
https://arxiv.org/pdf/2203.10111.pdf


1. Motivation and Setup 
1.1 Flavour Anomalies 
1.2 Single Leptoquark Solutions 
1.3 Leptoquarks with Lepton Flavour 
1.4 Three Leptoquark Generations 
1.5 Lagrangian

22



1. Motivation and Setup

3

1.1 Flavour Anomalies

Hints for Lepton Flavour 
Universality Violation

No Hints for Charged 
Lepton Flavour Violation

Source: cerncourier.com 

RD(*)bsℓℓaμaepp → ee μ → eγ τ → eγ τ → μγ μ → eee …pp → ττ

https://cerncourier.com/a/who-ordered-all-of-that/
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1.3 Leptoquarks with Lepton Flavour

• 2107.07518 (Greljo, Soreq, Stangl, Thomsen, Zupan) introduced a theoretical 
framework for muoquarks, LQs that only couple to muons.

bsℓℓaμ

‣ ,       XH = 0 XQi
= XUj

= XDk
≡ Xq  for  i, j, k = 1,2,3

‣      if LQs have appropriate charges, they couple exclusively to muons. Xℓ2
≠ Xℓ1,3

  for  ℓ = L, E →

• This is an economic framework for joint explanations of the muon 
anomalies. But it gives the muon a special treatment and leaves out the other 
anomalies. 

 Can this be extended to three generations?→
aepp → ee

pp → ττ

 ?mℓ

RD(*)

• This can e.g. be achieved via appropriate  gauge extensions of the SM. U(1)X

https://arxiv.org/abs/2107.07518
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1.4 Three Leptoquark Generations

‣ ,       XH = 0 XQi
= XUj

= XDk
≡ Xq  for  i, j, k = 1,2,3

‣  Xℓ1
, Xℓ2

, Xℓ3
  pairwise different for  ℓ = L, E

• This is still satisfied by 234 charge assignments for  where  for all SM fermions 
(before it was 273). A possible solution is . 

U(1)X −10 ≤ XFi
≤ 10

Lμ − Lτ

Combinedbsℓℓaμ

S2

Sources: 2103.12504 (Angelescu et al.), 2002.12544 (Bigaran et al.)

• Three LQ generations that couple to one lepton flavour each (tauquark, muoquark, electroquark)

‣ Di-quark couplings not possible 
 no proton decay→

‣ Radiative generation of charged 
lepton masses  ?mℓ

RD(*)

https://arxiv.org/pdf/2103.12504.pdf
https://arxiv.org/pdf/2002.12544.pdf
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1.5 Lagrangian

called �2 (in the literature also called R2), are particularly interesting. This LQ
can restore the agreement between theory and data for b ! s`

+
`
� observables via

a W -box contribution [104], for b ! c⌧⌫ observables and the excess [161] in CMS
di-lepton data [162] via tree-level contributions [159, 160], and for (g � 2)µ via an
mt/mµ chirally enhanced effect. Furthermore, the tension in the difference of the
B ! D

⇤
`⌫ forward-backward asymmetries (�AFB) [163, 164] can be softened [165],

and the global EW fit can be improved through the generation of a shift in the W -
boson mass predictions [166], where a constructive effect is currently preferred [167],
via LQ interactions with the Higgs field [168].

However, a combined explanation of the flavour anomalies in the minimal setup
with a single leptoquark S2 is not possible as this would lead to unacceptably large
charged lepton flavour violation (LFV). In order to avoid this, we propose to extend
the SM by three generations of leptoquarks, like the three generations of squarks in
minimal R-parity violating supersymmetry [169, 170]. In this setup each LQ flavour
couples to the corresponding lepton flavour, i.e. the electroquark �2,e coupling to
electrons, the muoquark �2,µ to muons and the tauquark �2,⌧ to tau leptons. While
this does not introduce additional degrees of freedom concerning the couplings to
fermions, it decouples the LQ interactions with the different lepton generations from
each others, rendering joint explanations of the hints for LFUV possible.

