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Trieste

stepping stone
/ˈstɛpɪŋ stəʊn/
noun
plural noun: stepping stones

a raised stone used singly or in a series as a place on 
which to step when crossing a stream or muddy area.

- an action or event that helps one to make 
progress towards a specified goal.
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The Standard Model of particle physics 
describes a huge variety of phenomena 

in a unified and simple theory.

Standard 
Model

However, we know it must be extended at 
some energy scales: 
- neutrino masses 
- astrophysical/cosmological obs.  
   (dark matter, dark energy, baryonic asymmetry, inflation)

Our desire for simplicity and a sense of beauty also 
motivates extensions of the SM for other reasons: 

- hierarchy problem of the EW scale (and CC) 
- understanding the hierarchies in fermion masses 

and mixings 
- unification of gauge interactions and fermion 

representations 
- understanding the smallness of CP-violation in 

strong interactions
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Many experiments are exploring the terra incognita in all possible directions, 
but we still don’t have a confirmed discovery of a new land.

… every once in a while, possible land is sighted.

Some of these anomalies might just be mirages, 
however some could also be the first genuine hints of a New Land.

It is important to take each into consideration, 
in order to understand how realistic it could be 

and to point out the searches in promising directions
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Standard 
Model

γγ @ 750 151 GeV

Neutrino anomalies: 
LSND, Miniboone, reactor, Gallium 

5MeV "bump"

Atomki: 17 MeV excess in 8Be decays

b→ s ℓℓ

(g-2)µ 

(g-2)e

Cabibbo Angle

Bq → Dq(*)+ π- (K-) 
Bd,s → K*0 K̅*0

A selection of “anomalies” from the SM *

No viable NP
Bordone, Greljo, DM [2103.10332] 

Alguerò et al. [2011.07867]

R(D(*))

p p → e+ e-

Flavour 
Anomalies

This talk

* not including cosmological anomalies from the ΛCDM
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LHCb 
2103.11769 

3.1σ
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Compilation of “clean” observables

RK and the other b→s µ+µ- probes
Lepton Flavour Universality (LFU) ratios

E.g. the most recent one from LHCb [2103.11769]
3.1σ

Also the leptonic decay Bs → μ+ μ-  
can be predicted precisely in the SM, 

and is measured by ATLAS, CMS, and LHCb. 
 

It shows a consistent reduction w.r.t. the SM.

Altmannshofer and Stangl 2103.13370

Semi-leptonic b to s decays
FCNC: occurs only at loop-level in the SM 
            + CKM suppressed


Semi-leptonic effective Lagrangian:

L =
4GF
p
2

↵

4⇡
V ⇤
tbVts

X

i

CiOi + C 0
iO

0
i

Deviations from SM in several observables

• Angular distributions in B → K*µµ 

• Various branching ratios B(s) → Xs µµ 

• LFU in R(K) and R(K*) (very clean prediction!)


~ 20% NP contribution to LH current

Globally 5-6σ

b s

!

!̄

Vtb V ∗

ts

W

Z, γ

2

Coe↵. best fit 1� 2� pull

Cµ
9 �1.59 [�2.15, �1.13] [�2.90, �0.73] 4.2�

Cµ
10 +1.23 [+0.90, +1.60] [+0.60, +2.04] 4.3�

Ce
9 +1.58 [+1.17, +2.03] [+0.79, +2.53] 4.4�

Ce
10 �1.30 [�1.68, �0.95] [�2.12, �0.64] 4.4�

Cµ
9 = �Cµ

10 �0.64 [�0.81, �0.48] [�1.00, �0.32] 4.2�

Ce
9 = �Ce

10 +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.3�

C0µ
9 �0.00 [�0.26, +0.25] [�0.52, +0.51] 0.0�

C0µ
10 +0.02 [�0.22, +0.26] [�0.45, +0.49] 0.1�

C0 e
9 +0.01 [�0.27, +0.31] [�0.55, +0.62] 0.0�

C0 e
10 �0.03 [�0.28, +0.22] [�0.55, +0.46] 0.1�

TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient.

and the corresponding Wilson coe�cients C
`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [46] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [47, 48]. Imposing SU(2)L invariance, these bounds
cannot be avoided [49]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [50]).

For the numerical analysis we use the open source code
flavio [51]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K

⇤
`
+
`
� angular observ-

ables DP 0
4,5

(see below), we construct a �
2 function that

depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. The experimental uncertainties are
presently dominated by statistics, so their correlations
can be neglected. For the SM we find �

2
SM = 24.4 for 5

degrees of freedom.
Tab. I lists the best fit values and pulls, defined as thep
��2 between the best-fit point and the SM point for

scenarios with NP in one individual Wilson coe�cient.
The plots in Fig. 1 show contours of constant ��

2 ⇡
2.3, 6.2, 11.8 in the planes of two Wilson coe�cients for
the scenarios with NP in C

µ
9 and C

µ
10 (top), in C

µ
9 and

C
e
9 (center), or in C

µ
9 and C

0 µ
9 (bottom), assuming the

remaining coe�cients to be SM-like.
The fit prefers NP in the Wilson coe�cients corre-

sponding to left-handed quark currents with high sig-
nificance ⇠ 4�. Negative C

µ
9 and positive C

µ
10 decrease

both B(B ! Kµ
+
µ

�) and B(B ! K
⇤
µ

+
µ

�) while pos-

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

Altmannshofer, Stangl, Straub 2017

➡ see Nazila’s talk

= 1 ± O(1%)
for q2 ≳ 1 GeV 
Bordone, Isidori, Pattori [1605.07633]

SM
q2
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LHCb 
2103.11769 

3.1σ
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The global significance of the New Physics hypothesis  
in b → sμ+μ- (very conservative SM uncertainties estimate) is:

3.9σ Lancierini, Isidori, Owen, Serra [2104.05631]

Compilation of “clean” observables

Specific NP hypothesis, with less conservative estimates 
of SM uncertainties show significances in the 5.9 - 7σ range.
Altmannshofera and Staub [2103.13370], Algueró et al. [2104.08921], Geng et al. [2103.12738]

Very good fit to all these deviations with:

RK and the other b→s µ+µ- probes
Angular observables and Br’s

2105.14007

2003.04831

B0 → K*0 µ µ
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0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4R
(D

*)

HFLAV average

Average of SM predictions

 = 1.0 contours2χΔ

 0.003±R(D) = 0.299 
 0.005±R(D*) = 0.258 

HFLAV

Winter 2019

) = 27%2χP(

σ3

LHCb15

LHCb18

Belle17

Belle19 Belle15

BaBar12

HFLAV
Spring 2019

Charged-current B-anomalies
Semi-leptonic b to c decays

Charged-current interaction: tree-level effect 
in the SM, with mild CKM suppression


 
LFU ratios:

b

c

ν̄

τ

W

Vcb

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5 BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

SM Predictions

 = 1.0 contours2χ∆

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017

• RH & scalar currents disfavoured 


• SM predictions robust: form factors  
cancel in the ratio (to a good extent)


• Consistent results by three very different 
experiments, in different channels


• Large backgrounds & systematic errors

~ 20% enhancement in LH currents  
~ 4σ from SM

RD(⇤) =
BR(B ! D(⇤)⌧ ⌫̄)/SM

BR(B ! D(⇤)`⌫̄)/SM
= 1.237± 0.053

He↵ =
GF
p
2
V ⇤
cb(b̄L�µcL)(⌧̄L�

µ⌫⌧ )

Tree-level SM process with Vcb suppression.

b → c τ ν  vs.  b → c ℓ ν

����
gq
g`

���� . 5.4 (21)

�`

ee ⌧ �`

µµ (22)

�L = �
g2
`

2m2
V

�`

µµ(⌧̄L�µµL)(⌫̄⌧�
µ⌫µ) (23)

�L = �
g2
`

4m2
V

�`

⌧µ�
`

µµ(⌧̄L�µµL)(µ̄L�
µµL) (24)

gq
g`

=
✏q
✏`

(25)

V a

µ �
�

Z 0
µ , W 0

µ

�
(26)

MZ0 ' MW 0 ' mV �M ⇠ O

✓
mW

gHv

mV

◆
(27)

gH ⌧ g`, gq ⇠ O

✓
1

2

◆
(28)

g`,q ⇠ 1 ! mV ⇠ 250GeV (29)

g`,q ⇠
p
4⇡ ! mV . 1TeV (30)

Z 0
µb̄L�

µbL Z 0
µb̄L�

µbL (31)

BR(Z 0
! ⌧̄ ⌧) =

g2
`

2g2
`
+ 6g2q + extra

(32)

R⌧/`

D
= R⌧/`

D⇤ Rµ/e

D
. 10%R⌧/`

D
(33)

�MBs

�MBd

=
�MBs

�MBd

����
SM

(34)

BR(⌧ ! µ⌫⌫̄)

BR(⌧ ! e⌫⌫̄)
(35)

�Cµ

9 (36)

R(D(⇤)) ⌘
B(B0

! D(⇤)+⌧⌫)

B(B0 ! D(⇤)+`⌫)
, ` = µ, e (37)

2

����
gq
g`

���� . 5.4 (21)

�`

ee ⌧ �`

µµ (22)

�L = �
g2
`

2m2
V

�`

µµ(⌧̄L�µµL)(⌫̄⌧�
µ⌫µ) (23)

�L = �
g2
`

4m2
V

�`

⌧µ�
`

µµ(⌧̄L�µµL)(µ̄L�
µµL) (24)

gq
g`

=
✏q
✏`

(25)

V a

µ �
�

Z 0
µ , W 0

µ

�
(26)

MZ0 ' MW 0 ' mV �M ⇠ O

✓
mW

gHv

mV

◆
(27)

gH ⌧ g`, gq ⇠ O

✓
1

2

◆
(28)

g`,q ⇠ 1 ! mV ⇠ 250GeV (29)

g`,q ⇠
p
4⇡ ! mV . 1TeV (30)

Z 0
µb̄L�

µbL Z 0
µb̄L�

µbL (31)

BR(Z 0
! ⌧̄ ⌧) =

g2
`

2g2
`
+ 6g2q + extra

(32)

R⌧/`

D
= R⌧/`

D⇤ Rµ/e

D
. 10%R⌧/`

D
(33)

�MBs

�MBd

=
�MBs

�MBd

����
SM

(34)

BR(⌧ ! µ⌫⌫̄)

BR(⌧ ! e⌫⌫̄)
(35)

�Cµ

9 (36)

R(D(⇤)) ⌘
B(B0

! D(⇤)+⌧⌫)

B(B0 ! D(⇤)+`⌫)
, ` = µ, e (37)

2

All measurements since 2012 
consistently above the SM predictions

While μ/e universality well tested

~ 14% enhancement from the SM

~ 3σ from the SM (3.7σ when combined)

Belle - [1510.03657]
R(D)µ/e = 0.995 ± 0.045

B

D(*)

τ

ν

New Physics interpretations (LEFT):

Ccbτν ~  (4 TeV)-2

and/or
OVL

= (c̄�µPLb)(⌧̄ �
µ
PL⌫) (1)

�dL⌧L
= �sL⌧L

V
⇤
td

V
⇤
ts

(2)

�
1L
s⌧ �

3L
s⌧ (3)

L � ��aH |H|2a2 (4)

C = C
fitR(K(⇤))
sb

e
�i↵bs(sin ✓ cos ✓ sin�)�1

(5)

B(K+ ! ⇡
+
⌫⌫̄) = 2B(K+ ! ⇡

+
⌫e⌫̄e)SM + B(K+ ! ⇡

+
⌫⌧ ⌫̄⌧ )SM

�����1 +
Csd⌫⌫

C
sd,⌧

SM

����� ⇠ 20⇥ 10�11

(6)

B(K+ ! ⇡
+
⌫⌫̄)exp = (17.3+11.5

�10.5)⇥ 10�11 B(KL ! ⇡
0
⌫⌫̄)exp < 3.0⇥ 10�9

(7)

Br(KL ! ⇡
0
⌫⌫̄) < 10.7⇥ 10�10@95% CL (8)

B(KL ! ⇡
0
⌫⌫̄) ⇠ 4� 7⇥ 10�11 B(KL ! ⇡

0
⌫⌫̄)SM = (3.4± 0.6)⇥ 10�11

(9)

LSMEFT = �
q

ij
�
`

↵�

h
CT (Q̄

i

L�µ�
a
Q

j

L
)(L̄↵

L�
µ
�
a
L
�

L
) + CS(Q̄

i

L�µQ
j

L
)(L̄↵

L�
µ
L
�

L
)
i

(10)

LSMEFT = [�`q]↵�ij
h
CT (Q̄

i

L�µ�
a
Q

j

L
)(L̄↵

L�
µ
�
a
L
�

L
) + CS(Q̄

i

L�µQ
j

L
)(L̄↵

L�
µ
L
�

L
)
i

(11)

LNP
R(D(⇤)) = 2C

R(D(⇤))�
`

⌧⌧ (c̄L�µbL)(⌧̄L�µ⌫⌧ ) + h.c. (12)

C
R(D(⇤)) ⇡ CT�

q

bs
(13)

LNP
s!d⌫⌫

= Csd⌫⌫

h
�
`

⌧⌧ (s̄L�µdL)(⌫̄⌧�µ⌫⌧ ) + �
`

µµ(s̄L�µdL)(⌫̄µ�µ⌫µ)
i
+ h.c. (14)

Csd⌫⌫ = (CS � CT )�
q

sd
(15)

LNP
s!d⌫⌫

=
(CS � CT )

v2
�
q

sd

h
�
`

⌧⌧ (s̄L�µdL)(⌫̄⌧�µ⌫⌧ ) + �
`

µµ(s̄L�µdL)(⌫̄µ�µ⌫µ)
i
+ h.c. (16)

�
`

µµ ⌧ �
`

⌧⌧ = 1 (17)

Csd⌫⌫ ⇠ C
R(D(⇤))

�
q

sd

�
q

bs

⇡ 1

(4.5 TeV)2
�
q

sd

�
q

bs

(18)

�
q

sd

�
q

bs

⇠ VtdVts

3Vts

= Vtd/3 (19)

⇤sd⌫⌫ ⇠ ⇤
R(D(⇤))/

p
Vtd/3 ⇠ 60 TeV (20)

Csd⌫⌫ ⇠ (80 TeV)�2
(21)

LNP
s!d⌫⌫

= Csd⌫⌫(s̄L�µdL)(⌫̄⌧�µ⌫⌧ ) + h.c. (22)

1

With a New Physics scale of
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aμexp   = (116592061 ± 41)×10-11 

aμTHin  = (116591810 ± 43)×10-11 

aμBMW= (116591954 ± 55)×10-11

TH initiative WP 2006.04822

FNAL '21 + BNL '04

4.2σ or 1.6σ ??

Main Th. uncertainty in 
HVP LO contribution:

Borsanyi et al. Nature 2021, 
2002.12347

Muon g-2

Let us entertain the possibility that the 4.2σ deviation is real. 
New physics contribution arises via the dipole operator:

To fit the deviation (I put Λ=2TeV in the log):

NP is enhanced if the chirality flip happens in an 
internal line with a heavy fermion, as the top quark:

semileptonic tensor 
dim-6 operator 
with top quark

The same structure of operator can also help in 
R(D(*)): possible connection?
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Cabibbo Angle Anomaly
Unitarity of the first row of the CKM matrix:

Neglecting the very small Vub: 

Assuming unitarity, we can extract the Cabibbo angle from: 
-Vud: superallowed 0+→0+ β-decays. 
-Vus: semileptonic Kℓ3 decays. 
- |Vus|/|Vud|: (K→μν) / (π→μν). 
- τ decays

SGPR 1807.10197, 
Belfatto, Beradze, Berezhiani 1906.02714, 
Grossmann, Passermar, Schacht 1911.07821

Coutinho, Crivellin, Manzari 1912.08823

1807.10197

1907.06737

5.1σ

3.6σ

1906.02714

Possible New Physics: deviation in the muon decay: mismatch from GF and Gμ

The effect is very small: (few) × 10-3 of the SM, but SM is large: tree x Cabibbo.

Gµ = GF (1 + δµ)

This modifies the 
decays as:

Belfatto, Beradze, Berezhiani 1906.02714, 
Crivellin, Kirk, Manzari, Panizzi 2012.09845, 2102.02825 

Including the EW fit constraints:

→

Enhancement ~ 20!

SGPR 1807.10197, CMS 1907.06737
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Combined explanations: why?

IF all turn out to be due to NP, a combined explanation could 
be an elegant and economical way to explain the data. 

