−m
2
`n)2

]
. (5.3)

The relevant coupling combinations are obviously
{

[gXYV,d ]21,mn(1 + ε̄K) ∓ [gXYV,d ]12,mn(1 −
ε̄K)
}
/
√

2 for the K0
S,L decays, although we will neglect the small CP -violating admixture

εK . We can see from table 8 that for the K0
S → e+e− mode, O(1) couplings are allowed,

due to the explicit lepton-mass suppression in (5.3), while for K0
S → µ+µ− we get strong

limits on the respective couplings.

The situation is a bit different for the observed decay modes K0
L → `+`−. The absorp-

tive long-distance contribution [101] nearly saturates the precisely measured BR(K0
L →

µ+µ−) [102], leaving little room for the dispersive component which would include both

the leptoquark and short-distance SM contributions. The long-distance prediction for

the electron mode [94] is also in agreement with the experimental value [103], the tiniest

branching ratio ever measured, although the uncertainties are much larger in this case. In

order to impose bounds on the leptoquark couplings, we allow them to saturate the 1σ

experimental uncertainties, which gives the limits quoted in table 8.

Since only a single gXYV,d coupling can generate the K0 → `+`− transition, the tree-level

leptoquark exchange gives rise to an helicity-suppressed pseudoscalar leptonic amplitude

ū`γ5v`. Therefore, the final lepton pair is produced in a s-wave configuration (1S0) that
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Bound

Modes BRexp R2 R̃2, S̃1, 4×S3 × (MLQ/TeV)2

K0
S → e+e− < 9.0× 10−9 |Im(y11y

∗
12)| |Im(y∗11y21)| 2.0

K0
S → µ+µ− < 2.1× 10−10 |Im[(y21y

∗
22)| |Im(y∗12y22)| 1.6× 10−3

K0
L → e+e− 9+6

−4 × 10−12 |Re(y11y
∗
12)| |Re(y∗11y21)| 2.0× 10−3

K0
L → µ+µ− (6.84± 0.11)× 10−9 |Re(y21y

∗
22)| |Re(y∗12y22)| 4.7× 10−5

K0
L → e±µ∓ < 4.7× 10−12 |y21y

∗
12 + y∗11y22| |y21y

∗
12 + y11y

∗
22| 1.9× 10−5

Table 8. Limits on leptoquark couplings from leptonic kaon decays. The experimental upper

bounds are at 90% C.L. .

is odd under CP , implying that the K0
S leptoquark amplitude violates CP , while the

K0
L transition preserves this symmetry. Both decays are then complementary since they

constrain the imaginary and real parts, respectively, of the relevant combination of lepto-

quark couplings.

For the lepton-flavour-violating decay K0
L → µ±e∓, an stringent upper bound is

obtained for the corresponding leptoquark couplings, as no SM contribution exists for

this mode.

5.2 Rare semileptonic decays of kaons

In the SM, the FCNC semileptonic decay K+ → π+`+`− is completely dominated by the

CP -conserving amplitude arising from virtual photon exchange, K+ → π+γ∗, which is a

vector contribution [104]. There exist short-distance Z-penguin and W -box contributions,

involving also axial-vector lepton couplings, but they are negligible in the total decay rate

(three orders of magnitude smaller for the muon mode). Adopting the usual parameteri-

zation for the K(k)→ π(p) hadronic matrix element,

〈π−|d̄γµs|K−〉 = −〈π+|s̄γµd|K+〉 = (k + p)µ fKπ+ (q2) + (k − p)µ fKπ− (q2) ,

fKπ− (q2) =
m2
K −m2

π

q2

[
fKπ0 (q2)− fKπ+ (q2)

]
, (5.4)

where q2 ≡ (k − p)2, and including the leptoquark contribution proportional to gXYV,d , the

differential decay distribution for K+(k)→ π+(p)`+(q1)`−(q2) is given by

dΓ

dz

(
K± → π±`+m`

−
m

)
=
G2
Fα

2m5
K

12π(4π)4

√
λ̄

√
1− 4

r2
`

z

×
{
λ̄

(
1 + 2

r2
`

z

)[
|V+(z)|2 +

2π

GF α
Re
(
V ∗+(z) [gXYV,d ]21,mm

)
fKπ+ (z)

]
+

2π2

G2
F α

2

∣∣[gXYV,d ]21,mm
∣∣2[λ̄(1−

r2
`

z

)
[fKπ+ (z)]2 +

3r2
`

z

(
1− r2

π)2 [fKπ0 (z)]2
]}

, (5.5)

– 20 –



J
H
E
P
1
2
(
2
0
1
9
)
0
8
9

where we have used the dimensionless variable z ≡ q2/m2
K and λ̄ ≡ λ(1, z, r2

π) with ri =

mi/mK .