We proceed by defining our three-generation model of S2 in Section 2, then dis-
cuss the most relevant observables in Section 3. Section 4 contains our phenomeno-
logical analysis, including a statistical analysis, and we conclude in Section 5.

2 Setup

Minimal extensions of the SM with a single SU(2)L doublet scalar LQ �2 have been
studied in detail in the literature [87, 101, 104, 118, 122, 138, 139, 144–146, 149, 152,
153, 155, 160, 171–175]. In such models, the most general LQ Lagrangian reads [168]

LLQ =

✓
Y

RL

ij
ūi [�2 · Lj] + Y

LR

ij

⇥
Q̄iej�2

⇤
+ H.c.

◆
�

✓
M

2 + Y
H(1)

h
H

†
H

i◆
�†

2�2

� Y
H(3)

h
H · �2

i†h
H · �2

i
+ L4� ,

(2.1)
where Qi ⇠

�
3,2,

1
6

�
, Li ⇠

�
1,2, �

1
2

�
, ei ⇠ (1,1, �1), ui ⇠

�
3,1,

2
3

�
and H ⇠�

1,2,
1
2

�
are the usual SM fields, i, j = 1, 2, 3 are flavour indices and the dot stands for

the invariant product of two fields lying in the fundamental representation of SU(2)L.
Considering the version of the above Lagrangian after EW symmetry breaking, we
refer to the SM fermions by their usual names q 2 {u, c, t, d, s, b}, ` 2 {e, µ, ⌧}

and ⌫` 2 {⌫e, ⌫µ, ⌫⌧}. Moreover, the Lagrangian term L4� contains the LQ quartic
interactions [168] that are not relevant for our analysis.

– 3 –

The couplings Y
LR

ij
and Y

RL

ij
are a priori arbitrary complex matrices in the

flavour space, leading in general to charged lepton flavour violation. As outlined
in the introduction, explaining anomalies related to different lepton generations at
the same time leads to unacceptably large effects in charged lepton flavour violating
observables. However, one can avoid this by assigning a lepton flavour number to
�2. In fact, in Refs. [176, 177] a Lµ � L⌧ symmetry [178–180] was used to impose
that �2 only interacts with second-generation leptons. However, this model can at
most address muon-related anomalies, and it might be considered unnatural to give
the muon such a special treatment because the tau lepton is even more massive.

Therefore, we propose to introduce three generations of leptoquarks �2, so that
the field �2,` now carries a generation index ` = 1, 2, 3, or equivalently and inter-
changeably ` = e, µ, ⌧ . In addition, we require that �2,` only interacts with the
lepton flavour `. While we remain agnostic about the specific underlying mechanism
that enforces this, it could for instance again be achieved via a Lµ � L⌧ symmetry
by assigning the charges 0, 1 and �1 to �2,e, �2,µ and �2,⌧ , respectively. In addition,
the assignment of lepton flavours to LQs automatically avoids proton decay to all
orders in perturbation theory, as it forbids di-quark couplings, in case this coupling
would be allowed by the other quantum numbers.

In this setup, the LQ interaction Lagrangian reads

LLQ =
X

`

✓
Y

RL

i`
ūi [�2,` · L`] + Y

LR

i`

⇥
Q̄ie`�2,`

⇤
+ H.c.

◆

�

✓
M

2
`

+ Y
H(1)
`

h
H

†
H

i◆
�†

2,`�2,` � Y
H(3)
`

h
H · �2,`

i†h
H · �2,`

i
+ L4� .

(2.2)
Comparing Eq. (2.2) to Eq. (2.1), it is apparent that we do not introduce any addi-
tional degrees of freedom in the LQ couplings to fermions compared to the minimal
model with a single �2.