Combined explanations are typically more constrained by data, 
can provide sharper predictions.

b→ s ℓℓ

(g-2)µ

Cabibbo Angle

R(D(*))

- LFU violation: ge ≪ gµ ≪ gτ 
- same underlying type of operator: CVL 
- connected by data (RD - C9U)

- same underlying type of operator: CSL, CT

- New Physics in muons
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Combined interpretation 
of RK, R(D(*)), (g-2)μ
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We must start with R(D(*)): lowest NP scale → most stringent requirements

OVL
= (c̄�µPLb)(⌧̄ �

µ
PL⌫) (1)

�dL⌧L
= �sL⌧L

V
⇤
td

V
⇤
ts

(2)

�
1L
s⌧ �

3L
s⌧ (3)

L � ��aH |H|2a2 (4)

C = C
fitR(K(⇤))
sb

e
�i↵bs(sin ✓ cos ✓ sin�)�1

(5)

B(K+ ! ⇡
+
⌫⌫̄) = 2B(K+ ! ⇡

+
⌫e⌫̄e)SM + B(K+ ! ⇡

+
⌫⌧ ⌫̄⌧ )SM

�����1 +
Csd⌫⌫

C
sd,⌧

SM

����� ⇠ 20⇥ 10�11

(6)

B(K+ ! ⇡
+
⌫⌫̄)exp = (17.3+11.5

�10.5)⇥ 10�11 B(KL ! ⇡
0
⌫⌫̄)exp < 3.0⇥ 10�9

(7)

Br(KL ! ⇡
0
⌫⌫̄) < 10.7⇥ 10�10@95% CL (8)

B(KL ! ⇡
0
⌫⌫̄) ⇠ 4� 7⇥ 10�11 B(KL ! ⇡

0
⌫⌫̄)SM = (3.4± 0.6)⇥ 10�11

(9)

LSMEFT = �
q

ij
�
`

↵�

h
CT (Q̄

i

L�µ�
a
Q

j

L
)(L̄↵

L�
µ
�
a
L
�

L
) + CS(Q̄

i

L�µQ
j

L
)(L̄↵

L�
µ
L
�

L
)
i

(10)

LSMEFT = [�`q]↵�ij
h
CT (Q̄

i

L�µ�
a
Q

j

L
)(L̄↵

L�
µ
�
a
L
�

L
) + CS(Q̄

i

L�µQ
j

L
)(L̄↵

L�
µ
L
�

L
)
i

(11)

LNP
R(D(⇤)) = 2C

R(D(⇤))�
`

⌧⌧ (c̄L�µbL)(⌧̄L�µ⌫⌧ ) + h.c. (12)

C
R(D(⇤)) ⇡ CT�

q

bs
(13)

LNP
s!d⌫⌫

= Csd⌫⌫

h
�
`

⌧⌧ (s̄L�µdL)(⌫̄⌧�µ⌫⌧ ) + �
`

µµ(s̄L�µdL)(⌫̄µ�µ⌫µ)
i
+ h.c. (14)

Csd⌫⌫ = (CS � CT )�
q

sd
(15)

LNP
s!d⌫⌫

=
(CS � CT )

v2
�
q

sd

h
�
`

⌧⌧ (s̄L�µdL)(⌫̄⌧�µ⌫⌧ ) + �
`

µµ(s̄L�µdL)(⌫̄µ�µ⌫µ)
i
+ h.c. (16)

�
`

µµ ⌧ �
`

⌧⌧ = 1 (17)

Csd⌫⌫ ⇠ C
R(D(⇤))

�
q

sd

�
q

bs

⇡ 1

(4.5 TeV)2
�
q

sd

�
q

bs

(18)

�
q

sd

�
q

bs

⇠ VtdVts

3Vts

= Vtd/3 (19)

⇤sd⌫⌫ ⇠ ⇤
R(D(⇤))/

p
Vtd/3 ⇠ 60 TeV (20)

Csd⌫⌫ ⇠ (80 TeV)�2
(21)

LNP
s!d⌫⌫

= Csd⌫⌫(s̄L�µdL)(⌫̄⌧�µ⌫⌧ ) + h.c. (22)

1

Tree-level mediators of:

and/or

Meson mixing 
B → K(*) νν 

Z → τ τ 
pp  → τ τ

Needs to escape the constraints from:

U1 = (3, 1, 2/3),
Vector Leptoquark

Barbieri et al 1512.01560; Buttazzo, Greljo, Isidori, 
DM 1706.07808; Di Luzio et al 1708.08450; 

Bordone et al. 1712.01368; Calibbi et al. ’17; 
Blanke, Crivellin ’18; Cornella et al 2103.16558; 

Angelescu et al 1808.08179

S1 = (3,̅ 1, 1/3), 
[S3 = (3,̅ 3, 1/3)]

Scalar Leptoquarks

Crivellin et al. 1703.09226; Buttazzo, Greljo, 
Isidori, DM 1706.07808; D.M. 1803.10972; Arnan 

et al 1901.06315; Bigaran et al. 1906.01870; 
Crivellin et al. 1912.04224; Saad 2005.04352; V. 

Gherardi, E. Venturini, D.M. 2003.12525, 
2008.09548; Bordone, Catà, Feldmann, Mandal 

2010.03297; Crivellin et al. 2010.06593, 
2101.07811; ETC…

R2 = (3, 2, 7/6), 
Scalar Leptoquarks

R2  
 

Becirevic et al. 1806.05689; Becirevic, 
Sumensari 1704.05835; Popov et al. 1905.06339; 

Angelescu et al. 2103.12504; ETC…

CVL (CSL , CT)

mild tension with 
Bc→ τ ν and on the 
verge of exclusion 
from mono-τ at LHC

https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548
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U1 = (3, 1, 2/3),
Vector Leptoquark

Barbieri et al 1512.01560; Buttazzo, Greljo, Isidori, 
DM 1706.07808; Di Luzio et al 1708.08450; 

Bordone et al. 1712.01368; Calibbi et al. ’17; 
Blanke, Crivellin ’18; Cornella et al 2103.16558; 

Angelescu et al 1808.08179

S1 = (3,̅ 1, 1/3), 
S3 = (3,̅ 3, 1/3),

Scalar Leptoquarks

Crivellin et al. 1703.09226; Buttazzo, Greljo, 
Isidori, DM 1706.07808; D.M. 1803.10972; Arnan 

et al 1901.06315; Bigaran et al. 1906.01870; 
Crivellin et al. 1912.04224; Saad 2005.04352; V. 

Gherardi, E. Venturini, D.M. 2003.12525, 
2008.09548; Bordone, Catà, Feldmann, Mandal 

2010.03297; Crivellin et al. 2010.06593, 
2101.07811; ETC…

R2 = (3, 2, 7/6), 
S3 = (3,̅ 3, 1/3),

Scalar Leptoquarks

R2  
S3

Becirevic et al. 1806.05689; Becirevic, 
Sumensari 1704.05835; Popov et al. 1905.06339; 

Angelescu et al. 2103.12504; ETC…

Best-fit for αbs=0:  Λbs ≈ 37 TeV

What about R(K(*))?

U1 and S3  can mediate bL → sL μL μL

[Gherardi, DM, Venturini 2008.09548]

TeV-scale U1 or S3 LQs can fit the anomaly with small couplings.

https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548
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U1 = (3, 1, 2/3),
Vector Leptoquark

Barbieri et al 1512.01560; Buttazzo, Greljo, Isidori, 
DM 1706.07808; Di Luzio et al 1708.08450; 

Bordone et al. 1712.01368; Calibbi et al. ’17; 
Blanke, Crivellin ’18; Cornella et al 2103.16558; 

Angelescu et al 1808.08179

S1 = (3,̅ 1, 1/3), 
S3 = (3,̅ 3, 1/3),

Scalar Leptoquarks

Crivellin et al. 1703.09226; Buttazzo, Greljo, 
Isidori, DM 1706.07808; D.M. 1803.10972; Arnan 

et al 1901.06315; Bigaran et al. 1906.01870; 
Crivellin et al. 1912.04224; Saad 2005.04352; V. 

Gherardi, E. Venturini, D.M. 2003.12525, 
2008.09548; Bordone, Catà, Feldmann, Mandal 

2010.03297; Crivellin et al. 2010.06593, 
2101.07811; ETC…

R2 = (3, 2, 7/6), 
S3 = (3,̅ 3, 1/3),

Scalar Leptoquarks

R2  
S3

Becirevic et al. 1806.05689; Becirevic, 
Sumensari 1704.05835; Popov et al. 1905.06339; 

Angelescu et al. 2103.12504; ETC…

Leptoquarks with couplings to 
μL μR tL tR can generate aμ 
with TeV masses and 
small couplings: 

S1 or R2

What about muon (g-2)?

No (g-2)μ

https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548


Several important observables constraining this model 
are induced at one-loop. 

We decided to approach this problem systematically in an EFT approach, 
performing a complete one-loop SMEFT matching and  
including and exhaustive list of observables.

-Fully calculable already at the simplified model level (unlike vector LQ) 

-Can address the muon (g-2). 

-Potential UV origin from a Composite Higgs Model scenario, 
interesting for the potential connection to the EW hierarchy problem.

[D.M. 1803.10972]

Why?

15

S1 and S3 scalar leptoquarks

S1 = (3,̅ 1, 1/3), 
S3 = (3,̅ 3, 1/3),

Scalar Leptoquarks

Crivellin et al. 1703.09226; Buttazzo, Greljo, Isidori, 
DM 1706.07808; D.M. 1803.10972; Arnan et al 

1901.06315; Bigaran et al. 1906.01870; Crivellin et al. 
1912.04224; Saad 2005.04352; V. Gherardi, E. 

Venturini, D.M. 2003.12525, 2008.09548; Bordone, 
Catà, Feldmann, Mandal 2010.03297; Crivellin et al. 

2010.06593, 2101.07811; S. Trifinopoulos, E. 
Venturini, D.M. [2106.15630]; ETC…

https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548
https://arxiv.org/abs/2106.15630
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S1 and S3 scalar leptoquarks
1) Match SM + S1+S3 to SMEFT @ 1-loop 

(SMEFT RGE, SMEFT-LEFT 1-loop matching, LEFT RGE already done in literature)
[Alonso, Jenkins, Manohar, Trott ’13]
[Dekens, Stoffer 1908.05295]
[Jenkins, Manohar, Stoffer 1711.05270]

2) Analysis of B-anomalies, including all observables 
sensitive to the relevant couplings V. Gherardi, E. Venturini, D.M. [2008.09548]

3) Turn on 1st gen couplings and study Kaon & µ → e observables. 
 
Flavor symmetries correlate 1st gen to 2nd and 3rd gen couplings: 
  > case of U(2)5 flavor symmetry. S. Trifinopoulos, E. Venturini, D.M. [2106.15630]

V. Gherardi, E. Venturini, D.M. [2003.12525]

https://arxiv.org/abs/2008.09548
https://arxiv.org/abs/2106.15630
https://arxiv.org/abs/2003.12525
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Matching to SMEFT
We match off-shell Green’s functions for One-Light-Particle-Irreducible (1LPI) diagrams

V. Gherardi, E. Venturini, D.M. [2003.12525]

This procedure gives the matching for operators that are independent under IBP and Fierz, 
but are redundant upon using field redefinitions: Green’s basis. 
We obtained the complete Green’s basis at dim-6 and set of reduction equations to the Warsaw basis

Jiang et al. [1811.08878]

Let us consider the o↵-shell Green’s function G ⌘ he�(p1)ē↵(p2)Hb(q1)H†
a
(q2)i, where

all momenta are incoming and a, b are SU(2)L indices. The matching conditions for this
correlator are depicted diagrammatically in Fig.1, where the left and right hand-side show
the EFT and UV contributions, respectively. We briefly comment on the various steps of
this computation.

We begin by listing the various contributions to G, both in the SMEFT and the
leptoquark model. The SMEFT operators which contribute at tree level to G are (c.f.
Table 2 for the notation):

[OHe]↵� = (ē↵�
µ
e�)(H

†
i
 !
D µH) ,

[O0
He

]↵� = (ē↵i
 !
/D e�)(H

†
H) ,

[O00
He

]↵� = (ē↵�
µ
e�)@µ(H

†
H) .

(3.5)

Moreover, we must take into account a one-loop contribution from Oeu, which is
generated at the tree-level in our model according to Eq. (2.12). Since this tree-level WC
is fixed, the matching of G allows us to fix the coe�cients of the operators in (3.5), see the
left-hand side of Fig.1. In the leptoquark model there are two diagrams contributing to G,
both mediated by S1, shown in the right-hand side of Fig.1: a box diagram proportional
to (schematically) yUy

†
U
�
1R

�
1R†, and a triangle diagram proportional to �H1�

1R†
�
1R.

By total momentum conservation, only three out of the four momenta p1, p2, q1, q2

are independent. Writing (p1, p2, q1, q2) = (p � r, �p � r, q + r, �q + r), the tree-level
contributions from the operators in Eq. (3.5) read:

[Gtree
EFT(µM)]↵� = 2/q[GHe(µM)]↵� + 2/p[G0

He
(µM)]↵� � 2i/r[G00

He
(µM)]↵�, (3.6)

where we drop here and below a global �ab factor, and we denote Green’s basis WCs by
Gi. The UV and EFT one-loop contributions are more easily computed when only one of
the independent momenta p, q, r is non-vanishing, and yield respectively:

h
G
1-loop
UV (µM)

iq=r=0

↵�

= �/p
Nc(�1R†

y
T

U
y
⇤
U
�
1R)↵�

(4⇡)22M2
1

+ /p
Nc�H1(�1R†

�
1R)↵�

(4⇡)22M2
1

, (3.7)

h
G
1-loop
UV (µM)

ip=r=0

↵�

= �/q
Nc(�1R†

y
T

U
y
⇤
U
�
1R)↵�

(4⇡)2M2
1

log
�q

2

M
2
1

, (3.8)

h
G
1-loop
UV (µM)

ip=q=0

↵�

= 0 , (3.9)

and
h
G
1-loop
EFT (µM)

iq=r=0

↵�

= 0 , (3.10)

h
G
1-loop
EFT (µM)

ip=r=0

↵�

= /q
Nc(�1R†

y
T

U
y
⇤
U
�
1R)↵�

(4⇡)2M2
1

✓
1 + log

µ
2
M

�q2

◆
, (3.11)

h
G
1-loop
EFT (µM)

ip=q=0

↵�

= 0 , (3.12)

where we employed the tree-level value of [Ceu]
(0)
↵�

given in Eq. (2.12). Notice that the

EFT computation presents an ultraviolet divergence, which we regulate in the MS scheme
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e� e�

H H

uj ui

qk qk

uj ui
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e�
e�
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H H H H HH

S1

S1 S1+ +=

Figure 1: Diagrams for the matching of the hēeH
†
Hi Green function.

In order to facilitate result comparisons, we report the matching conditions for general
aev (the other scheme defining coe�cients, bev, cev, etc., of Ref. [35] do not enter in our one-
loop computations). For practical calculations, Ref. [36] recommends aev = bev = · · · = 1,
as in such scheme evanescent operators only a↵ect two-loop anomalous dimensions.

We treat the Higgs mass term m
2
H

†
H as an interaction (both in the SMEFT and

UV theory) and work with a massless Higgs field propagator. By dimensional analysis,
a diagram with internal Higgs lines and n insertions of m

2 is suppressed by a factor
(m2

/M
2)n (where M

2 = M
2
1,3) relative to the same diagram with no insertions. Therefore,

at dimension-six level, mass insertions can be relevant to the matching conditions for
renormalizable operators (see below). However, in the present theory, one-loop diagrams
with internal Higgs lines only give rise to dimension-six operators, so that m

2 does not
contribute to the Green’s basis matching conditions. It does, instead, contribute to the
Warsaw basis matching conditions, where it makes its appearence through the Higgs
EOM, see Eq. (B.1).

As a further check, we have also recomputed the one-loop Green’s basis WCs of pure-
Higgs operators belonging to classes H

4
D

2 and H
6 (see Table 1) within the universal

one-loop e↵ective action (UOLEA) approach [21,22,26], and we find agreement with our
diagrammatic results.

Integrating out the leptoquarks at one loop also generates contributions to SM renor-
malizable operators and, in particular, fermion kinetic terms. Such modifications can be
undone by suitable field and SM coupling redefinitions, which however also introduce ad-
ditional contributions to tree-level generated WCs1. In our case only fermion kinetic terms
(i.e. wave-functions renormalizations) are relevant, as the tree-level WCs in Eq. (2.12) do
not depend on any SM coupling. The one-loop formulas below include the contributions
due to fermion field renormalization.

3.1 Example

In this Section we discuss in some details the matching of a specific Green’s function, in
order to illustrate some of the most relevant aspects of our computation.

1Since field redefinitions arise at one loop in our model, only tree-level WCs are a↵ected. In general, any
tree-level shift in SM couplings and wave-function renormalizations that could influence loop-generated
coe�cients should be taken into account, see e.g. [16].
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a
(q2)i, where

all momenta are incoming and a, b are SU(2)L indices. The matching conditions for this
correlator are depicted diagrammatically in Fig.1, where the left and right hand-side show
the EFT and UV contributions, respectively. We briefly comment on the various steps of
this computation.

We begin by listing the various contributions to G, both in the SMEFT and the
leptoquark model. The SMEFT operators which contribute at tree level to G are (c.f.
Table 2 for the notation):
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µ
e�)@µ(H

†
H) .

(3.5)

Moreover, we must take into account a one-loop contribution from Oeu, which is
generated at the tree-level in our model according to Eq. (2.12). Since this tree-level WC
is fixed, the matching of G allows us to fix the coe�cients of the operators in (3.5), see the
left-hand side of Fig.1. In the leptoquark model there are two diagrams contributing to G,
both mediated by S1, shown in the right-hand side of Fig.1: a box diagram proportional
to (schematically) yUy
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1R†, and a triangle diagram proportional to �H1�
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are independent. Writing (p1, p2, q1, q2) = (p � r, �p � r, q + r, �q + r), the tree-level
contributions from the operators in Eq. (3.5) read:
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He
(µM)]↵� � 2i/r[G00

He
(µM)]↵�, (3.6)

where we drop here and below a global �ab factor, and we denote Green’s basis WCs by
Gi. The UV and EFT one-loop contributions are more easily computed when only one of
the independent momenta p, q, r is non-vanishing, and yield respectively:
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where we employed the tree-level value of [Ceu]
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given in Eq. (2.12). Notice that the

EFT computation presents an ultraviolet divergence, which we regulate in the MS scheme
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Example:

Ours is the first such complete matching for a very rich scenario: most dim-6 operators are induced. 
Useful as cross-check for functional techniques and upcoming computational methods.