The SM vector contribution is usually defined as [94]

AK
+→π+`+`−

V = −GFα
4π

V+(z) ū`(q2)(/k + /p)v`(q1) . (5.6)

where the vector form factor V+(z) vanishes at O(p2) in chiral perturbation theory (χPT)

and can be parametrized as [104, 105]

V+(z) = a+ + b+z + V ππ
+ (z) , (5.7)

which is valid to O(p6). The unitary loop correction V ππ
+ (z) that contains the ππ re-

scattering contributions can be obtained from refs. [94, 106]. The parameters a+ and b+
encode local contributions from χPT low-energy constants, which at present can only be

estimated in a model-dependent way [94].

Integrating over the allowed phase space, 4r2
` ≤ z ≤ (1− rπ)2, and using PDG [62, 63]

inputs for all parameters, we obtain the following numerical expressions for the branch-

ing fractions:

BR(K+ → π+e+e−) = 10−8×
[
0.1 + 58.9 a2

+ + 1.7 b2+ + 15.9 a+b+ − 3.2 a+ − 0.8 b+

+ 5.8× 104 |g̃1|2

+ (−58.4 + 2.2× 103 a+ + 2.9× 102 b+) Re g̃1

+ 4.5 Im g̃1

]
, (5.8)

BR(K+ → π+µ+µ−) = 10−9×
[
1.1 + 117.6 a2

+ + 10.3 b2+ + 67.7 a+b+ − 19.1 a+ − 6.3 b+

+ 2.7× 105 |g̃2|2

+ (−3.5×102+ 4.3×103 a++1.2×103 b+) Re g̃2

+ 41.1 Im g̃2

]
. (5.9)

Here g̃m ≡ 2 [gXYV,d ]21,mm × (1 TeV)2 for the electron (m = 1) and muon (m = 2) modes,

respectively. The explicit form of g̃m in terms of Yukawa elements can easily be read from

eqs. (3.8)–(3.13), for the four leptoquark types giving tree-level contributions:

S̃1 : y1my
∗
2m , R2 : ym1y

∗
m2 , R̃2 : y∗1my2m , S3 : 2 y1my

∗
2m , (5.10)

times a factor (1 TeV/MLQ)2.

The experimental branching fractions for these two modes [62, 63] are given in table 9.

In absence of any NP contributions to eqs. (5.8) and (5.9), the parameters a+ and b+ have

been extracted from a fit to the measured z distribution by NA48/2 [107, 108]:

aee+ =− 0.578± 0.016, bee+ =− 0.779± 0.066,

aµµ+ =− 0.575± 0.039, bµµ+ =− 0.813± 0.145 . (5.11)

Leptoquarks would introduce two more real parameters in the fit. However, due to the

limited statistics available in these modes, the full fit (including the NP couplings) may
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Bound (or range)

Modes BRexp R2 R̃2, S̃1, 4×S3 × (MLQ/TeV)2

K+ → π+e+e− (3.00± 0.09)× 10−7 |y11y
∗
12| |y∗11y21| 2.3× 10−2

K+ → π+µ+µ− (9.4± 0.6)× 10−8 |y21y
∗
22| |y∗12y22| 1.9× 10−2

K+ → π+µ+e− < 1.3× 10−11 |y21y
∗
12|, |y11y

∗
22| |y21y

∗
12|, |y∗11y22| 1.9× 10−4

K0
S → π0e+e− (5.8+2.9

−2.4)× 10−9 |Re(y11y
∗
12)| |Re(y∗11y21)| 3.1× 10−2

K0
S → π0µ+µ− (2.9+1.5

−1.2)× 10−9 |Re(y21y
∗
22)| |Re(y∗12y22)| 3.3× 10−2

K0
L → π0e+e− < 2.8× 10−10

Im(y11y
∗
12) Im(y∗11y21) (for S̃1) [−4.1, 2.6]×10−4

Im(y∗11y21) [−3.6, 2.9]×10−4

K0
L → π0µ+µ− < 3.8× 10−10

Im(y21y
∗
22) Im(y∗12y22) (for S̃1) [−6.5, 5.1]×10−4

Im(y∗12y22) [−5.8, 5.7]×10−4

K0
L → π0e±µ∓ < 7.6× 10−11 |(y21y

∗
12 − y∗11y22)| |(y21y

∗
12 − y11y

∗
22)| 2.9× 10−4

Table 9. 90% C.L. bounds on leptoquark couplings from rare semileptonic kaon decays.

not be worth to impose bounds on these couplings. While O(1) values are expected, in

the SM, for a+ and b+, it can be seen from eqs. (5.8) and (5.9) that for g̃m ∼ O(1) the

tree-level leptoquark contribution would be three orders of magnitude larger than the con-

tributions arising from these two parameters. Hence we take a conservative approach and

determine the bounds on the NP couplings quoted in table 9, by neglecting the SM effects,

i.e., assuming that the leptoquark contribution alone saturates the measured branching

fractions.