Once the Higgs doublet H acquires its vacuum expectation value v, the Yukawa
terms generate mass matrices for quarks and leptons. Here we assume that the lepton
Yukawa matrices are diagonal in the basis of Eq. (2.2) such that no charged LFV is
induced by EW symmetry breaking. This means that lepton flavour is only broken
by the tiny neutrino masses, with negligible consequences in our phenomenological
analysis. Concerning quarks, we choose to work in the down-type quark basis, so
that CKM matrix elements only appear in couplings involving left-handed up-type
quarks. We therefore define

Ŷ
LR

i`
⌘ V

CKM
ij

Y
LR

j`
(2.3)

for brevity.

– 4 –

Three LQ generations with 
lepton flavours.

Source: 2203.10111 (Crivellin, Fuks, LS)

Complete SLQ Lagrangian 
in 2105.04844 (Crivellin, LS)

https://arxiv.org/abs/2203.10111
https://arxiv.org/abs/2105.04844
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2.3 Muoquark
Lepton Masses, AMMs and EDMs

•The contributions to these observables are related.

×

aμ

YLR
3,μ YRL*

3,μ

3.5 Anomalous magnetic moments and electric dipole moments of lep-
tons

Measurements of charged lepton anomalous magnetic moments (a`) and electric
dipole moments (EDMs) are both highly sensitive probes of new physics. The ef-
fects of �2 on the predictions for these observables are all related to the operator O7.
Whereas we could in principle consider all three generations of leptons, we ignore tau
leptons as the existing bounds are not constraining. We should however keep in mind
that a polarised beam option at Belle II [202] offers a possibility for a measurement
of a⌧ that could be sensitive to various new physics models [203–205], including ours.

The current averaged values for the muon and electron anomalous magnetic
moments read

a
exp

e
= 115 965 218.091(26) ⇥ 10�11 [206] and a

exp

µ
= 116 592 061(41) ⇥ 10�11 [36] ,

(3.19)
where the latter measurement includes Run 1 data from the Fermilab Muon g � 2

experiment. The corresponding SM predictions are given by

a
SM, Cs

e
= 115 965 218.161(23) ⇥ 10�11 [207] ,

a
SM, Rb

e
= 115 965 218.0252(95) ⇥ 10�11 [208] ,

a
SM

µ
= 116 591 810(43) ⇥ 10�11 [37] .

(3.20)

For ae we quote two sets of contradicting predictions, that are respectively based on
the measurement of the fine-structure constant ↵

�1 in Cs and in Rb atoms. While
the disagreement between the experimental determination and the SM prediction for
ae remains unclear, the deviation in aµ is better established and currently amounts
to 4.2�. It is widely known as the (g � 2)µ anomaly. In our numerical analysis, we
use the package flavio but consider both theoretical determinations of ae stated in
Eq. (3.20) individually. In contrast, the measurements of the lepton EDMs have so
far all yielded null results. Currently, the most stringent exclusion limits read

d
exp

e
< 0.11 ⇥ 10�28 e cm [206] , d

exp

µ
< 1.8 ⇥ 10�19 e cm [206] . (3.21)

While the latter limit is currently not constraining, it is expected to be significantly
improved in future experiments [209, 210].

As already mentioned, the sole relevant WET operator governing charged lep-
ton’s g � 2 and EDMs is the O7 operator, defined by

(O7)``
=

4GF
p

2

e

16⇡2
m`

�
¯̀�µ⌫

PR`
�
Fµ⌫ . (3.22)

Starting from our model featuring three generations of �2 LQs, the associated Wilson
coefficient is obtained after integrating out the heavy LQs [165, 174, 211, 212],

(C7)
LQ

``
⇡

p
2

4GF m`

"
�

Ncm`

8M2
`

3X

i=1

⇣��Y LR

i`

��2+
��Y RL

i`

��2
⌘

+
Nc

12M2
`

3X

i=1

muiŶ
LR

i`
Y

RL⇤
i`

E1 (xi)

#
,

(3.23)
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with xi = m
2
ui

/M
2
`

and E1(x) ⌘ 1 + 4 log(x). The dominant contribution is the one
included in the second term for i = 3, i.e. the contribution enhanced by the large
value of the top mass mt. Predictions for a` and d` are then given by

a
LQ

`
=

GF m
2
`

p
2⇡2

Re
�

(C7)``

 
and

���dLQ

`

��� =
eGF m`

2
p

2⇡2

���Im
�

(C7)``

 ��� , (3.24)

with the dominant contribution being the one proportional to the real and imaginary
part of Ŷ