“Universal Scalar Leptoquark Action for Matching" Dedes, Mantzaropoulos [2108.10055]
CoDEx Bakshi, Chakrabortty, Patra 
Matchete Fuentes-Martìn, König, Pagès, Thomsen, Wilsch 
Matchmaker Anastasiou, Carmona, Lazopoulos, Santiago

EFT UV|M→∞

https://arxiv.org/abs/2003.12525
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S1 and S3  - global analysis
Using the complete one-loop matching to 
SMEFT, we include in our analysis the 
following observables.

Observable Experimental bounds

Z boson couplings App. A.12
�gZ

µL
(0.3± 1.1)10�3 [99]

�gZ
µR

(0.2± 1.3)10�3 [99]
�gZ

⌧L
(�0.11± 0.61)10�3 [99]

�gZ
⌧R

(0.66± 0.65)10�3 [99]
�gZ

bL
(2.9± 1.6)10�3 [99]

�gZ
cR

(�3.3± 5.1)10�3 [99]
N⌫ 2.9963± 0.0074 [100]

Table 3: Limits on the deviations in Z boson couplings to fermions from LEP I.

observables), both at tree-level or one-loop level. Therefore, to quantify how the S1,3

model can consistently explain the observed anomalies, one should take into account a set
of low-energy data as complete as possible. In Tables 1, 2, and 3, we show the list of low-
energy observables that we analyze, together with their SM predictions and experimental
bounds.

In App. A, these low-energy observables are discussed in length. We will explicitly
show, as functions of the parameters of the S1,3 model, tree-level contributions together
with dominant one-loop e↵ects, while in the numerical analysis the full set of one-loop cor-
rections is considered. Some of the considered observables vanish or are flavor-suppressed
at tree-level, for example meson-mixing �F = 2 processes, ⌧ ! 3µ and ⌧ ! µ� LFV
interactions or ⌧ ! µ�(⌘, ⌘0) decay; in such cases the inclusion of one-loop contributions
is relevant and might bring non negligible changes in a global fit of the low-energy data.

From the observables listed above, and their expression in terms of the parameters of
the model, LQ couplings and masses, we build a global likelihood as:

�2 logL ⌘ �2(�x,Mx) =
X

i

(Oi(�x,Mx)� µi)
2

�2

i

, (2.6)

where Oi(�x,Mx) is the expression of the observable as function of the model parameters,
µi its experimental central value, and �i the uncertainty. These are all discussed in
App. A. From the �2 built in this way, in each scenario considered we obtain the maximum
likelihood point by minimizing the �2, which we use to compute the ��2 ⌘ �2 � �2

min
.

This allows us to obtain the 68, 95, and 99% CL regions. In the Standard Model limit we
get a �2

SM
= 101.0, for 50 observables.

For each scenario we get the CL regions in the plane of two real couplings, by profiling
the likelihood over all the other couplings. We are often also interested in the values
of some observables corresponding to these CL regions. To obtain this, we perform a
numerical scan over all the parameter space5 and select only the points with a ��2 less
than the one corresponding to 68 and 95%CL. The points obtained in this way also

5For each numerical scan we collected O(104) benchmark points. For our more complex models (i.e.
with up to ten parameters), this is quite demanding from the computational point of view; in order to
e�ciently scan the high-dimensional parameter spaces, we employ a Markov Chain Monte Carlo algorithm
(Hastings-Metropolis) for the generation of trial points.

9

Drell-Yan

[1808.08179]

All these are used to build a 
global likelihood.

V. Gherardi, E. Venturini, D.M. [2008.09548]

https://arxiv.org/abs/2008.09548
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S1 and S3 - contributions to anomalies

15,53 in

Ve

151C late 15cal vier
5T.cat VromTr

Ss

en
bi

m b Ci

Cf Cio

15,53 in

Ve

151C late 15cal vier
5T.cat VromTr

Ss

en
bi

m b Ci

Cf Cio

 

Lint Higelittituirer St geral S the

Sa 15,1 53 15,3

RIK'M Ps RID'T Ig21

IEA i A
S S

1 af to bn be

0 O O

RISKYMt b spy
Ig21

15,53 in

Ve

151C late 15cal vier
5T.cat VromTr

Ss

en
bi

m b Ci

Cf Cio

15,53 in

Ve

151C late 15cal vier
5T.cat VromTr

Ss

en
bi

m b Ci

Cf Cio

15,53 in

Ve

151C late 15cal vier
5T.cat VromTr

Ss

en
bi

m b Ci

Cf Cio

15,53 in

Ve

151C late 15cal vier
5T.cat VromTr

Ss

en
bi

m b Ci

Cf Cio

 

Lint Higelittituirer St geral S the

Sa 15,1 53 15,3

RIK'M Ps RID'T Ig21

IEA i A
S S

1 af to bn be

0 O O

RISKYMt b spy
Ig21

15,53 in

Ve

151C late 15cal vier
5T.cat VromTr

Ss

en
bi

m b Ci

Cf Cio

15,53 in

Ve

151C late 15cal vier
5T.cat VromTr

Ss

en
bi

m b Ci

Cf Cio

or

11311 yo
sellUtd 11 Vell Xi

V4Xii seVevts He VeUts Xi Vts
til Seve til Ve y

Se sin de

Ve

 

Lint Higelittituirer St geral S the

Sa 15,1 53 15,3

RIK'M Ps RID'T Ig21

IEA i A
S S

1 af to bn be

0 O O

RISKYMt b spy
Ig21



20

Two benchmark scenarios:

λ1R = 0

Only LH

LH + RH

MS1,3 ~ 1 TeV

S1 and S3 - benchmarks
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S1 and S3 : R(K(*)) + R(D(*)) + (g-2)μ
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Figure 6: Result from the fit in the S1 + S3
(all) model, aimed at addressing all anomalies (see

description in the text).
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R(D(*))

(g-2)µ

The fit to b → s µµ is very good (same as next slide) 

Contribution to R(D(*)) dominated by S1: scalar+tensor op. 
Can also fit (g-2)µ. 

Very good fit of all anomalies!
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S1 and S3 — only LH couplings: R(K(*)) + R(D(*))

→  Cannot fit (g-2)μ
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b → s µµ

very good fit of 
B-anomalies

Figure 5: Result from the fit in the S1 + S3
(LH) model, with only left-handed couplings. In

the upper panels we show the preferred regions in the planes of two couplings, where the two
not shown are profiled over. The dashed lines show, for illustrative purposes, 2� limits from
individual observables where the other couplings are fixed at the best-fit point (black dot). In
the lower panels we show where the preferred region is mapped in the planes of the neutral and
charged-current anomalies.

masses (thus larger required couplings) since the deviation in R(D(⇤)) scales as �2/M2

while the contribution to meson mixing goes as �4/M2.
We also point out that the parameter-region preferred by the fit is compatible with
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�s↵ = cU(2)Vts�b↵, with cU(2) an O(1) complex parameter, see e.g. [51] and references
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In the lower two panels we show how the preferred regions in parameter space maps
into the anomalous B-decay observables. As can be seen, it is possible to reproduce them
within 1�. The best-fit point, for M1 = M3 = 1 TeV, is found for
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The relation between couplings to 
s-quark and b-quark is compatible 
with a U(2)5 flavour symmetry, 
that would predict:
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cU(2) = 1



23

Predictions

Large effects are also expected in b → s τ τ and b → s τ μ transitions:

Belle-II Belle-II

LHCbLHCb

The large couplings to τ imply signatures in DY tails of pp→ τ τ, 
deviations in τ LFU tests and τ → μ LFV tests (Belle-II). 
Also Bs-mixing is typically close to present bounds.

Typical for all models
addressing B-anomalies
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From B to Kaon physics 
with scalar leptoquarks 

and U(2)5 flavor symmetry
D.M., S. Trifinopoulos, E. Venturini, in preparation [2106.yyyy]
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The motivation

b → c τ ν b → s µ µ

TeV-scale leptoquark coupled to 2nd and 3rd generation

+

In “realistic" flavor models LQ must also couple to 1st generation fermions.

What are the implications of this for:

s → d i.e. Kaon physics µ → e LFV processes ?



26

Figure 5: Result from the fit in the S1 + S3
(LH) model, with only left-handed couplings. In

the upper panels we show the preferred regions in the planes of two couplings, where the two
not shown are profiled over. The dashed lines show, for illustrative purposes, 2� limits from
individual observables where the other couplings are fixed at the best-fit point (black dot). In
the lower panels we show where the preferred region is mapped in the planes of the neutral and
charged-current anomalies.

masses (thus larger required couplings) since the deviation in R(D(⇤)) scales as �2/M2

while the contribution to meson mixing goes as �4/M2.
We also point out that the parameter-region preferred by the fit is compatible with

the relations between couplings predicted by a minimally-broken U(2)5 flavor symmetry,
�s↵ = cU(2)Vts�b↵, with cU(2) an O(1) complex parameter, see e.g. [51] and references
therein. The case with |cU(2)| = 1 is shown with grey dashed lines in the upper panels.

In the lower two panels we show how the preferred regions in parameter space maps
into the anomalous B-decay observables. As can be seen, it is possible to reproduce them
within 1�. The best-fit point, for M1 = M3 = 1 TeV, is found for

S1 + S3
(LH)

��
best-fit

:
�3L

b⌧
⇡ 0.47, �3L

s⌧
⇡ �0.13, �3L

bµ
⇡ 0.056, �3L

sµ
⇡ 0.014,

�1L

b⌧
⇡ 0.45, �1L

s⌧
⇡ 0.13.

(3.9)

19

Figure 5: Result from the fit in the S1 + S3
(LH) model, with only left-handed couplings. In

the upper panels we show the preferred regions in the planes of two couplings, where the two
not shown are profiled over. The dashed lines show, for illustrative purposes, 2� limits from
individual observables where the other couplings are fixed at the best-fit point (black dot). In
the lower panels we show where the preferred region is mapped in the planes of the neutral and
charged-current anomalies.

masses (thus larger required couplings) since the deviation in R(D(⇤)) scales as �2/M2

while the contribution to meson mixing goes as �4/M2.
We also point out that the parameter-region preferred by the fit is compatible with

the relations between couplings predicted by a minimally-broken U(2)5 flavor symmetry,
�s↵ = cU(2)Vts�b↵, with cU(2) an O(1) complex parameter, see e.g. [51] and references
therein. The case with |cU(2)| = 1 is shown with grey dashed lines in the upper panels.

In the lower two panels we show how the preferred regions in parameter space maps
into the anomalous B-decay observables. As can be seen, it is possible to reproduce them
within 1�. The best-fit point, for M1 = M3 = 1 TeV, is found for

S1 + S3
(LH)

��
best-fit

:
�3L

b⌧
⇡ 0.47, �3L

s⌧
⇡ �0.13, �3L

bµ
⇡ 0.056, �3L

sµ
⇡ 0.014,

�1L

b⌧
⇡ 0.45, �1L

s⌧
⇡ 0.13.

(3.9)

19

Figure 5: Result from the fit in the S1 + S3
(LH) model, with only left-handed couplings. In

the upper panels we show the preferred regions in the planes of two couplings, where the two
not shown are profiled over. The dashed lines show, for illustrative purposes, 2� limits from
individual observables where the other couplings are fixed at the best-fit point (black dot). In
the lower panels we show where the preferred region is mapped in the planes of the neutral and
charged-current anomalies.

masses (thus larger required couplings) since the deviation in R(D(⇤)) scales as �2/M2

while the contribution to meson mixing goes as �4/M2.
We also point out that the parameter-region preferred by the fit is compatible with

the relations between couplings predicted by a minimally-broken U(2)5 flavor symmetry,
�s↵ = cU(2)Vts�b↵, with cU(2) an O(1) complex parameter, see e.g. [51] and references
therein. The case with |cU(2)| = 1 is shown with grey dashed lines in the upper panels.

In the lower two panels we show how the preferred regions in parameter space maps
into the anomalous B-decay observables. As can be seen, it is possible to reproduce them
within 1�. The best-fit point, for M1 = M3 = 1 TeV, is found for

S1 + S3
(LH)

��
best-fit

:
�3L

b⌧
⇡ 0.47, �3L

s⌧
⇡ �0.13, �3L

bµ
⇡ 0.056, �3L

sµ
⇡ 0.014,

�1L

b⌧
⇡ 0.45, �1L

s⌧
⇡ 0.13.

(3.9)

19

~

CC & NC B-anomalies fit with only LH couplings 
seems to be consistent with a U(2)5 flavor symmetry relation

λ1R = 0

A flavor model typically also predicts couplings to 1st generation 

Does the picture remain the same?

What is the impact of Kaon or μ → e observables?

Bordone, Buttazzo, Isidori, Monnard [1705.10729]; 
Borsato, Gligorov, Guadagnoli, Martinez Santos, Sumensari [1808.02006] 
Fajfer, Kosnik, Vale-Silva [1802.00786]

Similar question addressed in EFT context or in relation to b→ sμμ only in:

A hint towards U(2)5
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U(2)5 flavour symmetry
In the limit where only 3rd gen fermions are massive, SM enjoys a global symmetry

We perform a �2 fit, thus defining the likelihood as

�2 logL ⌘ �2(�x,Mx) =
X

i

(Oi(�x,Mx)� µi)
2

�2
i

, (3)

where Oi(�x,Mx) is the expression of the observable as function of the model parameters,
µi its central measured value, and �i the associated standard deviation, that are shown in
App. A and in [1]. In the analysis presented in this paper, 71 observables are taken into
account, for which, within the SM, the �2 is �2

SM = 99.67. The confidence regions for any
couple of fitted parameters, discussed in the following sections, are obtained profiling over
the others. Plots showing confidence regions and correlations for observables will also be
presented; they are obtained with a numerical scan, with points sample of O(104) size,
over the parameter space, performed with a Markov Chain Monte Carlo algorithm.

3 Scalar leptoquarks and U(2)5 flavor symmetry

In the limit where only third generaton fermions are massive, the SM enjoys the global
flavor symmetry [?,?,?]

GF = U(2)q ⇥ U(2)` ⇥ U(2)u ⇥ U(2)d ⇥ U(2)e . (4)

Masses of the first two generations of fermions and their mixing break this symmetry.
In the quark sector the largest breaking is of size ✏ ⇡ yt|Vts| ⇡ 0.04 [5]. Formally, the
symmetry breaking terms in the Yukawa matrices can be described in terms of spurions
transforming under representations ofGF . The minimal set of spurions that can reproduce
the observed masses and mixing angles is 2

Vq ⇠ (2,1,1,1,1) , V` ⇠ (1,2,1,1,1) ,

�u ⇠ (2,1, 2̄,1,1) , �d ⇠ (2,1, 1̄,2,1) , �e ⇠ (1,2, 1̄,1,2) .
(5)

In terms of these spurions the SM Yukawa matrices can be written as

Yu(d) = yt(b)

✓
�u(d) xt(b)Vq

0 1

◆
, Ye = y⌧

✓
�e x⌧V`

0 1

◆
, (6)

with xt,b,⌧ are O(1) complex numbers.
In the context of the B-anomalies, this flavour symmetry was introduced as a possi-

ble explanation for the lepton-flavour universality breaking hints, that point to largest
e↵ects for ⌧ leptons, smaller for muons, and even smaller for electrons. Furthermore, it

2Strictly speaking V` is not required in the SM, since in absence of neutrino masses lepton mixing is
unphysical. It is however usually added for symmetry with the quark sector and, in our case, because it
is required in order to address the R(K(⇤)) anomalies, which requires |V`| ⇠ O(0.1) [].

6

Barbieri et al. [1105.2296, 1203.4218, 1211.5085] 
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6

This is a very good approximate symmetry: the largest breaking has size

Diagonalizing quark masses, the  Vq doublet spurion is fixed to be κq ~ O(1)

See also Fuentes-Martin, Isidori, Pagès, Yamamoto [1909.02519]
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U(2)5 flavour symmetry and leptoquarks
Applying the same symmetry assumptions to the leptoquark couplings to SM fermions we get a structure:

was observed in Refs. [?, ?, ?, 1, 6–8] that the leptoquark couplings to second and third
generations, required to the anomalies, were consistent with the expectations given by
this symmetry. In this Section we study if, indeed, a complete implementation of U(2)5

flavour symmetry for the S1 and S3 scalar leptoquarks, including the couplings to first
generation fermions, is consistent with the observed anomalies.

In the same flavor basis used to write the Yukawa couplings of Eq. (6), the S1 and S3

LQ couplings have the following structure:

�1(3)L = �1(3)

 
x̃1(3)L
q`

V ⇤
q
⇥ V †

`
x̃1(3)L
q V ⇤

q

x̃1(3)L
`

V †
`

x̃1(3)L
b⌧

!
, (7)

�1R = �1
R

✓
O(�uVq�eV`) x̃1R

u
�†

u
V ⇤
q

x̃1R
e
V †
`
�⇤

e
x̃1R
t⌧

◆
⇡ �1

R

✓
0 0
0 x̃1R

t⌧

◆
, (8)

where �1(3) and �1
R
are overall couplings, all x̃ are O(1) parameters, and in the last step in

�1R we neglected all the terms that give too small couplings to have a significant influence
to our observables. In the following we can thus neglect the presence of the �1R couplings
in the U(2)5 scenario.