The lepton-flavour-violating modes K+ → π+µ±e∓ do not receive any SM contribu-

tion. The differential decay widths induced by the corresponding leptoquark-mediated

amplitudes are given by

dΓ

dz

(
K+ → π+µ±e∓

)
=

m5
K

48(4π)3

∣∣[gXYV,d ]21,mn
∣∣2 √λ̄ (1−

r2
µ

z

)2

×
{
λ̄

(
2 +

r2
µ

z

)
[fKπ+ (z)]2 +

3r2
µ

z

(
1− r2

π

)2
[fKπ0 (z)]2

}
. (5.12)

with m,n ∈ {1, 2} and m 6= n. We use the stringent upper bound on BR(K+ → π+µ+e−),

from the BNL E865 experiment [109], to constrain the leptoquark couplings. After inte-

grating over the allowed phase space, r2
µ ≤ z ≤ (1 − rπ)2, this gives the 90% C.L. limit

quoted in table 9.

The decays K0
S → π0`+`− are very similar to K+ → π+`+`−. Their differential

decay distribution can be directly obtained from eq. (5.5), replacing the vector form factor

V+(z) by VS(z) = aS + bSz + V ππ
S (z), and [gXYV,d ]21,mm by the appropriate combination of

leptoquark couplings g̃+
m ≡ ([gXYV,d ]21,mm + [gXYV,d ]12,mm)/

√
2. The branching fractions take
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then the numerical form:

BR(KS → π0e+e−) = 10−10×
[
0.02 + 46.90 a2

S + 1.45 b2S + 13.03 aSbS − 0.79 aS − 0.25 bS

+ 8.50× 104 |g̃+
1 |

2

+ (−20.59 + 2.45×103 aS + 3.39×102 bS) Re g̃1

+3.90 Im g̃+
1

]
, (5.13)

BR(KS → π0µ+µ−) = 10−11×
[
0.15 + 101.85 a2

S + 9.13 b2S + 59.18 aSbS − 5.98 aS − 2.04 bS

+ 3.91× 105 |g̃+
2 |

2

+ (−1.56×102+ 5.32×103 aS+1.54×103 bS) Re g̃2

+ 35.55 Im g̃+
2

]
. (5.14)

As the KS → 2π modes saturate more than 99% of the total KS decay width and

only branching fraction measurements are available for K0
S → π0`+`−, it is not possible to

extract the two form factor parameters from data. Assuming the vector-meson-dominance

relation bS/aS = 1/r2
V ≈ 0.4 [105], the NA48 data [110, 111] imply

|aeeS | = 1.06+0.26
−0.21 , |aµµS | = 1.54+0.40

−0.32 . (5.15)

Similarly to the K+ → π+`+`− mode, we neglect the SM contributions and obtain the

90% C.L. limits shown in table 9.

Next we move to the decay K0
L → π0`+`−, which is an interesting mode as it re-

ceives contributions from three different mechanisms within the SM [112]: an indirect CP -

violating amplitude due to the K0−K̄0 oscillation, a direct CP -violating transition induced

by short-distance physics and a CP -conserving contribution from K0
L → π0γγ → π0`+`−.

The relevant gXYV,d leptoquark coupling generates a K0 → π0`+`− amplitude with vector

(1−−), axial-vector (1++) and pseudoscalar (0−+) leptonic structures, giving rise to a CP -

even π0`+`− final state. Therefore, the K0
L → π0`+`− leptoquark amplitude violates CP .