LR

3` Y
RL⇤
3` respectively. In addition, the same combination of LQ Yukawa

matrix elements contributes to a radiative shift in the charged lepton masses [174],

m
LQ

`
⇡ �

mtNc

16⇡2
E3

✓
µ
2

M
2
`

,
m

2
t

M
2
`

◆
Ŷ

LR

3` Y
RL⇤
3` with E3 (x, y) =

1

✏
+1+log (x)+y log (y) ,

(3.25)
when we restrict ourselves to the contribution enhanced by the top mass.

3.6 Parity violation observables

By measuring parity-violating interactions between electrons and nucleons, the nu-
cleon weak charges can be determined. Currently, the best measurement of the weak
charge of the proton, Q

p

w
, comes from the Qweak experiment [213, 214] at Jefferson

Lab,
Q

exp

w
(p) = 0.0704(47) [160, 215]. (3.26)

In addition, the most precise results from atomic parity violation experiments were
obtained for 133Cs atoms [216, 217],

Q
exp

w

�
133Cs

�
= �72.94(43) [218]. (3.27)

These weak charge measurements can be used to constrain the necessarily chiral
quark-electron interactions induced by LQs. The corresponding effects in parity
violation (PV) observables have already been studied in detail in Ref. [160]. The
relevant WET operators are

�
O

LR

V

�
qqee

=
4GF
p

2
(q̄�µ

PLq) (ē�µPRe) ,

�
O

LR

V

�
eeqq

=
4GF
p

2
(ē�µ

PLe) (q̄�µPRq) ,

(3.28)

for q = u, d. Integrating out the heavy LQ fields in our model, we can derive the
corresponding Wilson coefficients,

�
C

LR

V

�LQ

uuee
=

�
p

2

4GF

���Ŷ LR

1e

���
2

2M2
e

,
�
C

LR

V

�LQ

eeuu
=

�
p

2

4GF

��Y RL

1e

��2

2M2
e

,

�
C

LR

V

�LQ

ddee
=

�
p

2

4GF

��Y LR

1e

��2

2M2
e

,
�
C

LR

V

�LQ

eedd
= 0 .

(3.29)
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•There is a -enhanced contribution to  .mt C7

•The same diagram (without photon) also induces corrections to the lepton masses. 

with xi = m
2
ui

/M
2
`

and E1(x) ⌘ 1 + 4 log(x). The dominant contribution is the one
included in the second term for i = 3, i.e. the contribution enhanced by the large
value of the top mass mt. Predictions for a` and d` are then given by

a
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with the dominant contribution being the one proportional to the real and imaginary
part of Ŷ

LR

3` Y
RL⇤
3` respectively. In addition, the same combination of LQ Yukawa

matrix elements contributes to a radiative shift in the charged lepton masses [174],

m
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⇡ �
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16⇡2
E3

✓
µ
2
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2
`

,
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2
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2
`

◆
Ŷ
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3` Y
RL⇤
3` with E3 (x, y) =

1

✏
+1+log (x)+y log (y) ,

(3.25)
when we restrict ourselves to the contribution enhanced by the top mass.

3.6 Parity violation observables

By measuring parity-violating interactions between electrons and nucleons, the nu-
cleon weak charges can be determined. Currently, the best measurement of the weak
charge of the proton, Q

p

w
, comes from the Qweak experiment [213, 214] at Jefferson

Lab,
Q

exp

w
(p) = 0.0704(47) [160, 215]. (3.26)

In addition, the most precise results from atomic parity violation experiments were
obtained for 133Cs atoms [216, 217],

Q
exp

w

�
133Cs

�
= �72.94(43) [218]. (3.27)

These weak charge measurements can be used to constrain the necessarily chiral
quark-electron interactions induced by LQs. The corresponding effects in parity
violation (PV) observables have already been studied in detail in Ref. [160]. The
relevant WET operators are