By diagonalizing the SM Yukawa matrices one can put in relation most of the parame-
ters in Eq. (6) with observed masses and CKM elements, we refer to Ref. [5] for a detailed
discussion on this procedure. For our purposes, the main result is that the quark doublet
spurion is fixed by the CKM, up to an overall O(1) factor, Vq = q(V ⇤

td
, V ⇤

ts
)T , while the

size of the leptonic doublet spurion V` as well as the angle that rotates left-handed elec-
trons and muons, se ⌘ sin ✓e, are free. The same rotations that bring us to the (lepton
and down quark) mass basis also applies to the LQ couplings. The final result of this
procedure is the following structure for the LQ couplings in the mass basis:

�1(3)L = �1(3)

0

B@
x1(3)
q`

se|V`|Vtd x1(3)
q`

|V`|Vtd x1(3)
q Vtd

x1(3)
q`

se|V`|Vts x1(3)
q`

|V`|Vts x1(3)
q Vts

x1(3)
`

se|V`| x1(3)
`

|V`| 1

1

CA . (9)

All x1(3) parameters are expected to be O(1) complex numbers and we absorb the O(1) x
coe�cient in the 3-3 component inside of �1(3). We can observe that the flavor symmetry
imposes some strict relations between families:

�1(3)L
1↵ = �1(3)L

2↵

Vtd

Vts

, �1(3)L
i1 = �1(3)L

i2 se . (10)

For the two leptoquarks we thus remain with the two overall couplings �1(3), that we
can always take to be positive, six O(1) complex parameters (x1(3)

q`
, x1(3)

q , x1(3)
`

), one small
angle se that regulates the couplings to electrons, and finally the size of the |V`| spurion.
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where �1(3) and �1
R
are overall couplings, all x̃ are O(1) parameters, and in the last step in

�1R we neglected all the terms that give too small couplings to have a significant influence
to our observables. In the following we can thus neglect the presence of the �1R couplings
in the U(2)5 scenario.

By diagonalizing the SM Yukawa matrices one can put in relation most of the parame-
ters in Eq. (6) with observed masses and CKM elements, we refer to Ref. [5] for a detailed
discussion on this procedure. For our purposes, the main result is that the quark doublet
spurion is fixed by the CKM, up to an overall O(1) factor, Vq = q(V ⇤
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)T , while the

size of the leptonic doublet spurion V` as well as the angle that rotates left-handed elec-
trons and muons, se ⌘ sin ✓e, are free. The same rotations that bring us to the (lepton
and down quark) mass basis also applies to the LQ couplings. The final result of this
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All x1(3) parameters are expected to be O(1) complex numbers and we absorb the O(1) x
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For the two leptoquarks we thus remain with the two overall couplings �1(3), that we
can always take to be positive, six O(1) complex parameters (x1(3)

q`
, x1(3)

q , x1(3)
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), one small
angle se that regulates the couplings to electrons, and finally the size of the |V`| spurion.
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→ only RH coupling allowed is to tR τR.

• Largest couplings to bL, tL, τL and ντ, 
• Coupl. to sL suppressed by ~ Vts, 
• Coupl. to dL suppressed by ~ Vtd, 
• Coupl. to μL suppressed by Vℓ, 
• Coupl. to eL suppressed by se Vℓ.

Generic features of U(2)5 symmetry:
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U(2)5 flavour symmetry and leptoquarks
Applying the same symmetry assumptions to the leptoquark couplings to SM fermions we get a structure:

The leptoquark couplings to first generations 
are now fixed in terms of couplings 

to the second generation:

Exact relations
(selection rules)

We can now correlate Kaon physics observables to B-anomalies!

or

11311 yo
sellUtd 11 Vell Xi

V4Xii seVevts He VeUts Xi Vts
til Seve til Ve y

Se sin de

Ve

was observed in Refs. [?, ?, ?, 1, 6–8] that the leptoquark couplings to second and third
generations, required to the anomalies, were consistent with the expectations given by
this symmetry. In this Section we study if, indeed, a complete implementation of U(2)5

flavour symmetry for the S1 and S3 scalar leptoquarks, including the couplings to first
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In the same flavor basis used to write the Yukawa couplings of Eq. (6), the S1 and S3

LQ couplings have the following structure:

�1(3)L = �1(3)

 
x̃1(3)L
q`

V ⇤
q
⇥ V †

`
x̃1(3)L
q V ⇤

q

x̃1(3)L
`

V †
`

x̃1(3)L
b⌧

!
, (7)

�1R = �1
R

✓
O(�uVq�eV`) x̃1R

u
�†

u
V ⇤
q

x̃1R
e
V †
`
�⇤

e
x̃1R
t⌧

◆
⇡ �1

R

✓
0 0
0 x̃1R

t⌧

◆
, (8)

where �1(3) and �1
R
are overall couplings, all x̃ are O(1) parameters, and in the last step in

�1R we neglected all the terms that give too small couplings to have a significant influence
to our observables. In the following we can thus neglect the presence of the �1R couplings
in the U(2)5 scenario.

By diagonalizing the SM Yukawa matrices one can put in relation most of the parame-
ters in Eq. (6) with observed masses and CKM elements, we refer to Ref. [5] for a detailed
discussion on this procedure. For our purposes, the main result is that the quark doublet
spurion is fixed by the CKM, up to an overall O(1) factor, Vq = q(V ⇤

td
, V ⇤

ts
)T , while the

size of the leptonic doublet spurion V` as well as the angle that rotates left-handed elec-
trons and muons, se ⌘ sin ✓e, are free. The same rotations that bring us to the (lepton
and down quark) mass basis also applies to the LQ couplings. The final result of this
procedure is the following structure for the LQ couplings in the mass basis:

�1(3)L = �1(3)

0

B@
x1(3)
q`

se|V`|Vtd x1(3)
q`

|V`|Vtd x1(3)
q Vtd

x1(3)
q`

se|V`|Vts x1(3)
q`

|V`|Vts x1(3)
q Vts

x1(3)
`

se|V`| x1(3)
`

|V`| 1

1

CA . (9)

All x1(3) parameters are expected to be O(1) complex numbers and we absorb the O(1) x
coe�cient in the 3-3 component inside of �1(3). We can observe that the flavor symmetry
imposes some strict relations between families:

�1(3)L
1↵ = �1(3)L

2↵

Vtd

Vts

, �1(3)L
i1 = �1(3)L

i2 se . (10)

For the two leptoquarks we thus remain with the two overall couplings �1(3), that we
can always take to be positive, six O(1) complex parameters (x1(3)

q`
, x1(3)

q , x1(3)
`

), one small
angle se that regulates the couplings to electrons, and finally the size of the |V`| spurion.

7

was observed in Refs. [?, ?, ?, 1, 6–8] that the leptoquark couplings to second and third
generations, required to the anomalies, were consistent with the expectations given by
this symmetry. In this Section we study if, indeed, a complete implementation of U(2)5

flavour symmetry for the S1 and S3 scalar leptoquarks, including the couplings to first
generation fermions, is consistent with the observed anomalies.

In the same flavor basis used to write the Yukawa couplings of Eq. (6), the S1 and S3

LQ couplings have the following structure:

�1(3)L = �1(3)

 
x̃1(3)L
q`

V ⇤
q
⇥ V †

`
x̃1(3)L
q V ⇤

q

x̃1(3)L
`

V †
`

x̃1(3)L
b⌧

!
, (7)

�1R = �1
R

✓
O(�uVq�eV`) x̃1R

u
�†

u
V ⇤
q

x̃1R
e
V †
`
�⇤

e
x̃1R
t⌧

◆
⇡ �1

R

✓
0 0
0 x̃1R

t⌧

◆
, (8)

where �1(3) and �1
R
are overall couplings, all x̃ are O(1) parameters, and in the last step in

�1R we neglected all the terms that give too small couplings to have a significant influence
to our observables. In the following we can thus neglect the presence of the �1R couplings
in the U(2)5 scenario.

By diagonalizing the SM Yukawa matrices one can put in relation most of the parame-
ters in Eq. (6) with observed masses and CKM elements, we refer to Ref. [5] for a detailed
discussion on this procedure. For our purposes, the main result is that the quark doublet
spurion is fixed by the CKM, up to an overall O(1) factor, Vq = q(V ⇤

td
, V ⇤

ts
)T , while the

size of the leptonic doublet spurion V` as well as the angle that rotates left-handed elec-
trons and muons, se ⌘ sin ✓e, are free. The same rotations that bring us to the (lepton
and down quark) mass basis also applies to the LQ couplings. The final result of this
procedure is the following structure for the LQ couplings in the mass basis:

�1(3)L = �1(3)

0

B@
x1(3)
q`

se|V`|Vtd x1(3)
q`

|V`|Vtd x1(3)
q Vtd

x1(3)
q`

se|V`|Vts x1(3)
q`

|V`|Vts x1(3)
q Vts

x1(3)
`

se|V`| x1(3)
`

|V`| 1

1

CA . (9)

All x1(3) parameters are expected to be O(1) complex numbers and we absorb the O(1) x
coe�cient in the 3-3 component inside of �1(3). We can observe that the flavor symmetry
imposes some strict relations between families:

�1(3)L
1↵ = �1(3)L

2↵

Vtd

Vts

, �1(3)L
i1 = �1(3)L

i2 se . (10)

For the two leptoquarks we thus remain with the two overall couplings �1(3), that we
can always take to be positive, six O(1) complex parameters (x1(3)

q`
, x1(3)

q , x1(3)
`

), one small
angle se that regulates the couplings to electrons, and finally the size of the |V`| spurion.

7

→ only RH coupling allowed is to tR τR.

: rotation diagonalizing electrons and muon masses

x1(3):  O(1) arbitrary complex parameters.

: leptonic doublet spurion

dL

sL

bL

eL μL τL

or

11311 yo
sellUtd 11 Vell Xi

V4Xii seVevts He VeUts Xi Vts
til Seve til Ve y

Se sin de

Ve

or

11311 yo
sellUtd 11 Vell Xi

V4Xii seVevts He VeUts Xi Vts
til Seve til Ve y

Se sin de

Ve Arbitrary parameters}



30

From B to K with LQ and U(2)5
We perform a global fit in the U(2)5 flavour structure.

- The parameters are indeed consistent 
with a U(2)5 structure: all x’s are O(1). 

-  Vℓ ~ 0.1,    |se| ≲ 0.02 
Figure 1: Results of a parameter scan in the U(2)5 scenario. The green (yellow) points are
within the 68% (95%) CL from the best-fit point. In the top row we show 2� constraints from
single observables, where other parameters are fixed to the best-fit point.

Fixing M1 = M3 = 1.1 TeV we get:

best-fit U(2)5 :
�1 ⇡ 0.79 , �3 ⇡ 0.73 , V` ⇡ 0.069 , se ⇡ �3.6⇥ 10�5 ,
x1
q
⇡ �0.98 , x3

q
⇡ 1.6 , x3

`
⇡ 3.8 , x3

q`
⇡ �2.0 .

(18)

We then perform a numerical scan, selecting only points with a ��2 = �2 � �2
best�fit

corresponding to a 68% or 95% confidence level. The results are shown in Fig. 1. In the
top row we also plot the 2� constraints from single observables, obtained by fixing the
parameters not in the plot to the corresponding best-fit values.

In Fig. 2 we show the values of particularly interesting pairs of observables obtained
with the same sets of parameter-space points.

From the top row of Fig. 2 we observe that, while neutral-current B-anomalies can
be addressed entirely, this setup can address R(D(⇤)) only at the 2� level. This situation
should be compared with the result of the analogous similar fit with S1 and S3 with only
couplings to left-handed fermions shown in [1], where both anomalies were satisfied but in
a scenario where couplings to the second generation quarks were compatible with a U(2)5

flavour structure, but couplings to first generation were set to zero.

9

S. Trifinopoulos, E. Venturini, D.M. [2106.15630]

https://arxiv.org/abs/2106.15630
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From B to K with LQ and U(2)5
b→ sμμ can be addressed:

Figure 2: Results of a parameter scan in the U(2)5 scenario. The green (yellow) points are
within the 68% (95%) CL from the best-fit point.

Therefore, the reason for the inability of the U(2)5-symmetric scenario to address
charged-current anomalies must be found in first-generation constraints, specifically Kaon
physics. Indeed, this can be seen in the first row of Fig. 1, where we observe that the
bounds from K+ ! ⇡+⌫̄⌫, Eq. (15), and ✏K (i.e. ImC1

K
), Eq. (16), in combination with

the constraints on �1,3 from Z ! ⌧̄ ⌧ , Eq. (17), don’t allow the fit to enter the region
preferred by R(D(⇤)), due to the precise relations between couplings to the first and the
second generation, derived from the flavour structure, i.e. Eq. (10). We also observe from
Fig. 1 that values V` ⇡ 0.1 and |se| . 0.02 are preferred, while all the x’s can be of O(1).

Regarding Kaon physics observables, from the bottom row of Fig. 2 we see that
B(K+ ! ⇡+⌫̄⌫) can take all values corrently allowed by the NA62 bound [?] (we show
with vertical lines the best-fit and the ±1� intervals) and therefore any future update on
this observable will put further strong constraints on this scenario. Furthermore, since
the phase in s ! d⌫⌫ is fixed by the corresponding CKM phase, Eq. (15), a linear rela-
tion between this mode and B(KL ! ⇡0⌫̄⌫) is obtained, with values ⇠ 10�10 also for the
latter. This implies that also the end of stage-I of the KOTO experiment won’t be able
to reach the sensitivity to test this model (brown horizontal dotted line). However, the
future sensitivity goals by NA62 (10% [?]) and KOTO at phase-II, or KLEVER, (20% [?])
would be able to completely test this scenario (purple ellipse).
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Figure 2: Results of a parameter scan in the U(2)5 scenario. The green (yellow) points are
within the 68% (95%) CL from the best-fit point.
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R(D(*)) instead can only be 
addressed at 2σ:

This is due to the combination of the constraints from Z→ττ and K+→π+ νν

setup, deferring for details to App. A:
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is the coe�cient of the (s̄�µPLd)2 operator, and �gZ
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describes the

deviation in the Z couplings to ⌧L.
The leading contribution to s ! dµµ transitions has a phase fixed to be equal to the

SM one, so no large e↵ect in KS ! µµ can be expected. Analogously, also in s ! d⌫⌫ the
NP coe�cients have the same phase as in the SM, since the x coe�cients enter with the
absolute value squared. This implies that no cancellation between the two leptoquarks
can take place in this channel and that we expect a linear relation between KL ! ⇡0⌫⌫
and K+ ! ⇡+⌫⌫, independently on the phases of the couplings. Similar considerations
apply for all s ! d transitions. On the other hand, non-trivial phases can appear in
b ! s transitions and a mild cancellation can alleviate the B ! K(⇤)⌫⌫ bound [31]. Since
real couplings are favored by the B-anomalies and since in any case the phases in Kaon
physics observables are fixed by the U(2)5 flavor structure, in our numerical analysis we
only consider real values for all parameters.

3.1 Analysis and discussion

Using the global likelihood we find the following best-fit point in parameter space, where
the x’s are allowed to vary in the range |x| < 5, while �1(3), V` > 0. Fixing M1 = M3 =
1.1 TeV we get:

best-fit U(2)5 :
�1 ⇡ 0.79 , �3 ⇡ 0.73 , V` ⇡ 0.069 , se ⇡ �3.6⇥ 10�5 ,
x1
q
⇡ �0.98 , x3

q
⇡ 1.6 , x3
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⇡ 3.8 , x3
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⇡ �2.0 .

(18)
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K+→π+ νν

R(D(*))

Z→ττ
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Leading effects in Kaon physics
Dominated by tau neutrinos, due to largest couplings.

Figure 2: Results of a parameter scan in the U(2)5 scenario. The green (yellow) points are
within the 68% (95%) CL from the best-fit point.

Therefore, the reason for the inability of the U(2)5-symmetric scenario to address
charged-current anomalies must be found in first-generation constraints, specifically Kaon
physics. Indeed, this can be seen in the first row of Fig. 1, where we observe that the
bounds from K+ ! ⇡+⌫̄⌫, Eq. (15), and ✏K (i.e. ImC1

K
), Eq. (16), in combination with

the constraints on �1,3 from Z ! ⌧̄ ⌧ , Eq. (17), don’t allow the fit to enter the region
preferred by R(D(⇤)), due to the precise relations between couplings to the first and the
second generation, derived from the flavour structure, i.e. Eq. (10). We also observe from
Fig. 1 that values V` ⇡ 0.1 and |se| . 0.02 are preferred, while all the x’s can be of O(1).