Combining the two CP -violating SM amplitudes with the leptoquark contribution, the

differential distribution can be written as

dΓ

dz

(
K0
L → π0`+`−

)
CPV

=
G2
Fα

2m5
K

12π(4π)4

√
λ̄

√
1− 4

r2
`

z

×
{
λ̄

(
1 +

2r2
`

z

)[
|V0(z)|2 +

√
2π

GFα
Re[V ∗0 (z) g̃−m] fKπ+ (z) + |A0(z)|2

]
+ 6r2

`

(
2 + 2r2

π − z
)
|A0(z)|2 +

3

2
r2
` z |P0(z)|2 − 6r2

`

(
1− r2

π

)
Re
[
A0(z)∗P0(z)

]
+

π2

G2
Fα

2

∣∣g̃−m∣∣2 [λ̄(1−
r2
`

z

)
[fKπ+ (z)]2 +

3r2
`

z

(
1− r2

π)2 [fKπ0 (z)]2
]

+ sY

√
2π

GFα
Re[A∗0(z) g̃−m]

[
λ̄

(
1−

4r2
`

z

)
fKπ+ (z) +

6r2
`

z

(
1− r2

π)2fKπ0 (z)

]
− sY

√
2π

GFα
Re[P ∗0 (z) g̃−m] 3r2

` (1− r2
π) fKπ0 (z)

}
, (5.16)
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where we have defined g̃−m ≡ ([gXYV,d ]21,mm − [gXYV,d ]12,mm)/
√

2. The factor sY accounts

for the different sign of the axial leptonic coupling in right-handed (sR = +1) and left-

handed (sL = −1) currents. The SM vector, axial-vector and pseudoscalar amplitudes for

K0
L(k)→ π0(p)`+(q1)`−(q2) are defined as

AKL→π
0`+`−

V = −GFα
4π

V0(z) ū`(q2)(/k + /p)v`(q1) ,

AKL→π
0`+`−

A = −GFα
4π

A0(z) ū`(q2)(/k + /p)γ5v`(q1) ,

AKL→π
0`+`−

P = +
GFα

4π
P0(z)m` ū`(q2)γ5v`(q1) . (5.17)

The indirect CP -violating contribution is related to the K0
S → π0`+`− amplitude,

which is fully dominated by its vector component:

V indirect
0 (z) = εK [aS + bSz + V ππ

S (z)] ≈ εK aS

(
1 +

z

r2
V

)
, (5.18)

where εK ∼ eiπ/4 |εK | parametrizes K0–K̄0 mixing with |εK | = (2.228± 0.011)× 10−3. In

the SM, the direct CP -violating contributions are given by

V direct
0 (z) = i

2π
√

2

α
y7V f

Kπ
+ (z) Imλt ,

Adirect
0 (z) = i

2π
√

2

α
y7A f

Kπ
+ (z) Imλt ,

P direct
0 (z) = −i 4π

√
2

α
y7A f

Kπ
− (z) Imλt , (5.19)

where λt = V ∗tsVtd. We use the estimates of the K3` form factors fKπ± (z) from ref. [113]

and the Wilson coefficients y7V,7A from ref. [114].

For the electron mode the CP -conserving contribution is estimated to be one order of

magnitude smaller than the CP -violating one, while for the muon channel both of them

are similar in magnitude with a slightly larger CP -violating amplitude [94]. However the

experimental 90% C.L. upper bounds for these modes are still O(10−10) [115, 116], which

is one order of magnitude above their SM estimates. Hence, in order to constrain the

leptoquark couplings, we ignore the CP -conserving SM contributions; this is a conservative

attitude, since they do not interfere with the CP -violating amplitudes in the decay rate.

The SM CP -violating contributions and their interference with the leptoquark couplings

are fully taken into account in our numerical analysis, which gives the allowed range for

couplings depicted in table 9.

It can be seen from tables 8 and 9 that similar couplings are involved in these leptonic

and rare semileptonic decay modes of kaons. The K0
S and K0

L decays are complementary,

providing separate access to both the real and imaginary parts of the NP couplings, while

the decays of the charged kaon restrict their absolute value. We highlight the situation in

figure 3, for both electron (left panel) and muon (right panel) modes, separately, where

xe =

(
1 TeV

MLQ

)2

×

{
y11y

∗
12

y11y
∗
21

, xµ =

(
1 TeV

MLQ

)2

×

{
y21y

∗
22

y12y
∗
22

. (5.20)
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Figure 3. Allowed regions in the plane (Re[x`], Im[x`]), arising from leptonic and rare semileptonic

kaon decays, for the electron (left panel) and muon (right panel) channels.

The first line in the brackets corresponds to the leptoquark R2, while the second line

refers to R̃2, S̃1, 4× S3, as indicated in tables 8 and 9. The decay modes of the long-lived

neutral kaon, K0
L → `+`−, π0`+`−, put obviously more stringent constraints that their

K0
S → π0`+`−, `+`− counterparts. Other kaon decay modes, such as K → `ν, π`ν, ππ`ν,

with much larger SM contributions, cannot provide limits on the leptoquark couplings

competitive with the ones extracted from rare decays.