�
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�
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4GF
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(ē�µ
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for q = u, d. Integrating out the heavy LQ fields in our model, we can derive the
corresponding Wilson coefficients,
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,
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 Could there be a common explanation to the lepton masses,  and the absence of EDMs?→ (g − 2)ℓ
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2.3 Muoquark
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Y
R

L
3
µ

+
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%

�
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Profiling over Y
LR
3� , Y

LR
2�

�2� log L = �87.5

Muoquark Couplings (Mµ = 2.0 TeV)

Z`
+
`
� and Z⌫̄⌫ (2�)

b ! s`
+
`
� (1�, 2�)

RK(�) (1�, 2�)

Muon AMM (1�, 2�)

Combined (1�, 2�)

Mass correction

Best fit point

Figure 6: Simultaneous solution to the b ! s`
+
`
� (orange) and (g � 2)

µ
(light

blue) anomalies, as obtained by combining the effects of the couplings Y
LR

3⌧ , Y
LR

2⌧ ,
Y

RL

3µ and Y
LR

3µ . We additionally show the relative radiative correction to the muon
mass (black lines), that are derived by only taking into account only the finite part
of the involved loop function.

involving the muoquark, so that C
µ

9 = �C
µ

10. We checked that the tree-level effect
giving rise to C

µ

9 = +C
µ

10 does not improve the fit, such that Y
LR⇤
3µ Y

LR

2µ must be
small. Furthermore, also the preferred value of C

e

9 = +C
e

10 that is induced by the
electroquark is consistent with zero once added to the other LQ contributions. As
before, we choose the muoquark mass to be as low as possible while still satisfying
the limits from LQ pair-production searches at the LHC by a clear margin. We hence
fix Mµ = 2 TeV.

In Figure 5 we focus on the three couplings Y
LR

3⌧ , Y
LR

2⌧ and Y
RL

3µ of the tauquark
�2,⌧ and the muoquark �2,µ, assuming them to be real. While these couplings are
constrained by Bs � B̄s mixing, D

0
� D̄

0 mixing, as well as by Z⌧
+
⌧
� and Z⌫̄⌫

coupling measurements, we can still significantly improve the fit to b ! s`
+
`
� data.

In fact, a likelihood value �2� log L = �70.4, corresponding to a combined pull of
7.9� for three d.o.f., can be reached. Whereas the W -box contribution leading to
C

µ

9 = �C
µ

10 via a Y
RL

3µ coupling is in tension with Zµ
+
µ
� and Z⌫̄⌫ [171] data, this

tension is reduced once the contribution from the tauquark discussed in Section 4.1
is accounted for. Therefore, the combined effect of �2,⌧ and �2,µ leptoquarks does
not only result in a better fit to b ! s`

+
`
� data, but also weakens the bounds from

EW precision observables as a smaller coupling Y
RL

3µ suffices.
We now include (g � 2)µ in our analysis. To provide an explanation to this

– 21 –

Source: 2203.10111 (Crivellin, Fuks, LS)
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2.5 Higgs Couplings

• Without CDF II measurement: 

Source: 2203.10111 (Crivellin, Fuks, LS)

Figure 8: Potential effect of the �2,e leptoquark on (g � 2)e via the couplings Y
LR

3e

and Y
RL

3e . We show the preferred parameter space regions for the two contradicting
SM determinations of (g � 2)

e
based on Rb (blue) and Cs (orange) atoms. In the

preferred parameter space regions, sizeable loop corrections to the electron mass are
generated, and the EDM constraint places strong limits on the complex phases of
these couplings.
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Higgs Couplings

Contributions from �2,� (Y H(3) = ±1.0, ±2.0)

Global fit (1�, 2�)

Best fit point

SM point

Figure 9: Global fit to the (difference of the) Peskin-Takeuchi parameters �S and
�T . This fit can be improved via a positive contribution to both �S and �T , which
corresponds to negative couplings Y