Regarding Kaon physics observables, from the bottom row of Fig. 2 we see that
B(K+ ! ⇡+⌫̄⌫) can take all values corrently allowed by the NA62 bound [?] (we show
with vertical lines the best-fit and the ±1� intervals) and therefore any future update on
this observable will put further strong constraints on this scenario. Furthermore, since
the phase in s ! d⌫⌫ is fixed by the corresponding CKM phase, Eq. (15), a linear rela-
tion between this mode and B(KL ! ⇡0⌫̄⌫) is obtained, with values ⇠ 10�10 also for the
latter. This implies that also the end of stage-I of the KOTO experiment won’t be able
to reach the sensitivity to test this model (brown horizontal dotted line). However, the
future sensitivity goals by NA62 (10% [?]) and KOTO at phase-II, or KLEVER, (20% [?])
would be able to completely test this scenario (purple ellipse).
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Since S1 does not mediate di ! dj ¯̀↵`� at tree level, its contributions proportional
to x1

`
and x1

q`
do not give rise to sizeable e↵ects in any observable. For this reason, to

simplify the numerical scan we fix them to be equal to 1.3

We provide here some simplified expressions for the most relevant New Physics e↵ects
in this setup, deferring for details to App. ??:
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We see that the leading contribution to s ! dµµ transitions has a phase fixed to
be equal to the SM one, so no large e↵ect in KS ! µµ can be expected. Analogously,
also in s ! d⌫⌫ the new physics coe�cients have the same phase as in the SM, since
the x coe�cients enter with the absolute value squared. We thus expect a linear relation
between KL ! ⇡0⌫⌫ and K+ ! ⇡+⌫⌫, independently on the phases of the couplings. The
same is true for all s ! d transitions. On the other hand, non-trivial phases can appear
in b ! s transitions. Since real couplings are favored by the B-anomalies and since in any
case the phases in Kaon physics observables are fixed by the U(2)5 flavour structure, in
our analysis we only consider real values for all parameters.

3.1 Analysis and discussion

Using the global likelihood presented in Section 2.1 we find the following best-fit point in
parameter space, where the x’s are allowed to vary in the range |x| < 5, while �1(3), V` > 0.

3We checked that, as expected, if left free these parameters have an almost uniform distribution in
the whole range.

8

The phase of NP contribution is fixed to be SM-like:

As consequence, the KL→π0 mode is fully correlated and 
below the KOTO stage-I final sensitivity.

The effect in KL→μμ saturates the bound, while the SD contribution to KS→μμ is ~10-13 (backup slides) 
We also obtain  Br(KL→μe) ~ 10-15 and Br(K+→π+μe) ~ 10-18.

About other Kaon decays:

The NA62 bound is already very constraining for this setup, 
future updated will put even more tension with R(D(*)), 
or eventually a signal could be observed.

G
N

S1+S3, U(2)5

[see: Bordone, Buttazzo, Isidori, Monnard 1705.10729]
The correlation in the full model is stronger than just in EFT.
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μ → e conversion
μ→e conversion in gold nuclei sets the 
strongest constraint on se.

COMET and Mu2e will push this bound to ~10-16, 
while Mu3e at PSI will push the limit on Br(μ→3e) to ~10-16.

These will set much 
stronger bounds on se, 
or could see a New 
Physics effect.
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Combined interpretation 
of RK, R(D(*)), (g-2)μ, and CAA

A Minimal Explanation of Flavour Anomalies:
B-Meson Decays, Muon Magnetic Moment, and the Cabbibo Angle

David Marzocca1, ⇤ and Sokratis Trifinopoulos1, †
1INFN, Sezione di Trieste, SISSA, Via Bonomea 265, 34136, Trieste, Italy

Significant deviations from the Standard Model are observed in semileptonic charged and neutral-
current B-decays, the muon magnetic moment, and the extraction of the Cabibbo angle. We propose
that these deviations point towards a coherent pattern of New Physics e↵ects induced by two scalar
mediators, a leptoquark S1 and a charged singlet �+. While S1 can provide solutions to charged-
current B-decays and the muon magnetic moment, and �+ can accommodate the Cabbibo-angle
anomaly independently, their one-loop level synergy can also address neutral-current B-decays. This
framework provides the most minimal explanation to the above-mentioned anomalies, while being
consistent with all other phenomenological constraints.

I. INTRODUCTION

The Standard Model (SM) of particle physics provides
an exquisite description of the interactions between fun-
damental particles in a very broad spectrum of ener-
gies. There are, however, experimental and theoretical
reasons to expect departures from the SM due to some
New Physics (NP) sector. Intriguingly, since a few years
certain low-energy flavour measurements pursued at the
LHC and several other experiments started exhibiting
a number of deviations from SM predictions, that have
been growing in significance with the addition of more
data.

Firstly, there are hints of Lepton Flavor Universality
(LFU) violation in semi-leptonic B-meson decays:

• b ! c⌧⌫. An enhancement of the charged-current
transition in ⌧ vs. light leptons [1–5] with respect
to the SM prediction [6–8], as encoded by the ratios

RD(⇤) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)
, (1)

is observed at approximately 3�.

• b ! s``. A deficit of the neutral-current transition
in muons vs. electrons [9–13] manifests in the ratios

RK(⇤) =
B(B ! K(⇤)µµ)

B(B ! K(⇤)eē)
, (2)

that is predicted to be equal to 1 with high accuracy
in the SM [14]. Remarkably, the update on RK

presented recently by the LHCb collaboration [13],
confirmed the trend observed before and increased
the significance of the deviation. Including also an
observed deviation in B(B0

s ! µ+µ�) [15–18], that
can be precisely predicted in the SM, the combined
significance of the deviation reaches 4.7� [19–21].

⇤
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Furthermore, taking into account also less
theoretically-clean observables, e.g. di↵erential an-
gular distributions of the B ! K⇤µ+µ� decay, as
well as several branching ratios of b ! sµµ pro-
cesses [22–24], the overall significance of the devi-
ations in this channel is raised to even above 6�,
depending on the specific SM prediction employed
[19–21, 25].

The other two precision measurements featuring anoma-
lous results are:

• (g � 2)µ. The longstanding deviation from the
SM prediction in the anomalous magnetic moment
of the muon aµ = (g � 2)µ/2 recorded by the
BNL experiment [26] has recently been updated by
FNAL [27], confirming the previous trend and in-
creasing the significance of the deviation from the
SM prediction [28] to an overall 4.2� level.1

• Cabibbo-Angle Anomaly (CAA). Discrepan-
cies between the di↵erent determinations of the
Cabibbo angle were reported recently. In partic-
ular, the values of Vus extracted from K ! ⇡`⌫ de-
cays, the ratio B(K ! µ⌫)/B(⇡ ! µ⌫) and CKM
unitarity using the value of Vud estimated by super-
allowed nuclear � decays. The tension amounts to
3.6� or 5.1� [30, 31] depending on the input from
the nuclear � decays (i.e. Ref. [32] or Ref. [33]).

In this letter, we present the minimal ultraviolet (UV)
complete NP framework that can provide a combined ex-
planation to the above-mentioned anomalies while being
consistent with all other phenomenological constraints.
The relevant particle content consists of the S1 scalar
leptoquark (LQ) and the singly charged scalar �+, with
quantum numbers under (SU(3)c, SU(2)L)U(1)Y :

S1 ⇠ (3̄,1)1/3 , �+
⇠ (1,1)1 . (3)

1
See however [29], that claims a much reduced discrepancy be-

tween SM and measurement, as well as the corresponding dis-

cussion in [28].
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A do-it-all model?

2

The S1 LQ has been considered as a mediator for a simul-
taneous explanation of RD(⇤) , at tree-level, and (g� 2)µ,
at one-loop [34–39]. Additionally, the scalar �+ modi-
fies the tree-level decay of a charged lepton into a lighter
one and a neutrino pair, which in turns translates into
a shift of Vud necessary to explain the CAA [40, 41].
While S1 alone cannot explain completely the neutral-
current anomalies b ! s`` via its one-loop contributions
[35, 38, 42–44], we show that the inclusion of an addi-
tional box diagram involving both S1 and �+ can achieve
a very good fit of the data. To this end, we stress that
the inclusion of the purely leptonic interactions of �+,
that complement the LQ ones in the full resolution of the
B-physics anomalies, is fully compatible with the hints
towards LFU violation in ⌧ decays.

We notice that the present model is the most econom-
ical. This is due to the fact that none of the proposed
one- (or two-particle) solutions cannot address more than
two (or three) out of the four flavour anomalies simulta-
neously. For instance, the vector LQ models [43, 45–49]
cannot account neither for (g�2)µ nor CAA, and at least
two new particles would be necessary in order to improve
the combined fit, while the scalar LQ singlet plus triplet
solution [36–39] can explain three out of four anomalies
without addressing the purely leptonic CAA.

In the following we present the model and perform a
global analysis of the anomalous observables and all the
relevant constraints, evaluating the improvement over the
SM. Finally, we briefly discuss the implications for future
experiments.

II. MODEL

The SM Lagrangian is augmented by the following
Yukawa-type terms2

LS1+� =
1

2
�↵�

¯̀c
↵✏`��

++�1L
i↵ q̄ci ✏`↵S1+�1R

i↵ ūc
ie↵S1+h.c. ,

(4)
where ✏ = i�2 and we adopt latin and greek letters for
quark and lepton flavour indices, respectively. The weak-
doublets quarks qi and leptons `↵ are in the down-quark
and charged-lepton mass eigenstate bases. Note that
Gauge invariance enforces antisymmetry of the �+ cou-
plings: �↵� = ���↵.

It is worth mentioning that the LQ S1 and �+ share
the same quantum numbers with those of a right-handed
sbottom and stau. The couplings �1L and � terms cor-
respond then to the �0 and � ones of the R-parity vi-
olating (RPV) superpotential [50], respectively, while
the couplings �1R can potentially originate from non-
holomorphic RPV terms [51]. The complete resolution

2
In principle, there exist also quartic couplings between the scalars

themselves and between the scalars and the Higgs. They are not

relevant for the phenomenological analysis of this work and are

thus omitted.

(a)
(b)

(c) (d)

(e)

FIG. 1: The diagrams that generate the dominant
contributions to the flavour anomalies.

to all the anomalies presented in this work may thus con-
stitute a hint towards an RPV scenario with lighter 3rd
generation superpartners [52–54].

Regarding the couplings employed in the analysis, we
do not consider �1L(R) couplings to the first generation
quarks and leptons, as well as �1L

sµ and �1R
t⌧ , which are not

needed for the explanation of the anomalies. Moreover,
we set �e⌧ ⇡ 0 in order to satisfy the very strict con-
straints from the Lepton Flavour Violating (LFV) decay
µ ! e� [41]. We assume NP couplings to be real, for
simplicity.

III. OBSERVABLES

In this section, we present the dominant contributions
due to S1 and �+ to the anomalous observables. We
obtain the S1 contributions using the results of Ref. [38,
55], to which we refer for more details. In the numerical
analysis the complete expressions are employed.

A tree-level S1 exchange is invoked in order to explain
b ! c⌧⌫ anomalies (see Fig. 1a). The approximate nu-
merical expressions for the RD(⇤) ratios relevant for the
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depending on the specific SM prediction employed
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The other two precision measurements featuring anoma-
lous results are:
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SM prediction in the anomalous magnetic moment
of the muon aµ = (g � 2)µ/2 recorded by the
BNL experiment [26] has recently been updated by
FNAL [27], confirming the previous trend and in-
creasing the significance of the deviation from the
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consistent with all other phenomenological constraints.
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Let us consider a simplified model with only these two new weak-singlets states:

φ+ couples to di-leptons:

Note: same gauge quantum numbers as sbottom and stau, 
          but different L and B assignments.

2
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(g-2)μ
S1

3

parameter region of interest are

RD ⇡ 0.299� 0.235
�1L
b⌧ �

1R
c⌧

m2
1

�
1 + 0.05 logm2

1

�
, (5)

RD⇤ ⇡ 0.258� 0.088
�1L
b⌧ �

1R
c⌧

m2
1

�
1 + 0.02 logm2

1

�
, (6)

where m1 ⌘ M1/TeV. Note that quadratic terms
and purely left-handed contributions are sub-leading in
our setup. The logarithm becomes important for large
masses and enhances the e↵ect in RD compared to RD⇤ .

The observables related to the b ! s`` anoma-
lies receive contributions generated from the
Wilson Coe�cients (WCs) of the operators
O

bsµµ
LL(LR) = (s̄�↵PLb)(µ̄�↵PL(R)µ). They are given

by (see also [34])

CLL ⇡ ��1L
b⌧ �

1L ⇤
s⌧

 
|�1L

bµ |
2

64⇡2M2
1

+
|�µ⌧ |

2 logM2
1 /M

2
�

64⇡2(M2
� �M2

1 )

!
,(7)

CLR ⇡ �
|�1R

cµ |
2�1L

b⌧ �
1L ⇤
s⌧

64⇡2M2
1

. (8)

The second term in Eq. (7) corresponds to the dia-
gram in Fig. 1b and yields the leading contribution in
this scenario. Eventually, the results of the global fit
are expressed in terms of the low-energy WCs in the
standard notation�Cµ

9,10 = (CLR ± CLL)/(2Nsb), where

Nsb =
GF↵VtbV

⇤
tsp

2⇡
.

The leading S1 contribution to the anomalous muon
magnetic moment arises via a triangle diagram (see Fig.
1e) and is given by

�aµ ⇡
mµmt�1L

bµ�
1R
tµ

4⇡2M2
1

✓
logM2

1 /m
2
t �

7

4

◆
. (9)

The presence of �+ at tree-level (see Fig. 1c) and S1

at one loop (see Fig. 1d) implies the following NP e↵ects
in the charged-current muon decay:

�(µ ! e⌫⌫) ⇡
v2|�12|

2

4M2
�

+
3m2

t |�
1L
bµ |

2

32⇡2M2
1

✓
1

2
� log

M2
1

m2
t

◆
,

(10)
where �(` ! `0⌫⌫) ⌘ A(` ! `0⌫⌫)NP/A(` ! `0⌫⌫)SM.

As investigated in Ref. [41], one can alleviate the ten-
sion between the value of Vus computed from Kaon de-
cays,3 V CKM

us = 0.2243(5) and the one computed via
CKM unitarity from V �

ud as extracted from nuclear beta-
decays [65], i.e. V �

us = 0.2280(6), by introducing a con-
structive interference in µ ! e⌫⌫. In particular, one

3
This is an average of the value extracted from K ! ⇡`⌫ decays

V K`3
us = 0.22326(58) and the ratio B(K ! µ⌫)/B(⇡ ! µ⌫),

V Kµ2
us = 0.22534(42) [64]. Note that the discrepancy between

V K`3
us and V Kµ2

us cannot be explained by LFU violation.

Observable Experimental value

RD 0.34± 0.029 [56]

RD⇤ 0.295± 0.013 [56]

�Cµ
9

�Cµ
10

�0.675± 0.16 [20]

0.244± 0.13 [20]

�aµ (2.51± 0.59)⇥ 10�9 [27, 28]

�(µ ! e⌫⌫) (6.5± 1.5)⇥ 10�4 [41]

Rµ/e
D 0.978± 0.035 [57, 58]

B(Bc ! ⌧⌫) < 0.1 [59]

R⌫
K(⇤) < 2.7 [60]

C1
Bs

< 2.01⇥ 10�5 TeV�2 [61]
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where V CKM
ud = 0.97420(21) and |Vub|
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⇡ 10�5 [66] is

negligible. Eventually, a global fit including the standard
EW observables yields the value of �(µ ! e⌫⌫) indicated
at Table I.

IV. PHENOMENOLOGY

Global analysis – With all the observables listed in Ta-
ble I and the expressions for the S1 and �+ contributions
given in Sec. III and in the Appendix, we build a global
likelihood �2 = �2 logL. We find the best-fit point by
minimizing the �2 function and compare it to the value
obtained in the SM.
This analysis prefers large values for the scalar masses

M1 and M�. This can be understood by the fact that
the contributions to b ! sµµ scale as �4/M2, while most
constraints scale as �2/M2, except for Bs-mixing, which
scale with �4/M2. Larger masses, and couplings, allow
thus to better fit the neutral-current B-anomalies and

3

parameter region of interest are

RD ⇡ 0.299� 0.235
�1L
b⌧ �

1R
c⌧

m2
1

�
1 + 0.05 logm2

1

�
, (5)

RD⇤ ⇡ 0.258� 0.088
�1L
b⌧ �

1R
c⌧

m2
1

�
1 + 0.02 logm2

1

�
, (6)

where m1 ⌘ M1/TeV. Note that quadratic terms
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our setup. The logarithm becomes important for large
masses and enhances the e↵ect in RD compared to RD⇤ .
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The second term in Eq. (7) corresponds to the dia-
gram in Fig. 1b and yields the leading contribution in
this scenario. Eventually, the results of the global fit
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where �(` ! `0⌫⌫) ⌘ A(` ! `0⌫⌫)NP/A(` ! `0⌫⌫)SM.
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us = 0.2280(6), by introducing a con-
structive interference in µ ! e⌫⌫. In particular, one
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|Re(C1
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ge
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1.0022± 0.0030 [56]
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ge

1.0036± 0.0028 [56]

�gZ⌧L (�0.11± 0.61)⇥ 10�3 [62]
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�gZµL (0.3± 1.1)⇥ 10�3 [62]
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where V CKM
ud = 0.97420(21) and |Vub|
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⇡ 10�5 [66] is

negligible. Eventually, a global fit including the standard
EW observables yields the value of �(µ ! e⌫⌫) indicated
at Table I.