Similarly to the K+ case, the lepton-flavour-violating decays K0
L → π0µ±e∓ have much

simpler expressions, being mediated only by the leptoquark contribution. Their differential

branching fractions are given by eq. (5.12), replacing [gXYV,d ]21,mm by the appropriate com-

bination of leptoquark couplings ([gXYV,d ]21,mn − [gXYV,d ]12,mn)/
√

2. We notice in the last row

of table 9 that a very stringent constraint arises from the current experimental upper limit

on these modes [117]. The lepton-flavour-violating decays are absent in the SM and have

not yet been seen in experiments. Hence the corresponding combinations of NP couplings

have to be strictly suppressed to obey the experimental upper bounds.

5.3 K → πνν̄

Let us now consider the short-distance dominated decays K → πνν̄, which are thus ex-

pected to serve as very clean modes to look for BSM effects. These decay modes re-

ceive contributions from similar leptoquark couplings, but they involve three generations

of neutrinos and the PMNS rotation has to be included suitably. In the presence of the

leptoquark-induced operators with left-handed neutrinos and down-type quarks in eq. (3.4),

the branching fractions for K+ and K0
L can be written as

BR
(
K+ → π+νν̄

)
=

κ+
ν

3 |Vus|10
(1 + ∆EM)

{
3∑
`=1

∣∣∣∣yν − π sin2 θW√
2GF α

[Nd
VX

]21,``

∣∣∣∣2

+
π2 sin4 θW

2G2
F α

2

∑
m 6=n

∣∣∣[Nd
VX

]21,mn
∣∣∣2
 , (5.21)
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BR
(
K0
L → π0νν̄

)
=

κLν
3 |Vus|10

(1− δε)

×

{
3∑
`=1

∣∣∣∣Im(yν − π sin2 θW√
2GF α

[Nd
VX

]21,``

)∣∣∣∣2

+
π2 sin4 θW

8G2
F α

2

∑
m 6=n

∣∣∣[Nd
VX

]21,mn − [Nd
VX

]12,mn
∣∣∣2
 ,

(5.22)

where X ∈ {L,R} and we have summed over all possible undetected neutrinos in the final

state. In the last expression we have made use of the hermiticity of the Lagrangian Lnc,ν
eff

in eq. (3.4), which implies ([N q
VX

]ik,mn)∗ = [N q
VX

]ki,nm. The overall factors

κ+, L
ν = τ+,L

G2
F α

2m5
K+,0

256π5 sin4 θW
|Vus|8

∣∣∣Vus × fKiπi

+ (0)
∣∣∣2 I+,0

ν (5.23)

are extracted from K`3 data. They encode the hadronic matrix element information, with

I+,0
ν the phase-space integral over the normalized vector form factor:

Iiν =

∫ (1−rπ)2

0
dz λ̄3/2

∣∣∣∣∣fK
iπi

+ (z)

fK
iπi

+ (0)

∣∣∣∣∣
2

, i ∈ {+, 0}. (5.24)

The Wilson coefficient yν is given by

yν = (Reλt + i Imλt)Xt + |Vus|4 Reλc Pu,c , (5.25)

with λc = V ∗csVcd, Xt = 1.464±0.041 and Pu,c = 0.41±0.04 [118, 119]. The electromagnetic

correction takes the value ∆EM = −0.003 [120] and δε ' 0.03 accounts for the small K0−K̄0

mixing contribution [94, 121].

Using PDG values [62, 63] for all other inputs, we quote the constraint on the lepto-

quark couplings arising from the decay K+ → π+νν̄ as

3∑
`=1

∣∣∣∣ (−23.0 + i 6.6)× 10−5 − Ñ`

∣∣∣∣2 +
∑
m 6=n
|Ñmn|2 ± 1.5× 10−8 ≤ 3.6× 10−7 , (5.26)

where the last term in the left-hand side accounts for the uncertainty on the SM pre-

diction, while the right-hand side reflects the (90% C.L.) upper bound BR(K+ →
π+νν̄) < 1.85× 10−10, recently reported by the NA62 collaboration [122]. The parameters

Ñ` ≡ 2 [Nd
VX

]21,`` × (1 TeV)2 and Ñmn ≡ 2 [Nd
VX

]21,mn × (1 TeV)2 contain the leptoquark

couplings for identical and different neutrino flavours in the final state, respectively. The

explicit expressions of these couplings for the three relevant types of leptoquarks are quoted

in table 10, where we separately show, in the first and second rows, the allowed ranges for

their real and imaginary parts for each neutrino generation `, and, in the third row, the

bounds on the moduli of products of couplings with different neutrino flavours. Due to the

interference with the SM contribution, we find allowed ranges for the leptoquark couplings
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Range (or bound)

