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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

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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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
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            + CKM suppressed
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• Angular distributions in B → K*µµ 
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Compilation of “clean” observables

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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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

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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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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EFT interpretation and tops
Low-Energy EFT (LEFT)The mediator’s mass should be 

MX ≳ 10 GeV to not disrupt the 
shape of the q2 distributions.
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the same scale of ~ 37 TeV.
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EFT interpretation and tops
Low-Energy EFT (LEFT)

SMEFTIf the mediator is above the EW scale:

down-quark 
mass basis

The mediator’s mass should be 
MX ≳ 10 GeV to not disrupt the 

shape of the q2 distributions.

Depending on the specific UV 
completion (combination of singlet 

and triplet operators), a 
combination of these two operators 
is induced by SU(2)L invariance with 

the same scale of ~ 37 TeV.

FCNC top decays 
t → c µ̅ µ, c ν̅ ν 

Br ~ 10-12 
Not observable
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vector U1 or scalar S3

A TeV scale LQ 
small couplings 

no issues from flavour

S3 → t μ,  t ν,  b τ,  b ν

Decay channels involving 
top quark are important 
for direct searches at LHC

2008.09548

         Leptoquark        Z’ 

https://arxiv.org/abs/2104.03228


6

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
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vector U1 or scalar S3

A TeV scale LQ 
small couplings 

no issues from flavour

S3 → t μ,  t ν,  b τ,  b ν

Decay channels involving 
top quark are important 
for direct searches at LHC

2008.09548

         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’

pp → t t̅ Z’ 
pp → j Z’ 
pp → Z Z’

Kamenik, Soreq, Zupan [1704.06005] 

Z’ → µ µ̅,  ν ν̅,  t t̅,  b b̅
Similar Br to muons and tops

Production & decay

https://arxiv.org/abs/2104.03228
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Charged-current B-anomalies b → c τ ν  vs.  b → c ℓ ν
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Charged-current B-anomalies b → c τ ν  vs.  b → c ℓ ν

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

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.

����
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
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Charged-current interaction: tree-level effect 
in the SM, with mild CKM suppression
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• 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
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Tree-level SM process with Vcb suppression.
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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
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New Physics interpretations (LEFT):
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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
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Let us entertain the possibility that the 4.2σ deviation is real. 
New physics contribution arises via the dipole operator:
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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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Towards NP interpretations of R(D(*))
Charged-current 
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low EFT scale
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Ccbτν ~  (4 TeV)-2

Required tree-level mediator. 
Only viable ones are leptoquarks.

MX ≳ 1 TeV (QCD pair-production limits)

Starting 
from 

R(D(*))
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1

Ccbτν ~  (4 TeV)-2

Required tree-level mediator. 
Only viable ones are leptoquarks.

MX ≳ 1 TeV (QCD pair-production limits)

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…

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

Meson mixing 
B → K(*) νν 

Z → τ τ 
pp  → τ τ

Given the low scale, 
several observables 
strongly constrain 

possible UV completions. 

Most relevant:

Starting 
from 

R(D(*))

https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548
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U1 vector leptoquark

Couplings to 3rd generation are typically largest

Leading Br
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U1 vector leptoquark

Couplings to 3rd generation are typically largest

Leading Br

Can mediate bL → sL μL μL  
with smaller couplings

Cannot mediate also (g-2)μ
- required also sizeable coupling to bR μR 
- Excluded by Bs → μ μ



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

- Potential UV completions in a Composite Higgs Models scenario, 
interesting for the potential connection to the EW hierarchy problem. 

- Can address the muon (g-2).

[D.M. 1803.10972]

11

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…

V. Gherardi, E. Venturini, D.M. [2003.12525] 
V. Gherardi, E. Venturini, D.M. [2008.09548] 
S. Trifinopoulos, E. Venturini, D.M. [2106.15630]

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
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548
https://arxiv.org/abs/2106.15630


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

- Potential UV completions in a Composite Higgs Models scenario, 
interesting for the potential connection to the EW hierarchy problem. 

- Can address the muon (g-2).

[D.M. 1803.10972]
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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…

V. Gherardi, E. Venturini, D.M. [2003.12525] 
V. Gherardi, E. Venturini, D.M. [2008.09548] 
S. Trifinopoulos, E. Venturini, D.M. [2106.15630]

The combination of the two scalars can address both anomalies. 

If the S1 coupling to RH fermions is allowed, 
also a solution to (g-2)µ is possible.

MS1,3 ~ 1 TeV

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
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548
https://arxiv.org/abs/2106.15630
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S1+S3: R(K(*)) + R(D(*)) + (g-2)μ

�μ(�σ)

τ→μγ

|�μ/��|

��
μ/�

��%��
��%��
��%��

��=��=����

����� ��+��(���)

��� ��� ��� ��� ��� ��� ��� ���

����

����

����

����

����

����

λ�μ
� �

λ�μ
� �

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(*))10 active couplings

(g-2)µ

A very good fit of all three 
classes of anomalies can be 
achieved, 
while being consistent with all 
phenomenological bounds.