IV. PHENOMENOLOGY

Global analysis – With all the observables listed in Ta-
ble I and the expressions for the S1 and �+ contributions
given in Sec. III and in the Appendix, we build a global
likelihood �2 = �2 logL. We find the best-fit point by
minimizing the �2 function and compare it to the value
obtained in the SM.
This analysis prefers large values for the scalar masses

M1 and M�. This can be understood by the fact that
the contributions to b ! sµµ scale as �4/M2, while most
constraints scale as �2/M2, except for Bs-mixing, which
scale with �4/M2. Larger masses, and couplings, allow
thus to better fit the neutral-current B-anomalies and
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The S1 LQ has been considered as a mediator for a simul-
taneous explanation of RD(⇤) , at tree-level, and (g� 2)µ,
at one-loop [34–39]. Additionally, the scalar �+ modi-
fies the tree-level decay of a charged lepton into a lighter
one and a neutrino pair, which in turns translates into
a shift of Vud necessary to explain the CAA [40, 41].
While S1 alone cannot explain completely the neutral-
current anomalies b ! s`` via its one-loop contributions
[35, 38, 42–44], we show that the inclusion of an addi-
tional box diagram involving both S1 and �+ can achieve
a very good fit of the data. To this end, we stress that
the inclusion of the purely leptonic interactions of �+,
that complement the LQ ones in the full resolution of the
B-physics anomalies, is fully compatible with the hints
towards LFU violation in ⌧ decays.

We notice that the present model is the most econom-
ical. This is due to the fact that none of the proposed
one- (or two-particle) solutions cannot address more than
two (or three) out of the four flavour anomalies simulta-
neously. For instance, the vector LQ models [43, 45–49]
cannot account neither for (g�2)µ nor CAA, and at least
two new particles would be necessary in order to improve
the combined fit, while the scalar LQ singlet plus triplet
solution [36–39] can explain three out of four anomalies
without addressing the purely leptonic CAA.

In the following we present the model and perform a
global analysis of the anomalous observables and all the
relevant constraints, evaluating the improvement over the
SM. Finally, we briefly discuss the implications for future
experiments.

II. MODEL

The SM Lagrangian is augmented by the following
Yukawa-type terms2

LS1+� =
1

2
�↵�

¯̀c
↵✏`��

++�1L
i↵ q̄ci ✏`↵S1+�1R

i↵ ūc
ie↵S1+h.c. ,

(4)
where ✏ = i�2 and we adopt latin and greek letters for
quark and lepton flavour indices, respectively. The weak-
doublets quarks qi and leptons `↵ are in the down-quark
and charged-lepton mass eigenstate bases. Note that
Gauge invariance enforces antisymmetry of the �+ cou-
plings: �↵� = ���↵.

It is worth mentioning that the LQ S1 and �+ share
the same quantum numbers with those of a right-handed
sbottom and stau. The couplings �1L and � terms cor-
respond then to the �0 and � ones of the R-parity vi-
olating (RPV) superpotential [50], respectively, while
the couplings �1R can potentially originate from non-
holomorphic RPV terms [51]. The complete resolution

2
In principle, there exist also quartic couplings between the scalars

themselves and between the scalars and the Higgs. They are not

relevant for the phenomenological analysis of this work and are

thus omitted.

(a)
(b)

(c) (d)

(e)

FIG. 1: The diagrams that generate the dominant
contributions to the flavour anomalies.

to all the anomalies presented in this work may thus con-
stitute a hint towards an RPV scenario with lighter 3rd
generation superpartners [52–54].

Regarding the couplings employed in the analysis, we
do not consider �1L(R) couplings to the first generation
quarks and leptons, as well as �1L

sµ and �1R
t⌧ , which are not

needed for the explanation of the anomalies. Moreover,
we set �e⌧ ⇡ 0 in order to satisfy the very strict con-
straints from the Lepton Flavour Violating (LFV) decay
µ ! e� [41]. We assume NP couplings to be real, for
simplicity.

III. OBSERVABLES

In this section, we present the dominant contributions
due to S1 and �+ to the anomalous observables. We
obtain the S1 contributions using the results of Ref. [38,
55], to which we refer for more details. In the numerical
analysis the complete expressions are employed.

A tree-level S1 exchange is invoked in order to explain
b ! c⌧⌫ anomalies (see Fig. 1a). The approximate nu-
merical expressions for the RD(⇤) ratios relevant for the

CAA

φ+
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where m1 ⌘ M1/TeV. Note that quadratic terms
and purely left-handed contributions are sub-leading in
our setup. The logarithm becomes important for large
masses and enhances the e↵ect in RD compared to RD⇤ .

The observables related to the b ! s`` anoma-
lies receive contributions generated from the
Wilson Coe�cients (WCs) of the operators
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The second term in Eq. (7) corresponds to the dia-
gram in Fig. 1b and yields the leading contribution in
this scenario. Eventually, the results of the global fit
are expressed in terms of the low-energy WCs in the
standard notation�Cµ

9,10 = (CLR ± CLL)/(2Nsb), where
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The presence of �+ at tree-level (see Fig. 1c) and S1

at one loop (see Fig. 1d) implies the following NP e↵ects
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where �(` ! `0⌫⌫) ⌘ A(` ! `0⌫⌫)NP/A(` ! `0⌫⌫)SM.

As investigated in Ref. [41], one can alleviate the ten-
sion between the value of Vus computed from Kaon de-
cays,3 V CKM

us = 0.2243(5) and the one computed via
CKM unitarity from V �

ud as extracted from nuclear beta-
decays [65], i.e. V �

us = 0.2280(6), by introducing a con-
structive interference in µ ! e⌫⌫. In particular, one

3
This is an average of the value extracted from K ! ⇡`⌫ decays

V K`3
us = 0.22326(58) and the ratio B(K ! µ⌫)/B(⇡ ! µ⌫),

V Kµ2
us = 0.22534(42) [64]. Note that the discrepancy between

V K`3
us and V Kµ2

us cannot be explained by LFU violation.

Observable Experimental value

RD 0.34± 0.029 [56]

RD⇤ 0.295± 0.013 [56]

�Cµ
9
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�0.675± 0.16 [20]

0.244± 0.13 [20]

�aµ (2.51± 0.59)⇥ 10�9 [27, 28]

�(µ ! e⌫⌫) (6.5± 1.5)⇥ 10�4 [41]

Rµ/e
D 0.978± 0.035 [57, 58]

B(Bc ! ⌧⌫) < 0.1 [59]

R⌫
K(⇤) < 2.7 [60]

C1
Bs

< 2.01⇥ 10�5 TeV�2 [61]

|Re(C1
D)| < 3.57⇥ 10�7 TeV�2 [61]

|Im(C1
D)| < 2.23⇥ 10�8 TeV�2 [61]

g⌧
ge

1.0058± 0.0030 [56]
g⌧
gµ

1.0022± 0.0030 [56]
gµ
ge

1.0036± 0.0028 [56]

�gZ⌧L (�0.11± 0.61)⇥ 10�3 [62]

�gZ⌧R (0.66± 0.65)⇥ 10�3 [62]

�gZµL (0.3± 1.1)⇥ 10�3 [62]

�gZµR (0.2± 1.3)⇥ 10�3 [62]

B(⌧ ! µ�) < 4.4⇥ 10�8 [63]

B(⌧ ! 3µ) < 2.1⇥ 10�8 [63]

TABLE I: Experimental values for the observables used
in the numerical analysis. In case of RD(⇤) , �Cµ
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where V CKM
ud = 0.97420(21) and |Vub|

2
⇡ 10�5 [66] is

negligible. Eventually, a global fit including the standard
EW observables yields the value of �(µ ! e⌫⌫) indicated
at Table I.

IV. PHENOMENOLOGY

Global analysis – With all the observables listed in Ta-
ble I and the expressions for the S1 and �+ contributions
given in Sec. III and in the Appendix, we build a global
likelihood �2 = �2 logL. We find the best-fit point by
minimizing the �2 function and compare it to the value
obtained in the SM.
This analysis prefers large values for the scalar masses

M1 and M�. This can be understood by the fact that
the contributions to b ! sµµ scale as �4/M2, while most
constraints scale as �2/M2, except for Bs-mixing, which
scale with �4/M2. Larger masses, and couplings, allow
thus to better fit the neutral-current B-anomalies and
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The S1 LQ has been considered as a mediator for a simul-
taneous explanation of RD(⇤) , at tree-level, and (g� 2)µ,
at one-loop [34–39]. Additionally, the scalar �+ modi-
fies the tree-level decay of a charged lepton into a lighter
one and a neutrino pair, which in turns translates into
a shift of Vud necessary to explain the CAA [40, 41].
While S1 alone cannot explain completely the neutral-
current anomalies b ! s`` via its one-loop contributions
[35, 38, 42–44], we show that the inclusion of an addi-
tional box diagram involving both S1 and �+ can achieve
a very good fit of the data. To this end, we stress that
the inclusion of the purely leptonic interactions of �+,
that complement the LQ ones in the full resolution of the
B-physics anomalies, is fully compatible with the hints
towards LFU violation in ⌧ decays.

We notice that the present model is the most econom-
ical. This is due to the fact that none of the proposed
one- (or two-particle) solutions cannot address more than
two (or three) out of the four flavour anomalies simulta-
neously. For instance, the vector LQ models [43, 45–49]
cannot account neither for (g�2)µ nor CAA, and at least
two new particles would be necessary in order to improve
the combined fit, while the scalar LQ singlet plus triplet
solution [36–39] can explain three out of four anomalies
without addressing the purely leptonic CAA.

In the following we present the model and perform a
global analysis of the anomalous observables and all the
relevant constraints, evaluating the improvement over the
SM. Finally, we briefly discuss the implications for future
experiments.

II. MODEL

The SM Lagrangian is augmented by the following
Yukawa-type terms2
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where ✏ = i�2 and we adopt latin and greek letters for
quark and lepton flavour indices, respectively. The weak-
doublets quarks qi and leptons `↵ are in the down-quark
and charged-lepton mass eigenstate bases. Note that
Gauge invariance enforces antisymmetry of the �+ cou-
plings: �↵� = ���↵.

It is worth mentioning that the LQ S1 and �+ share
the same quantum numbers with those of a right-handed
sbottom and stau. The couplings �1L and � terms cor-
respond then to the �0 and � ones of the R-parity vi-
olating (RPV) superpotential [50], respectively, while
the couplings �1R can potentially originate from non-
holomorphic RPV terms [51]. The complete resolution

2
In principle, there exist also quartic couplings between the scalars

themselves and between the scalars and the Higgs. They are not

relevant for the phenomenological analysis of this work and are

thus omitted.
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FIG. 1: The diagrams that generate the dominant
contributions to the flavour anomalies.

to all the anomalies presented in this work may thus con-
stitute a hint towards an RPV scenario with lighter 3rd
generation superpartners [52–54].

Regarding the couplings employed in the analysis, we
do not consider �1L(R) couplings to the first generation
quarks and leptons, as well as �1L

sµ and �1R
t⌧ , which are not

needed for the explanation of the anomalies. Moreover,
we set �e⌧ ⇡ 0 in order to satisfy the very strict con-
straints from the Lepton Flavour Violating (LFV) decay
µ ! e� [41]. We assume NP couplings to be real, for
simplicity.

III. OBSERVABLES

In this section, we present the dominant contributions
due to S1 and �+ to the anomalous observables. We
obtain the S1 contributions using the results of Ref. [38,
55], to which we refer for more details. In the numerical
analysis the complete expressions are employed.
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where m1 ⌘ M1/TeV. Note that quadratic terms
and purely left-handed contributions are sub-leading in
our setup. The logarithm becomes important for large
masses and enhances the e↵ect in RD compared to RD⇤ .
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The second term in Eq. (7) corresponds to the dia-
gram in Fig. 1b and yields the leading contribution in
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are expressed in terms of the low-energy WCs in the
standard notation�Cµ
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The presence of �+ at tree-level (see Fig. 1c) and S1

at one loop (see Fig. 1d) implies the following NP e↵ects
in the charged-current muon decay:

�(µ ! e⌫⌫) ⇡
v2|�12|

2

4M2
�

+
3m2

t |�
1L
bµ |

2

32⇡2M2
1

✓
1

2
� log

M2
1

m2
t

◆
,

(10)
where �(` ! `0⌫⌫) ⌘ A(` ! `0⌫⌫)NP/A(` ! `0⌫⌫)SM.

As investigated in Ref. [41], one can alleviate the ten-
sion between the value of Vus computed from Kaon de-
cays,3 V CKM

us = 0.2243(5) and the one computed via
CKM unitarity from V �

ud as extracted from nuclear beta-
decays [65], i.e. V �

us = 0.2280(6), by introducing a con-
structive interference in µ ! e⌫⌫. In particular, one
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negligible. Eventually, a global fit including the standard
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at Table I.

IV. PHENOMENOLOGY

Global analysis – With all the observables listed in Ta-
ble I and the expressions for the S1 and �+ contributions
given in Sec. III and in the Appendix, we build a global
likelihood �2 = �2 logL. We find the best-fit point by
minimizing the �2 function and compare it to the value
obtained in the SM.
This analysis prefers large values for the scalar masses

M1 and M�. This can be understood by the fact that
the contributions to b ! sµµ scale as �4/M2, while most
constraints scale as �2/M2, except for Bs-mixing, which
scale with �4/M2. Larger masses, and couplings, allow
thus to better fit the neutral-current B-anomalies and
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at Table I.

IV. PHENOMENOLOGY
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ble I and the expressions for the S1 and �+ contributions
given in Sec. III and in the Appendix, we build a global
likelihood �2 = �2 logL. We find the best-fit point by
minimizing the �2 function and compare it to the value
obtained in the SM.
This analysis prefers large values for the scalar masses

M1 and M�. This can be understood by the fact that
the contributions to b ! sµµ scale as �4/M2, while most
constraints scale as �2/M2, except for Bs-mixing, which
scale with �4/M2. Larger masses, and couplings, allow
thus to better fit the neutral-current B-anomalies and

Large masses are preferred to avoid meson mixing.
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FIG. 2: Results of the parameter scan of the model’s parameters, with M1 = M� = 5.5TeV. The green (yellow)
points are within 1� (2�) of the best-fit point, shown in black. The upper row shows the preferred region for some of
the couplings and the single-observable 95%CL constraints. The bottom row shows how this preferred region maps

in the plane of pairs of observables of interest.

remain compatibile with the other constraints. On the
other hand, in order to avoid too large couplings, that
would put the perturbativity of the model into question,
the masses cannot be too large.

Fixing M1 = M� = 5.5TeV (we chose equal masses
only for simplicity), we find the following best-fit point:

�eµ = 1.35 , �µ⌧ = 3.17 ,
�1L
b⌧ = 1.46 , �1L

s⌧ = �0.54 , �1L
bµ = 2.07 ,

�1R
c⌧ = �3.28 , �1R

tµ = 0.01 , �1R
cµ = 2.35 ,

(12)

for which �2
SM � �2

best�fit = 82, which constitutes a ma-
jor improvement from the SM. The coupling �1R

cµ is re-
quired to cancel an otherwise excessive contribution to
⌧ ! µ�. The required cancellation in the amplitude (see
Appendix) is approximately of one part in three.

To study the preferred region in parameter space we
perform a numerical scan via a Markov-Chain Monte
Carlo algorithm that we use to select points with ��2 =
�2

� �2
best�fit corresponding to 68% and 95% confidence

level (CL) regions. The results of this scan are shown in
Fig. 2. In the top row we show the preferred regions for
pairs of couplings as well as the relevant single-observable

constraints in each plane.4 In the bottom row we show
how these preferred regions map into pairs of the ob-
servables showing a discrepancy with the SM (the ef-
fect in �aµ can be seen in the top-right plot comparing
with the purple-meshed region representing the experi-
mentally preferred value at 1�).
We observe that the model is able to address at the 1�

level all the four deviations from the SM presented in the
Introduction. As a byproduct, a small tension present in
LFU tests in ⌧ decays, (g⌧/ge), is also addressed in this
framework.
Future prospects – Both Bs-mixing and B ! K(⇤)⌫⌫

are sensitive to the S1 couplings contributing to RK(⇤)

and RD(⇤) , and the preferred region by the model is close
to the present exclusion limits, as shown in Fig. 3 for
R⌫

K⇤ . A deviation from the SM could thus reveal itself in
future updates of this observable by the Belle-II experi-
ment [67].

4
For brevity we don’t show analogous plots for �1R

cµ , which has

values in the interval [1.5, 3], and the �+
couplings, which take

values �eµ 2 [1.1, 1.6] and �µ⌧ 2 [2.7, 3.6].
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FIG. 3: Here the preferred values of B(B ! Kµe) and
R⌫

K⇤ are shown, together with the present 95% CL limit
(red line) and the future prospects expected by

LHCb [68] and Belle II [67].

Via a one-loop box diagram with both S1 and
�+, similar to Fig.1(b), a contribution to the LFV
process b ! sµe is induced. The preferred val-
ues in our model for B(B ! Kµe) are shown in
Fig. 3, while B(B ! K⇤µe) ⇡ 2.1B(B ! Kµe) and
B(Bs ! µe) ⇠ O(10�12). On the other hand, due to the
specific structure of the couplings, in this model we do
not predict sizeable e↵ects in b ! s⌧⌧ and b ! s⌧µ pro-
cesses.

As shown in Fig. 2 (bottom-right) we also expect
per-mille e↵ects in LFU tests in ⌧ decays, which is in
the range of future sensitivity by Belle-II [67]. The
model predicts also e↵ects in LFV ⌧ decays. The S1

LQ generates ⌧ ! µ�, ⌧ ! 3µ, and ⌧ ! µee with rates
close to the present bounds (of the order of ⇠ 10�8).
The scalar �+, instead, mediates B(⌧ ! eµµ) ⇠ 10�9,
B(⌧ ! 3e) ⇠ 10�10, and B(⌧ ! e�) ⇠ 10�11 [41]. Also
for these channels Belle-II and LHCb are expected to
improve substantially on the present constraints by at
least one order of magnitude [67, 68].