Modes BRexp S1, S3, R̃2 × (MLQ/TeV)2

K+ → π+νν̄ < 1.85× 10−10

sLQ Re(ŷ1` ŷ
∗
2`) [−3.7, 8.3]× 10−4

Im(ŷ1` ŷ
∗
2`) [−5.3, 6.7]× 10−4[ ∑

m 6=n
|ŷ1m ŷ

∗
2n|2

]1/2

6.0× 10−4

K0
L → π0νν̄ < 3.0× 10−9

Im(ŷ1` ŷ
∗
2`) [−1.1, 1.2]× 10−3[ ∑

m 6=n
|ŷ1m ŷ

∗
2n − ŷ2m ŷ

∗
1n|2

]1/2

1.1× 10−3

Table 10. 90% C.L. bounds on leptoquark couplings from K → πνν̄ decays. The sign factor

sLQ = +1 for the leptoquarks S1,3, while sLQ = −1 for R̃2.

KL→ π0νν

K+→ π+νν

-0.0005 0.0000 0.0005 0.0010

-0.002

-0.001

0.000

0.001

0.002

sLQ Re[xν]

Im
[x

ν
]

Figure 4. Allowed regions in the plane (s LQ Re[xν ], Im[xν ]), arising from K → πνν̄ decays.

when the two final neutrinos have the same flavour, whereas an upper bound is obtained

for different flavours. Since the SM predictions are very accurately known, the resulting

bounds on the NP couplings are quite stringent, as can be seen from table 10.

A constraint equation analogous to (5.26) is obtained for K0
L → π0νν̄, but only the

imaginary part of the relevant product of leptoquark couplings contributes to the decay into

identical neutrino flavours. The extracted bounds, also shown in table 10, are weaker than

in the K+ case because the current experimental sensitivity is not so good. The neutral

and charged bounds, for identical neutrino flavours, are displayed in figure 4, where

xν =

(
1 TeV

MLQ

)2

× ŷ1`ŷ
∗
2` (5.27)

is the appropriate combination of leptoquark couplings. Notice that the S̃1 and R2 lep-

toquarks do not generate contributions to these decay modes at tree level. A study on

loop-induced effects in K+ → π+νν̄ and K0
L → π0νν̄ can be found in ref. [123], for the R2

and S3 leptoquarks.

The KOTO collaboration has recently reported the observation of four events in the

neutral decay mode [124], with an expected background of only 0.05 ± 0.02 events. Re-
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moving one of the events that is suspected to originate in underestimated upstream ac-

tivity background, the quoted single event sensitivity of 6.9 × 10−10 would correspond to

BR(K0
L → π0νν̄) ∼ 2 × 10−9, well above the new Grossman-Nir limit [125] implied by

the NA62 upper bound on BR(K+ → π+νν̄). This limit is valid under quite generic as-

sumptions, provided the lepton flavour is conserved, and in the leptoquark case it can be

directly inferred from eqs. (5.21) and (5.22). If there are only identical neutrino flavours

in the final state, these two equations imply

BR(K0
L → π0νν̄)

BR(K+ → π+νν̄)
<

κLν (1− δε)
κ+
ν (1 + ∆EM)

= 4.2 , (5.28)

and, therefore, BR(K0
L → π0νν̄) < 7.8 × 10−10. The only way to increase this result and

reach the KOTO signal would be through the decays into neutrinos with different flavours,

n 6= m in eqs. (5.21) and (5.22). Thus, a confirmation of the KOTO events would clearly

indicate a violation of lepton flavour. Given their very preliminary status, we refrain from

dwelling more on the physical meaning of these events. Some possible NP interpretations

have been already considered in ref. [126].

5.4 K0 − K̄0 mixing

The leptoquarks contribute to kaon mixing via a box diagram mediated by leptons and

leptoquarks similar to figure 2 (right panel) with the quark and lepton lines interchanged.