H(3)
`

. We indicate the position of the points
Y

H(3) = ±1, ±2 when we assume that Y
H(3)
e = Y

H(3)
µ = Y

H(3)
⌧ ⌘ Y

H(3).

where we assume that Y
H(3)
e = Y

H(3)
µ = Y

H(3)
⌧ for simplicity. The corresponding

likelihood difference value is �1.54.
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Figure 4: Correlations between S and T for four di↵erent Lagrangian parameters

in Eq. (2.4), assuming that only one of them is non-zero at a time. For simplicity,

we assumed all LQ masses to be equal. While Y22 and Y2̃2̃ can yield both positive

and negative e↵ects in S, the e↵ect in the T parameter is positive definite. Since

our prediction for S and T depends on a single combination of parameters (Y/m2 or

A
2
/m

4), we used one degree of freedom to obtain the preferred region in the S-T plane,
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2.5 Higgs Couplings

• With CDF II measurement:

•  still yields a good fit, but 
very large couplings are 
needed. 

S2

•  can accomplish 
large contributions to  
(  lepton flavor violation?).

S1 − S3
ΔT

→
Source: 2204.03996 (Athron et al.),

2204.09031 (Bhaskar et al.)

°0.05 0.00 0.05 0.10 0.15 0.20
¢S

0.00

0.05

0.10

0.15

0.20

0.25

0.30

¢
T

+1.0 °1.0

+2.0 °2.0

+3.0 °3.0

+4.0 °4.0

°2¢ log L = °39.0

Higgs Couplings

Contributions from ©2,` (Y H(3) = ±1.0, ±2.0, ±3.0)

Global fit de Blas et al. (standard average, 1æ, 2æ)

Global fit de Blas et al. (conservative average, 1æ, 2æ)

Global fit Ellis et al. (1æ, 2æ)

Best fit point

SM point

Source: 2006.10758 (Crivellin et al.)

II IIII II
II

IIII

II

-0.010 -0.005 0.000 0.005 0.010
-0.01

0.00

0.01

0.02

0.03

0.04

0.05

S

T

FCC-ee sensitivity

CEPC sensitivity

T & S (1

Figure 4: Correlations between S and T for four di↵erent Lagrangian parameters

in Eq. (2.4), assuming that only one of them is non-zero at a time. For simplicity,

we assumed all LQ masses to be equal. While Y22 and Y2̃2̃ can yield both positive

and negative e↵ects in S, the e↵ect in the T parameter is positive definite. Since

our prediction for S and T depends on a single combination of parameters (Y/m2 or

A
2
/m

4), we used one degree of freedom to obtain the preferred region in the S-T plane,

such that the region within the ellipse labelled by 1� (2 �) corresponds to 68% C.L.

(95% C.L.).

We defined

xi =
m

2
h

4m2
i

, yi =
4m2

i

m
2
Z

, (4.7)

while the loop functions are given in the appendix.3

In addition to the expansion of the loop functions, we can also expand the ex-

pressions �̃Q
/M

2 and T̃
Q �̃Q

K6(x
Q

ab
)/M2 in v

2
/M

2 up to O(v3), using Eq. (2.11). We

3Note that we did not include the e↵ects of bottom quarks in the SM prediction which would lead
to a 10% destructive interference.

– 10 –

https://arxiv.org/abs/2204.03996
https://arxiv.org/abs/2204.09031
https://arxiv.org/abs/2006.10758


2424

3. Conclusions



3. Conclusions

25

• The hints for LFUV in multiple lepton generations and the absence of LFV motivate                                   
.lepton flavoured LQs. 

• We examined a corresponding model with three  generations. S2

• It can provide explanations to deviations in
‣  ,RD(*)

‣  ,(b → sℓ+ℓ−)
‣  ,aμ

‣  ,pp → ee

‣  ,(S, T, U)

• There is an interesting relation between the LQ contributions to the charged lepton 
masses, AMMs and EDMs. 

‣  ,(pp → ττ)
‣  .(ae)
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Thank you for your attention!