Finally, while the large masses preferred by the fit are
beyond the reach of direct searches at LHC, e↵ects in
high-energy tails of Drell-Yan due to S1 are possible. At
FCC-hh the leptoquark could be produced on-shell and
a muon collider would be the ideal machine to study also
the scalar �+.

V. CONCLUSIONS

In this letter we propose a New Physics model address-
ing the most significant deviations from the SM observed
in flavour physics, while being at the same time consis-
tent with all phenomenological constraints. The model
is the first one that establishes a connection between all
four classes of flavour anomalies under the same LFU vi-

olating interpretation. Furthermore, since it comprises
of only two weak-singlet scalars: the leptoquark S1 and
the colorless �+, it is also the most minimal solution to
be proposed in the literature for a combined resolution
of them.
In the foreseeable future, the LHCb and Belle-II exper-

iments will clarify the nature of the present anomalies in
B-decays, while the Fermilab (g�2)µ experiment has al-
ready been collecting a large amount of additional data
that will allow to further reduce the experimental un-
certainty. In order to settle the CKM unitarity puzzle,
experimental developments are expected in the existing
precision observables used for the determination of the
Cabbibo angle [69] as well as further observables such as
hadronic ⌧ decays [70], the pion � decay [71] and the neu-
tron lifetime [32] that can provide complementary tests
in the future.
If any one of these signals will be further confirmed

by future data it would imply a revolution in our under-
standing of fundamental interactions. However, it is only
by the combination of several deviations in di↵erent ob-
servables that we might be able to pinpoint the precise
nature of the underlying New Physics.
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Appendix : Details on the constraints

Approximate expressions for the observables listed in
Table I are provided here. Unless stated otherwise, they
have been taken from Ref. [38], to which we refer for
more details. In those cases where analytic formulas are
not available or too complicated, we report approximate
numerical expressions.

– Meson mixing. The contribution to Bs and D0 me-
son mixing arises via the operators O1
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FIG. 2: Results of the parameter scan of the model’s parameters, with M1 = M� = 5.5TeV. The green (yellow)
points are within 1� (2�) of the best-fit point, shown in black. The upper row shows the preferred region for some of
the couplings and the single-observable 95%CL constraints. The bottom row shows how this preferred region maps

in the plane of pairs of observables of interest.

remain compatibile with the other constraints. On the
other hand, in order to avoid too large couplings, that
would put the perturbativity of the model into question,
the masses cannot be too large.

Fixing M1 = M� = 5.5TeV (we chose equal masses
only for simplicity), we find the following best-fit point:

�eµ = 1.35 , �µ⌧ = 3.17 ,
�1L
b⌧ = 1.46 , �1L
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for which �2
SM � �2

best�fit = 82, which constitutes a ma-
jor improvement from the SM. The coupling �1R

cµ is re-
quired to cancel an otherwise excessive contribution to
⌧ ! µ�. The required cancellation in the amplitude (see
Appendix) is approximately of one part in three.

To study the preferred region in parameter space we
perform a numerical scan via a Markov-Chain Monte
Carlo algorithm that we use to select points with ��2 =
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� �2
best�fit corresponding to 68% and 95% confidence

level (CL) regions. The results of this scan are shown in
Fig. 2. In the top row we show the preferred regions for
pairs of couplings as well as the relevant single-observable

constraints in each plane.4 In the bottom row we show
how these preferred regions map into pairs of the ob-
servables showing a discrepancy with the SM (the ef-
fect in �aµ can be seen in the top-right plot comparing
with the purple-meshed region representing the experi-
mentally preferred value at 1�).
We observe that the model is able to address at the 1�

level all the four deviations from the SM presented in the
Introduction. As a byproduct, a small tension present in
LFU tests in ⌧ decays, (g⌧/ge), is also addressed in this
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are sensitive to the S1 couplings contributing to RK(⇤)

and RD(⇤) , and the preferred region by the model is close
to the present exclusion limits, as shown in Fig. 3 for
R⌫

K⇤ . A deviation from the SM could thus reveal itself in
future updates of this observable by the Belle-II experi-
ment [67].
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�+, similar to Fig.1(b), a contribution to the LFV
process b ! sµe is induced. The preferred val-
ues in our model for B(B ! Kµe) are shown in
Fig. 3, while B(B ! K⇤µe) ⇡ 2.1B(B ! Kµe) and
B(Bs ! µe) ⇠ O(10�12). On the other hand, due to the
specific structure of the couplings, in this model we do
not predict sizeable e↵ects in b ! s⌧⌧ and b ! s⌧µ pro-
cesses.

As shown in Fig. 2 (bottom-right) we also expect
per-mille e↵ects in LFU tests in ⌧ decays, which is in
the range of future sensitivity by Belle-II [67]. The
model predicts also e↵ects in LFV ⌧ decays. The S1

LQ generates ⌧ ! µ�, ⌧ ! 3µ, and ⌧ ! µee with rates
close to the present bounds (of the order of ⇠ 10�8).
The scalar �+, instead, mediates B(⌧ ! eµµ) ⇠ 10�9,
B(⌧ ! 3e) ⇠ 10�10, and B(⌧ ! e�) ⇠ 10�11 [41]. Also
for these channels Belle-II and LHCb are expected to
improve substantially on the present constraints by at
least one order of magnitude [67, 68].

Finally, while the large masses preferred by the fit are
beyond the reach of direct searches at LHC, e↵ects in
high-energy tails of Drell-Yan due to S1 are possible. At
FCC-hh the leptoquark could be produced on-shell and
a muon collider would be the ideal machine to study also
the scalar �+.

V. CONCLUSIONS

In this letter we propose a New Physics model address-
ing the most significant deviations from the SM observed
in flavour physics, while being at the same time consis-
tent with all phenomenological constraints. The model
is the first one that establishes a connection between all
four classes of flavour anomalies under the same LFU vi-

olating interpretation. Furthermore, since it comprises
of only two weak-singlet scalars: the leptoquark S1 and
the colorless �+, it is also the most minimal solution to
be proposed in the literature for a combined resolution
of them.
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iments will clarify the nature of the present anomalies in
B-decays, while the Fermilab (g�2)µ experiment has al-
ready been collecting a large amount of additional data
that will allow to further reduce the experimental un-
certainty. In order to settle the CKM unitarity puzzle,
experimental developments are expected in the existing
precision observables used for the determination of the
Cabbibo angle [69] as well as further observables such as
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tron lifetime [32] that can provide complementary tests
in the future.
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standing of fundamental interactions. However, it is only
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servables that we might be able to pinpoint the precise
nature of the underlying New Physics.
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have been taken from Ref. [38], to which we refer for
more details. In those cases where analytic formulas are
not available or too complicated, we report approximate
numerical expressions.

– Meson mixing. The contribution to Bs and D0 me-
son mixing arises via the operators O1

Bs
= (s̄�µPLb)2 and

O
1
D = (ū�µPLc)2, with coe�cients

C1
Bs

=
(�1L ⇤

b⌧ �1L
s⌧ )

2

128⇡2M2
1

, C1
D =

(Vci�1L ⇤
i↵ �1L

j↵V
⇤
uj)

2

128⇡2M2
1

. (A.1)

– B ! K(⇤)⌫⌫. The S1 couplings to left-handed
fermions also contribute to the decays B ! K(⇤)⌫⌫, the
leading dependence being

R⌫
K(⇤) ⇡ 1 + 34

�1L
s⌧ �

1L
b⌧

m2
1

+ 856
(�1L

s⌧ )
2((�1L

bµ )
2 + (�1L

b⌧ )
2)

m4
1

,

(A.2)

4

FIG. 2: Results of the parameter scan of the model’s parameters, with M1 = M� = 5.5TeV. The green (yellow)
points are within 1� (2�) of the best-fit point, shown in black. The upper row shows the preferred region for some of
the couplings and the single-observable 95%CL constraints. The bottom row shows how this preferred region maps

in the plane of pairs of observables of interest.

remain compatibile with the other constraints. On the
other hand, in order to avoid too large couplings, that
would put the perturbativity of the model into question,
the masses cannot be too large.

Fixing M1 = M� = 5.5TeV (we chose equal masses
only for simplicity), we find the following best-fit point:

�eµ = 1.35 , �µ⌧ = 3.17 ,
�1L
b⌧ = 1.46 , �1L

s⌧ = �0.54 , �1L
bµ = 2.07 ,

�1R
c⌧ = �3.28 , �1R

tµ = 0.01 , �1R
cµ = 2.35 ,

(12)

for which �2
SM � �2

best�fit = 82, which constitutes a ma-
jor improvement from the SM. The coupling �1R

cµ is re-
quired to cancel an otherwise excessive contribution to
⌧ ! µ�. The required cancellation in the amplitude (see
Appendix) is approximately of one part in three.

To study the preferred region in parameter space we
perform a numerical scan via a Markov-Chain Monte
Carlo algorithm that we use to select points with ��2 =
�2

� �2
best�fit corresponding to 68% and 95% confidence

level (CL) regions. The results of this scan are shown in
Fig. 2. In the top row we show the preferred regions for
pairs of couplings as well as the relevant single-observable

constraints in each plane.4 In the bottom row we show
how these preferred regions map into pairs of the ob-
servables showing a discrepancy with the SM (the ef-
fect in �aµ can be seen in the top-right plot comparing
with the purple-meshed region representing the experi-
mentally preferred value at 1�).
We observe that the model is able to address at the 1�

level all the four deviations from the SM presented in the
Introduction. As a byproduct, a small tension present in
LFU tests in ⌧ decays, (g⌧/ge), is also addressed in this
framework.
Future prospects – Both Bs-mixing and B ! K(⇤)⌫⌫

are sensitive to the S1 couplings contributing to RK(⇤)

and RD(⇤) , and the preferred region by the model is close
to the present exclusion limits, as shown in Fig. 3 for
R⌫

K⇤ . A deviation from the SM could thus reveal itself in
future updates of this observable by the Belle-II experi-
ment [67].

4
For brevity we don’t show analogous plots for �1R

cµ , which has

values in the interval [1.5, 3], and the �+
couplings, which take

values �eµ 2 [1.1, 1.6] and �µ⌧ 2 [2.7, 3.6].

3

parameter region of interest are

RD ⇡ 0.299� 0.235
�1L
b⌧ �

1R
c⌧

m2
1

�
1 + 0.05 logm2

1

�
, (5)

RD⇤ ⇡ 0.258� 0.088
�1L
b⌧ �

1R
c⌧

m2
1

�
1 + 0.02 logm2

1

�
, (6)

where m1 ⌘ M1/TeV. Note that quadratic terms
and purely left-handed contributions are sub-leading in
our setup. The logarithm becomes important for large
masses and enhances the e↵ect in RD compared to RD⇤ .

The observables related to the b ! s`` anoma-
lies receive contributions generated from the
Wilson Coe�cients (WCs) of the operators
O

bsµµ
LL(LR) = (s̄�↵PLb)(µ̄�↵PL(R)µ). They are given

by (see also [34])

CLL ⇡ ��1L
b⌧ �

1L ⇤
s⌧

 
|�1L

bµ |
2

64⇡2M2
1

+
|�µ⌧ |

2 logM2
1 /M

2
�

64⇡2(M2
� �M2

1 )

!
,(7)

CLR ⇡ �
|�1R

cµ |
2�1L

b⌧ �
1L ⇤
s⌧

64⇡2M2
1

. (8)

The second term in Eq. (7) corresponds to the dia-
gram in Fig. 1b and yields the leading contribution in
this scenario. Eventually, the results of the global fit
are expressed in terms of the low-energy WCs in the
standard notation�Cµ

9,10 = (CLR ± CLL)/(2Nsb), where

Nsb =
GF↵VtbV

⇤
tsp

2⇡
.

The leading S1 contribution to the anomalous muon
magnetic moment arises via a triangle diagram (see Fig.
1e) and is given by

�aµ ⇡
mµmt�1L

bµ�
1R
tµ

4⇡2M2
1

✓
logM2

1 /m
2
t �

7

4

◆
. (9)

The presence of �+ at tree-level (see Fig. 1c) and S1

at one loop (see Fig. 1d) implies the following NP e↵ects
in the charged-current muon decay:

�(µ ! e⌫⌫) ⇡
v2|�12|

2

4M2
�

+
3m2

t |�
1L
bµ |

2

32⇡2M2
1

✓
1

2
� log

M2
1

m2
t

◆
,

(10)
where �(` ! `0⌫⌫) ⌘ A(` ! `0⌫⌫)NP/A(` ! `0⌫⌫)SM.

As investigated in Ref. [41], one can alleviate the ten-
sion between the value of Vus computed from Kaon de-
cays,3 V CKM

us = 0.2243(5) and the one computed via
CKM unitarity from V �

ud as extracted from nuclear beta-
decays [65], i.e. V �

us = 0.2280(6), by introducing a con-
structive interference in µ ! e⌫⌫. In particular, one

3
This is an average of the value extracted from K ! ⇡`⌫ decays

V K`3
us = 0.22326(58) and the ratio B(K ! µ⌫)/B(⇡ ! µ⌫),

V Kµ2
us = 0.22534(42) [64]. Note that the discrepancy between

V K`3
us and V Kµ2

us cannot be explained by LFU violation.

Observable Experimental value

RD 0.34± 0.029 [56]

RD⇤ 0.295± 0.013 [56]

�Cµ
9

�Cµ
10

�0.675± 0.16 [20]

0.244± 0.13 [20]

�aµ (2.51± 0.59)⇥ 10�9 [27, 28]

�(µ ! e⌫⌫) (6.5± 1.5)⇥ 10�4 [41]

Rµ/e
D 0.978± 0.035 [57, 58]

B(Bc ! ⌧⌫) < 0.1 [59]

R⌫
K(⇤) < 2.7 [60]

C1
Bs

< 2.01⇥ 10�5 TeV�2 [61]

|Re(C1
D)| < 3.57⇥ 10�7 TeV�2 [61]

|Im(C1
D)| < 2.23⇥ 10�8 TeV�2 [61]

g⌧
ge

1.0058± 0.0030 [56]
g⌧
gµ

1.0022± 0.0030 [56]
gµ
ge

1.0036± 0.0028 [56]

�gZ⌧L (�0.11± 0.61)⇥ 10�3 [62]

�gZ⌧R (0.66± 0.65)⇥ 10�3 [62]

�gZµL (0.3± 1.1)⇥ 10�3 [62]

�gZµR (0.2± 1.3)⇥ 10�3 [62]

B(⌧ ! µ�) < 4.4⇥ 10�8 [63]

B(⌧ ! 3µ) < 2.1⇥ 10�8 [63]

TABLE I: Experimental values for the observables used
in the numerical analysis. In case of RD(⇤) , �Cµ

9,10, and
⌧ LFU the relevant correlations are taken into account.

obtains:

V �
us ⌘

q
1� (V �

ud)
2 � |Vub|

2

' V CKM
us

"
1�

✓
V CKM
ud

V CKM
us

◆2

�(µ ! e⌫⌫)

#
, (11)

where V CKM
ud = 0.97420(21) and |Vub|

2
⇡ 10�5 [66] is

negligible. Eventually, a global fit including the standard
EW observables yields the value of �(µ ! e⌫⌫) indicated
at Table I.

IV. PHENOMENOLOGY

Global analysis – With all the observables listed in Ta-
ble I and the expressions for the S1 and �+ contributions
given in Sec. III and in the Appendix, we build a global
likelihood �2 = �2 logL. We find the best-fit point by
minimizing the �2 function and compare it to the value
obtained in the SM.
This analysis prefers large values for the scalar masses

M1 and M�. This can be understood by the fact that
the contributions to b ! sµµ scale as �4/M2, while most
constraints scale as �2/M2, except for Bs-mixing, which
scale with �4/M2. Larger masses, and couplings, allow
thus to better fit the neutral-current B-anomalies and

DM, Sokratis Trifinopoulos 2104.05730

• Good fit of all anomalies 
• Cancellation of approx. 1 part in 3 required to avoid τ→μγ: via λ1Rcµ 
• Large couplings required, due to the large masses needed to avoid meson mixing.

OK R(D(*))OK R(K(*))

OK (g-2)μ

OK CAA
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Conclusions

• Flavor anomalies still require data (and theory) to give us a definitive picture, some could stay, some could go. 

• If any will remain, it will be a revolutionary stepping stone to an unexpected New Physics sector! 
 
                                  We must keep an open mind and explore all possibilities. 

• Exploring combined explanations is a useful exploratory exercise, it allows us to 
 connect B-anomalies with other observables, both at high and low energy. 
          

• Observations or limits from correlated effects in completely different processes 
 will be crucial to understand the underlying UV physics and its flavor structure.

Thank you!
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Backup
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From RK to R(D(*)) anomalies
A large coupling to the τ induces an RG-
enhanced lepton-flavor universal 
contribution proportional to C9u  

Correct size 
obtained with the 
preferred value of 
R(D(*)).

Capdevila et al. 1712.01919, Crivellin et al. 1807.02068

[Gherardi, DM, Venturini 2008.09548]

SM gauge invariance SU(2)L

J
H
E
P
1
1
(
2
0
1
7
)
0
4
4

3. operators containing flavour-blind contractions of the light fields have vanishing Wil-

son coefficients.

We first discuss the consequences of these hypotheses on the structure of the relevant effec-

tive operators and then proceed analysing the experimental constraints on their couplings.