The SM contribution to the off-diagonal element M12 in the neutral kaon mass matrix is

given by [127]

MSM
12 =

〈K0|HSM
∆S=2|K̄0〉

2mK

=
G2
Fm

2
W

12π2
f2
KB̂KmK

[
λ∗c

2ηccS0(zc) + λ∗t
2ηttS0(zt) + 2λ∗cλ

∗
t ηctS0(zc, zt)

]
, (5.29)

where fK is the kaon decay constant, B̂K is the reduced bag parameter, the short-distance

QCD effects are described through the correction factors ηi and S0(z) are the Inami-Lim

functions:

S0(zc) = zc , (5.30)

S0(zt) =
4zt − 11z2

t + z3
t

4(1− zt)2
− 3z3

t lnzt
2(1− zt)3

, (5.31)

S0(zc, zt) = zc

[
ln
zt
zc
− 3zt

4(1− zt)
− 3z2

t lnzt
4(1− zt)2

]
. (5.32)

Here zc,t are defined as zc,t = m2
c,t/m

2
W .

A scalar leptoquark, with the interaction term
(
λij d̄

i
L,R `

j
R,L+λ′ij d̄

i
R ν

j
L

)
φ, gives rise to

the following extra contribution to the ∆S = 2 Hamiltonian

HLQ
∆S=2 =

1

128π2M2
LQ

[
3∑
j=1

(λ1jλ
∗
2j + λ′1jλ

′∗
2j)

]2

(d̄L,Rγ
µsL,R)(d̄L,Rγ

µsL,R) . (5.33)
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LQ Bound from ∆mK : Range from |εK |:

< 7.1×10−4 × (MLQ/TeV)2 [−2.4, 7.2]×10−6×(MLQ/TeV)2

R2

∣∣∣∣[Re

(
3∑
i=1

yi2y
∗
i1

)]2

−
[
Im

(
3∑
i=1

yi2y
∗
i1

)]2∣∣∣∣ Re

(
3∑
i=1

yi2y
∗
i1

)
Im

(
3∑
i=1

yi2y
∗
i1

)
R̃2, S̃1, 4× S3

∣∣∣∣[Re

(
3∑
i=1

y1iy
∗
2i

)]2

−
[
Im

(
3∑
i=1

y1iy
∗
2i

)]2∣∣∣∣ Re

(
3∑
i=1

y1iy
∗
2i

)
Im

(
3∑
i=1

y1iy
∗
2i

)
(for `-loop)

S1, R̃2, S3

∣∣∣∣[Re

(
3∑
i=1

ŷ1iŷ
∗
2i

)]2

−
[
Im

(
3∑
i=1

ŷ1iŷ
∗
2i

)]2∣∣∣∣ Re

(
3∑
i=1

ŷ1iŷ
∗
2i

)
Im

(
3∑
i=1

ŷ1iŷ
∗
2i

)
(for ν-loop)

Table 11. Bounds on leptoquark couplings from neutral kaon mixing.

Here we have neglected the contributions proportional to lepton masses which generate

(pseudo)scalar operators (d̄R,LsL,R)(d̄R,LsL,R). Including the NP effect, the total dispersive

matrix element can be written as

M12 = MSM
12 +

1

384π2M2
LQ

f2
KB̂KmK

[
3∑
j=1

(λ1jλ
∗
2j + λ′1jλ

′∗
2j)

]2

. (5.34)

The two observables ∆mK and εK are related to M12 as

∆mK ≈ 2 ReM12 , εK ≈ κε
eiπ/4√
2∆mK

ImM12 , (5.35)

where the phenomenological factor κε= 0.94±0.02 accounts for the estimated long-distance

corrections to εK [128]. The experimental measurements of these observables are [62, 63]

∆mK = (3.484± 0.006)× 10−15 GeV , |εK | = (2.228± 0.011)× 10−3 . (5.36)

In the numerical analysis, we use estimates of various parameters in eq. (5.29) from [94,

129] as

B̂K = 0.717± 0.024 , ηcc= 1.43± 0.23 , ηtt= 0.5765± 0.0065 , ηct= 0.496± 0.047 .

(5.37)

In the SM the charm box diagram dominates the CP -conserving contribution to M12

over the top loop effect, in spite of its large mass enhancement in the loop function, as

the later is CKM suppressed. In addition, there are sizable long-distance contributions

to ∆mK , which are difficult to quantify. Hence we adopt a very conservative approach

and allow the NP contributions alone (without the SM effect) to saturate the measured

kaon mass difference. The resulting bounds are shown in table 11. However, ImM12 is

well predicted in the SM and while using the expression for εK in eq. (5.35), we take the

measured value for ∆mK and combine all theoretical and experimental uncertainties. To

be explicit, we find the range for NP couplings for which |ImM12| ≈ (1.17±0.03)×10−17 is

satisfied. The results are depicted in table 11, where we separately show the contribution

arising from charged leptons and neutrinos flowing in the loop.
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6 Summary and discussion

In this work we have presented a detailed catalog of upper limits on scalar leptoquark

interactions with SM fermions, arising from various decay modes of charged leptons and

kaons. Compared to previous analyses, we attempted to be as much rigorous as possible

to carefully include all contributions within the SM. We have first derived the most gen-

eral low-energy four-fermion effective Lagrangian induced by tree-level scalar leptoquark

exchange, and have worked out the particular values of its Wilson coefficients for the five

possible types of leptoquarks.