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

https://arxiv.org/abs/2008.09548
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Implications for top physics - top decays
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Implications for top physics - top decays
Solutions addressing R(D(*)) only via LH couplings contribute to CC top 

decays

with a typical  size of O(few %) of the SM amplitude:  Ctbτν ~ (2TeV)-2
Buttazzo, Greljo, Isidori, DM 1706.07808

BrBSM  ~ 10-7
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Implications for top physics - top decays
Solutions addressing R(D(*)) only via LH couplings contribute to CC top 

decays

with a typical  size of O(few %) of the SM amplitude:  Ctbτν ~ (2TeV)-2
Buttazzo, Greljo, Isidori, DM 1706.07808

BrBSM  ~ 10-7

FCNC top 
decays

Solutions addressing R(D(*)) via mixed LH and RH interactions, such 
as via S1 and R2 leptoquarks, also require a sizeable coupling to cR.

Directly correlated with R(D(*))

BrFCNC  ~ 10-7
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Implications for top physics - decays to top
In direct searches (pair-production and single-production) 
decays to tops are typically with large Br and complementary to b quark.

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

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
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
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Conclusions
• Flavor anomalies still require data (and theory) to give us a definitive picture. 

Experimental updates are expected in within the next few years, that could clarify the situation. 

• Expectations are high, as this could potentially be our threshold to an unexpected New Physics sector! 
 
                                               From B-anomalies to top quarks 

• While in most models NP has sizeable couplings to top quark, 
effects in top decays are expected to be very small, due to the large scale of NP. 

• In top-philic Z’ models (for NC B-anomalies) associated production of Z’ with t t ̅could have a large cross 
section. 

• Top quarks play instead a major role as final states of leptoquark searches, crucial to discovery or putting 
limits. Thank you!
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Backup
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Hints of a connection:  RK  &  R(D(*))

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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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

SU(2)L

Lepton-Flavor Universal and vector-like 
contribution to bL sL μ μ. (coeff. C9U)

A small contribution to C9U is preferred by the fits (<2σ)
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S1+S3 leptoquarks - global analysis
Using the complete one-loop matching to 
SMEFT, we include in our analysis all 
these 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] 
S. Trifinopoulos, E. Venturini, D.M. [2106.15630]

https://arxiv.org/abs/2008.09548
https://arxiv.org/abs/2106.15630
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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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Fundamental Composite model for LQs + Higgs
[D.M. 1803.10972]

Natural mass splitting between 
pseudo-Goldstone bosons & the other resonances. 

Like between pions and ρ mesons in QCD.

-  Higgs

M

-  Λ ~ gρ f ~ 10 TeV
other resonances

-  f ~ 1 TeV

- mpNGB ~ 1.5 TeV
Flavor-mediators

Gap

Scalar LQ as pseudo-Goldstone boson

• a pair of scalar leptoquarks, S1 = (3̄,1, 1/3) and S3 = (3̄,3, 1/3),

where I show the representation under the SM gauge group GSM = SU(3)c ⇥ SU(2)w ⇥

U(1)Y .
Going beyond simplified models, embedding these leptoquarks (LQ) in a more com-

plete theory can o↵er further insight and new correlations with di↵erent observables, such
as direct searches of other particles predicted by the UV theory. A first observation to be
made when thinking about possible UV realisations is that the mass scale of the lepto-
quarks required to fit the B-physics anomalies is close to ⇠ 1 TeV, which corresponds also
to the scale where new physics related to the electroweak hierarchy problem is supposed
to be. This coincidence of scales is a strong motivation to look for UV theories which
address both issues in a coherent manner.

Some examples of embedding the vector LQ Uµ
1 in a more complete theory have

been presented in the literature. For example, it can be recognised as one of the heavy
gauge bosons in Pati-Salam unification, or variations thereof [46–50]. In these scenar-
ios, however, the naturalness problem remains unaddressed. Alternatively, Uµ

1 could
arise as a composite vector resonance of a new strongly coupled sector lying at the TeV
scale [33, 51, 52], from which also the Higgs boson arises as a pseudo-Nambu-Goldstone
boson (pNGB), as in composite Higgs models. In all these scenarios other states, such as
neutral or color-octet vectors, are necessarily present with a mass close to the LQ one.
They usually generate undesired too large e↵ects in �F = 2 processes and direct searches,
inducing some tension in the models. The problem can be summarised as the fact that
the mass scale of the other resonances contributing significantly to flavour is naturally at
the same scale as the vector LQ: mV LQ ⇠ ⇤.