2.1 The effective Lagrangian

According to the first hypothesis listed above, we consider the following effective Lagrangian

at a scale Λ above the electroweak scale

Leff = LSM− 1

v2
λq
ijλ

!
αβ

[
CT (Q̄i

Lγµσ
aQj

L)(L̄
α
Lγ

µσaLβ
L) + CS (Q̄i

LγµQ
j
L)(L̄

α
Lγ

µLβ
L)
]
, (2.1)

where v ≈ 246GeV. For simplicity, the definition of the EFT cutoff scale and the nor-

malisation of the two operators is reabsorbed in the flavour-blind adimensional coefficients

CS and CT .

The flavour structure in eq. (2.1) is contained in the Hermitian matrices λq
ij , λ

!
αβ and

follows from the assumed U(2)q × U(2)! flavour symmetry and its breaking. The flavour

symmetry is defined as follows: the first two generations of left-handed quarks and leptons

transform as doublets under the corresponding U(2) groups, while the third generation

and all the right-handed fermions are singlets. Motivated by the observed pattern of the

quark Yukawa couplings (both mass eigenvalues and mixing matrix), it is further assumed

that the leading breaking terms of this flavour symmetry are two spurion doublets, Vq and

V!, that give rise to the mixing between the third generation and the other two [31, 32].

The normalisation of Vq is conventionally chosen to be Vq ≡ (V ∗
td, V

∗
ts), where Vji denote

the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In the lepton sector we

assume V! ≡ (0, V ∗
τµ) with |Vτµ| % 1. We adopt as reference flavour basis the down-

type quark and charged-lepton mass eigenstate basis, where the SU(2)L structure of the

left-handed fields is

Qi
L =

(
V ∗
jiu

j
L

diL

)
, Lα

L =

(
ναL
%αL

)
. (2.2)

A detailed discussion about the most general flavour structure of the semi-leptonic

operators compatible with the U(2)q×U(2)! flavour symmetry and the assumed symmetry-

breaking terms is presented in appendix A. The main points can be summarised as follows:

1. The factorised flavour structure in eq. (2.1) is not the most general one; however,

it is general enough given that the available data are sensitive only to the flavour-

breaking couplings λq
sb and λ!

µµ (and, to a minor extent, also to λ!
τµ). By construction,

λq
bb = λ!

ττ = 1.

2. The choice of basis in eq. (2.2) to define the U(2)q ×U(2)! singlets (i.e. to define the

“third generation” dominantly coupled to NP) is arbitrary. This ambiguity reflects

itself in the values of λq
sb, λ

!
µµ, and λ!

τµ, that, in absence of a specific basis alignment,

are expected to be

λq
sb = O(|Vcb|) , λ!

τµ = O(|Vτµ|) , λ!
µµ = O(|Vτµ|2) . (2.3)
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Charged-current in muons⇠ gµVts
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Generalising lepton flavour

Λ/√gτ ~ 1 TeV
same hierarchy as

R(D(*))
ge ≪ gµ ≪ gτIf

Required for RK

me ≪ mµ ≪ mτ

Usually UV physics generates both. 
The exception are Z’ models, which 
generate only the singlet

Λ/√gµ ~ 7 TeV
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CKM-like flavor structure
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busy't

TREE LEVEL

I

LEPTOQUARK Z

i e
If Mnp Emc 1704.06005

b r

Xs r

high p tails

TREE LEVEL

UV completions for b→s µ+µ- anomalies
LOOP LEVEL

LFU anomalies from boxes
e.g. Arcadi, Calibbi, Fedele, Mescia 2104.03228

vector U1 or scalar S3

          
Leptoquark        Z’ 

busy't

TREE LEVEL

I

LEPTOQUARK Z

i e
If Mnp Emc 1704.06005

b r

Xs r

high p tails

Top-philic Z’

Kamenik, Soreq, Zupan [1704.06005] 

https://arxiv.org/abs/2104.03228
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Complete one-loop matching to SMEFT
Motivations:
1. finite terms (non logs) of loop contributions are important for 

several observables: 
Meson mixing, magnetic dipole moments, Z couplings, LFV leptonic 
decays, etc.. 

2. Once the matching is performed, a large number of observables can 
be readily evaluated. 

3. It is the first such complete matching for a very rich scenario, many 
operators are induced. 
Useful as cross-check for other techniques that aim to do this more 
automatically.

Crivellin et al. 1912.04224; Saad 2005.04352;

The alternative is to compute on-shell loops for 
each observable, as in:

MatchMaker (diagrammatic approach) [Anastasiou, Carmona, Lazopoulos, Santiago,  in progress], 
methods based on Covariant Derivative Expansion (CDE) 
[Henning, Lu, Murayama ’14, Drozd, Ellis, Quevillion, You, Zhang ’15, ’16, ’17, Fuentes-Martin, Portoles, Ruiz-Femenia]

SMEFT 1-loop RGE
[Alonso, Jenkins, Manohar, Trott ’13]

SMEFT > LEFT matching @1-loop
[Dekens, Stoffer 1908.05295]

LEFT 1-loop RGE
[Jenkins, Manohar, Stoffer 1711.05270]

Other necessary contributions:

V. Gherardi, E. Venturini, D.M. [2003.12525]

https://arxiv.org/abs/2003.12525
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“Green’s Basis” of the SMEFT
When off-shell one-loop diagrams are evaluated, also operators outside of the chosen basis 
(e.g. Warsaw) are generated, which must be reduced to the basis via E.O.M. 
The complete set of independent operators independent upon integration by parts 
(but possibly redundant under EOM), is called “Green's basis”

e� e�

H H

uj ui

qk qk

uj ui

uj

e�
e�

e� e� e�e�

H H H H HH

S1

S1 S1+ +=

Figure 1: Diagrams for the matching of the hēeH
†
Hi Green function.

In order to facilitate result comparisons, we report the matching conditions for general
aev (the other scheme defining coe�cients, bev, cev, etc., of Ref. [35] do not enter in our one-
loop computations). For practical calculations, Ref. [36] recommends aev = bev = · · · = 1,
as in such scheme evanescent operators only a↵ect two-loop anomalous dimensions.

We treat the Higgs mass term m
2
H

†
H as an interaction (both in the SMEFT and

UV theory) and work with a massless Higgs field propagator. By dimensional analysis,
a diagram with internal Higgs lines and n insertions of m

2 is suppressed by a factor
(m2

/M
2)n (where M

2 = M
2
1,3) relative to the same diagram with no insertions. Therefore,

at dimension-six level, mass insertions can be relevant to the matching conditions for
renormalizable operators (see below). However, in the present theory, one-loop diagrams
with internal Higgs lines only give rise to dimension-six operators, so that m

2 does not
contribute to the Green’s basis matching conditions. It does, instead, contribute to the
Warsaw basis matching conditions, where it makes its appearence through the Higgs
EOM, see Eq. (B.1).

As a further check, we have also recomputed the one-loop Green’s basis WCs of pure-
Higgs operators belonging to classes H

4
D

2 and H
6 (see Table 1) within the universal

one-loop e↵ective action (UOLEA) approach [21,22,26], and we find agreement with our
diagrammatic results.

Integrating out the leptoquarks at one loop also generates contributions to SM renor-
malizable operators and, in particular, fermion kinetic terms. Such modifications can be
undone by suitable field and SM coupling redefinitions, which however also introduce ad-
ditional contributions to tree-level generated WCs1. In our case only fermion kinetic terms
(i.e. wave-functions renormalizations) are relevant, as the tree-level WCs in Eq. (2.12) do
not depend on any SM coupling. The one-loop formulas below include the contributions
due to fermion field renormalization.

3.1 Example

In this Section we discuss in some details the matching of a specific Green’s function, in
order to illustrate some of the most relevant aspects of our computation.

1Since field redefinitions arise at one loop in our model, only tree-level WCs are a↵ected. In general, any
tree-level shift in SM couplings and wave-function renormalizations that could influence loop-generated
coe�cients should be taken into account, see e.g. [16].

7

Relevant Green’s basis operators:

Let us consider the o↵-shell Green’s function G ⌘ he�(p1)ē↵(p2)Hb(q1)H†
a
(q2)i, where

all momenta are incoming and a, b are SU(2)L indices. The matching conditions for this
correlator are depicted diagrammatically in Fig.1, where the left and right hand-side show
the EFT and UV contributions, respectively. We briefly comment on the various steps of
this computation.

We begin by listing the various contributions to G, both in the SMEFT and the
leptoquark model. The SMEFT operators which contribute at tree level to G are (c.f.
Table 2 for the notation):

[OHe]↵� = (ē↵�
µ
e�)(H

†
i
 !
D µH) ,

[O0
He

]↵� = (ē↵i
 !
/D e�)(H

†
H) ,

[O00
He

]↵� = (ē↵�
µ
e�)@µ(H

†
H) .

(3.5)

Moreover, we must take into account a one-loop contribution from Oeu, which is
generated at the tree-level in our model according to Eq. (2.12). Since this tree-level WC
is fixed, the matching of G allows us to fix the coe�cients of the operators in (3.5), see the
left-hand side of Fig.1. In the leptoquark model there are two diagrams contributing to G,
both mediated by S1, shown in the right-hand side of Fig.1: a box diagram proportional
to (schematically) yUy

†
U
�
1R

�
1R†, and a triangle diagram proportional to �H1�

1R†
�
1R.

By total momentum conservation, only three out of the four momenta p1, p2, q1, q2

are independent. Writing (p1, p2, q1, q2) = (p � r, �p � r, q + r, �q + r), the tree-level
contributions from the operators in Eq. (3.5) read:

[Gtree
EFT(µM)]↵� = 2/q[GHe(µM)]↵� + 2/p[G0

He
(µM)]↵� � 2i/r[G00

He
(µM)]↵�, (3.6)

where we drop here and below a global �ab factor, and we denote Green’s basis WCs by
Gi. The UV and EFT one-loop contributions are more easily computed when only one of
the independent momenta p, q, r is non-vanishing, and yield respectively:

h
G
1-loop
UV (µM)

iq=r=0

↵�

= �/p
Nc(�1R†

y
T

U
y
⇤
U
�
1R)↵�

(4⇡)22M2
1

+ /p
Nc�H1(�1R†

�
1R)↵�

(4⇡)22M2
1

, (3.7)

h
G
1-loop
UV (µM)

ip=r=0

↵�

= �/q
Nc(�1R†

y
T

U
y
⇤
U
�
1R)↵�

(4⇡)2M2
1

log
�q

2

M
2
1

, (3.8)

h
G
1-loop
UV (µM)

ip=q=0

↵�

= 0 , (3.9)

and
h
G
1-loop
EFT (µM)

iq=r=0

↵�

= 0 , (3.10)

h
G
1-loop
EFT (µM)

ip=r=0

↵�

= /q
Nc(�1R†

y
T

U
y
⇤
U
�
1R)↵�

(4⇡)2M2
1

✓
1 + log

µ
2
M

�q2

◆
, (3.11)

h
G
1-loop
EFT (µM)

ip=q=0

↵�

= 0 , (3.12)

where we employed the tree-level value of [Ceu]
(0)
↵�

given in Eq. (2.12). Notice that the

EFT computation presents an ultraviolet divergence, which we regulate in the MS scheme
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The last two must be rotated to the Warsaw basis:

While the first operators receives contributions also from other ones:

at renormalization scale µM . On the other hand, on the basis of renormalizability, the
UV contribution must be (and is) finite. Finally, both EFT and UV diagrams present an
infrared divergence, corresponding to the log(�q

2) terms in Eqs. (3.8) and (3.11). The
agreement of these two terms, which is guaranteed by the EFT construction, provides a
further check of validity of the computation.

Requiring GEFT(µM) = GUV(µM), we finally obtain the matching conditions:

[GHe(µM)]↵� = �
Nc(�1R†

y
T

U
y
⇤
U
�
1R)↵�

32⇡2M2
1

✓
1 + log

µ
2
M

M
2
1

◆
,

[G0
He

(µM)]↵� = �
Nc(�1R†

y
T

U
y
⇤
U
�
1R)↵�

64⇡2M2
1

+
Nc�H1(�1R†

�
1R)↵�

64⇡2M2
1

,

[G00
He

(µM)]↵� = 0 .

(3.13)

As a cross-check, we observe that the µM dependence of [GHe(µM)]↵� corresponds to the
SMEFT RG running of CHe due to Ceu [32],

(4⇡)2µ
d[CHe]↵�

dµ
= �2Nc[Ceu]↵�ij(y

T

U
y
⇤
U
)ij , (3.14)

once Eq. (2.12) is taken into account.

3.2 One-loop matching conditions in the Warsaw basis

In the following we report the complete one-loop matching conditions of the S1+S3 model
to dimension-six SMEFT operators in the Warsaw basis. Definitions of the operators can
be found in Tables. 1, 2, 3 and 4, while the C

(1)
i

coe�cients are defined as in Eq. (2.11).
For convenience, we make the following definitions:

L1,3 ⌘ ln(
µ
2
M

M
2
1,3

) , (3.15)

h(M1, M3) ⌘
M

4
1 � M

4
3 � 2M2

1M
2
3 log M

2
1

M
2
3

(M2
1 � M

2
3 )3

,

⇡
1

3M2
1

✓
1 � �m +

7

10
�m

2 + O(�m3)

◆
(�m ⌘ M3/M1 � 1) , (3.16)

n(M1, M3) ⌘
M

2
1 � M

2
3 + M

2
3 log M

2
3

M
2
1

(M2
3 � M

2
1 )2

⇡ �
1

2M2
1

✓
1 �

2

3
�m + O(�m2)

◆
, (3.17)

⇤(n)
q ⌘ �

nL⇤
�
nLT

, ⇤(31)
q ⌘ �

3L⇤
�
1LT

, ⇤u ⌘ �
1R⇤

�
1RT

,

⇤(n)
`

⌘ �
nL†

�
nL

, ⇤(31)
`

⌘ �
3L†

�
1L

, ⇤e ⌘ �
1R†

�
1R

,

(3.18)

X
1L
1U ⌘ �

1L†
y
⇤
U
�
1R

, X
1L
1E ⌘ (�1R

y
†
E
�
1L†)T ,

X
3L
1U ⌘ �

3L†
y
⇤
U
�
1R

, X
3L
1E ⌘ (�1R

y
†
E
�
3L†)T ,

X
nL

2F ⌘ �
nL†

y
⇤
F
y
T

F
�
nL

, X
1R
2U ⌘ �

1R†
y
T

U
y
⇤
U
�
1R

,

X
nL

2E ⌘ (�nL
yEy

†
E
�
nL†)T , X

1R
2E ⌘ (�1R

y
†
E
yE�

1R†)T ,

X
1L
3U ⌘ �

1L†
y
⇤
U
y
T

U
y
⇤
U
�
1R

, X
1L
3E ⌘ (�1R

y
†
E
yEy

†
E
�
1L†)T ,

(3.19)

9

Matching conditions in the Green’s basis:

V. Gherardi, E. Venturini, D.M. [2003.12525]

https://arxiv.org/abs/2003.12525
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Table 2: Two-fermion operators in the Green’s basis. Shaded ones are also included in
Warsaw basis. Fermion family indices are omitted.
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Table 1: Bosonic operators in the Green’s basis. Shaded ones are also included in Warsaw
basis.
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Four-quark Four-lepton Semileptonic
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Table 3: Baryon and lepton number conserving four-fermion operators. All operators
are included in Warsaw basis. Fermion family indices are omitted. Indices r, s, p, t, . . .

denote the SU(2)L fundamental representations.

B and L violating
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Table 4: Baryon and lepton number violating four-fermion operators. All operators are
included in Warsaw basis. Fermion family indices are omitted. Indices r, s, p, t, . . . and
a, b, c, . . . denote the SU(2)L and SU(3)c fundamental representations, respectively. C is
the Dirac charge conjugation matrix.
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The grey ones are those already present in the Warsaw basis

https://arxiv.org/abs/2003.12525
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The Threefold Way of LQ Searches at LHC
QCD 
pair-production

single-production

High-pT Drell-Yan

[Diaz, Schmaltz, Zhong 1706.05033, 1810.10017; Dorsner, Greljo 1801.07641]

In order to cover all couplings it is important 
to consider all combinations of different 

lepton & quark combinations in final state!
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Leptoquark searches at CMS and ATLAS

CMS ττbb 1703.03995, 1811.00806 
CMS ττtt 1803.02864  
CMS μμjj & μνjj CMS PAS EXO-17-003 
CMS μμtt 1809.05558 
CMS νν+(jj,bb,tt) 1805.10228

CMS

ATLAS lljj, lνjj 1902.00377 
ATLAS lljj 2006.05872 
ATLAS tt(ee,μμ) 2010.02098 
ATLAS LQ→(tν,bτ) 1902.08103 
ATLAS LQ→(bν,tτ) 2101.12527 
ATLAS ttττ 2101.11582

https://arxiv.org/abs/1703.03995
https://arxiv.org/abs/1811.00806
https://arxiv.org/abs/1803.02864
https://cds.cern.ch/record/2308268
https://arxiv.org/abs/1809.05558
https://arxiv.org/abs/1805.10228
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/LQ.html
https://arxiv.org/abs/1902.00377
https://arxiv.org/abs/2006.05872
https://arxiv.org/abs/2010.02098
https://arxiv.org/abs/1902.08103
https://arxiv.org/abs/2101.12527
https://arxiv.org/abs/2101.11582