We started with the decays of the tau lepton to pseudoscalar or vector meson states

accompanied with a charged lepton. A few of these modes were examined in ref. [8] (with

the data available at that time), where the limits were obtained by comparing with the

corresponding mode with neutrinos. The much stronger experimental upper bounds on

these decays currently available imply substantially improved constraints on the leptoquark

parameters from all channels, which are presented in tables 1 and 2. The most stringent

limits on scalar operators are obtained from τ → η′`, while the τ → ρ0` decay mode puts

the strongest constraint on vector operators.

Transitions in purely leptonic systems can only be induced at the loop level. Interest-

ingly, the rare lepton-flavour-violating decay µ→ eγ is found to be immensely constraining

for all scalar leptoquarks except R̃2. The analogous limits from τ → eγ and τ → µγ are

also quite strong for the R2 and S1 leptoquarks, but much weaker for S̃1 and S3. We have

also shown that from the electric and magnetic dipole moment measurements of leptons,

only the leptoquarks having interactions with both left- and right-handed quarks and lep-

tons, i.e., R2 and S1, can be constrained. Essentially the top and/or charm quark going in

the loop can enhance the rate for these two leptoquarks. The rare lepton decay `→ `′`′`′′

can not compete with the corresponding radiative modes; however, taking into account all

contributions from penguin and box diagrams, we have still derived constrained equations

among different leptoquark couplings that must be satisfied. The expression for different

lepton flavours in the final state has also been pointed out in this context.

Next we have investigated the rare decays of kaons, focusing on the very suppressed

FCNC leptonic and semileptonic modes. We have derived the differential distributions of

the K → π`+`− decays, taking into account all known effects within the SM. Owing to

the strong suppression of the SM decay amplitudes, we have been able to derive useful

limits on the leptoquarks couplings, even neglecting the SM contributions in some cases,

e.g., K+ → π+`+`− and K0
S → π0`+`−. The decays K0

S → π0`+`− (K0
L → `+`−) and

K0
L → π0`+`− (K0

S → `+`−) constrain the real and imaginary parts, respectively, of the

same combination of leptoquark couplings, while K+ → π+`+`− restricts its absolute

value. The stronger constraints are extracted from the K0
L decays, owing to its long-lived

nature that increases the sensitivity to the leptoquark contributions. In addition to higher

statistics and more accurate data, future improvements on these limits would require taking

properly into account the interference between the SM and NP amplitudes, which in same

cases it is currently hampered by poorly determined non-perturbative parameters.

We have also analyzed the strong constraints from K → πνν̄, taking into account the

most recent limits from NA62 and KOTO. The recent four events observed by KOTO,
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which violate the Grossman-Nir limit, most probably originate in underestimated back-

ground/systematics. Nevertheless, we have pointed out that decay modes into neutrinos

with different flavours could provide a possible explanation of the data in the leptoquark

context. For completeness, we have also compiled the constraints from K0 − K̄0 mixing

emerging from the one-loop leptoquark contributions.
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A Decay parameters

We adopt the usual definition of the decay constants as

〈0|q̄iγµγ5q
j |Pji(k)〉 = ifP k

µ , 〈0|q̄iγ5qj |Pji(k)〉 =
−i m2

P fP
(mqi +mqj )

, (A.1)

〈0|q̄iγµqj |Vji(k)〉 = mV fV ε
µ(k) , 〈0|q̄iσµνqj |Vji(k)〉 = if⊥V (µ) [kµεν(k)− kνεµ(k)] .

(A.2)

The values (in MeV) used in the numerical analysis are [62, 63, 130–134]:

fπ = 132, fK0
S

= 161, fρ = 216, fω = 195, fK∗0 = f
K
∗0 = 214, fφ = 233,

f⊥ρ (1GeV) ≈ f⊥ω (1GeV) = 160 . (A.3)

For the pseudoscalar mesons η and η′ we consider four different decay constants in the

quark-flavour basis as

f qη = fq cosφq , f sη = −fs sinφs ,

f qη′ = fq sinφq , f sη′ = fs cosφs . (A.4)

Adopting the Leutwyler and Kaiser [135] parametrization, the following values [136] have

been used in the analysis:

fq/fπ ' 1.08 , fs/fπ ' 1.43 , φq ' 44.8◦ , φs ' 40.5◦ . (A.5)
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