The scalar leptoquarks S1 and S3, on the other hand, can be naturally lighter than
the other states in the theory if they arise as pNGB of some spontaneously broken global
symmetry of a new strongly coupled sector:

mSLQ ⌧ ⇤ . (1.1)

This splitting naturally explains why the e↵ects of the scalar leptoquarks in flavour ob-
servables are the leading ones. This idea was explored in Refs. [53,54] in an e↵ective field
theory (EFT) approach, where however only the neutral-current anomalies were consid-
ered. In such a setup it is natural to consider also the Higgs boson as a pNGB of the same
dynamics, thereby realising a composite Higgs model [55,56] and addressing the natural-
ness problem of the electroweak scale. The S1 and S3 LQs have already been considered,
also separately, as possible mediators for either the neutral- or charged-current anomalies
(or both) in Refs. [24, 28, 31, 34,37, 38,45,53,54, 57–60].

Following this route, in this work I present a natural model able to address at the same
time both the charged- and neutral-current B-physics anomalies via the exchange of the
S1 and S3 scalar leptoquarks. They arise as pNGB, together with the Higgs boson, from
a new strongly coupled sector at the ⇠ 10 TeV scale. Rather than employing an EFT-like
approach, in order to be more predictive and to provide a more realistic and UV-complete
setup I also specify the strong dynamics as a four-dimensional fermionic confining gauge
theory [61–69]. This puts strong constraints on the viable global symmetry-breaking
patterns, therefore on the low-energy chiral Lagrangian.

4

2 An explicit model

Point 6 of the list above suggests to consider the case of complex representations. This
also has the advantage that, introducing vectorlike fermions, the model is automatically
safe from anomalies. The Higgs sector of this model has already been studied in [6].

As sketched already in [1], and in analogy with [7], we add a new non-abelian gauge
group GHC = SU(NHC), assumed to confine at a scale ⇤HC ⇠ 10 TeV, and a vectorlike
set of fermions in the fundamental of this new gauge group and charged under the SM
group as well. In particular, the extra matter content considered in this work is classified
in the following representations under SU(NHC)⇥ SU(3)c ⇥ SU(2)w ⇥ U(1)Y :

 L = (NHC,1,2)YL
,  Q = (NHC,3,2)YL� 1

3
,

 N = (NHC,1,1)YL+
1
2
,

 E = (NHC,1,1)YL� 1
2
,

(1)

where we use the Dirac notation for the fermions. The kinetic term of the Lagrangian for
the theory above ⇤HC reads

LHC = �
1

4

X

X=HC,c,w,Y

FX
µ⌫F

Xµ⌫ +
X

j=L,N,E,Q

 ̄ji�
µDµ j , (2)

whereDµ = @µ�igHCtaAa
µ�i

P
x2c,w,Y gSMx tx

SM
ASM,x

µ and ta are the generators of SU(NHC)
in the fundamental representation while tx

SM
are the generators of the SM gauge groups.

To this Lagrangian one should also add the ✓ terms for QCD and for the HC group. The
former experimentally has to be very small while the latter might induce new sources
of CP violation and might also address the strong CP problem [8]. We will not pursue
further this point in the following.

As will be clear below, the fields  L,  N , and  E are required in order to have a Higgs
as a pNGB, after the theory condenses, as well as custodial symmetry. This setup as a
fundamental composite Higgs model was studied in Ref. [6] and is the minimal one for
a theory with HC fermions in a complex representation of GHC . Finally, the field  Q is
required in order to have also the scalar leptoquarks S1 and S3 as pNGBs.1 Even though
an extension of the matter content in Eq. (1) to a complete copy of the SM multiplets is
tempting, for the sake of minimality we will keep only the strictly necessary fields, as well
as leaving YL free.

Since we need the HC gauge interaction to confine at the scale ⇤HC , we should require
it to be asymptotically free in the ultraviolet. In App. B we show that, with the field
content in Eq. (1), this is true for any NHC � 2. Also, we show that, depending on YL

1Note that another solution, with same number of flavors, could be obtained by substituting  Q with:
 U = (NHC,3,1)YU +  T = (NHC,1,3)YU+ 1

3
, in which case the LQs are given by S3 ⇠ ( ̄U T ),

S1 ⇠ ( ̄U E,N ). In the following we will consider only the case described in the main text, since it is
more minimal in the sense of requiring less representations.
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Gauge group: Extra Dirac fermions:

SU(NHC) confines at ΛHC ~ 10 TeV

"HyperColor"

  f  ~ 1TeV

Approximate global symmetry, spontaneously broken (as chiral symm. in QCD)

G = SU(10)L × SU(10)R × U(1)V H = SU(10)V × U(1)V

SU(NHC) SU(3)c SU(2)w U(1)Y
 L NHC 1 2 YL

 N NHC 1 1 YL + 1/2
 E NHC 1 1 YL � 1/2
 Q NHC 3 2 YL � 1/3

Table 1: Extra Dirac fermions charged under the hypercolor SU(NHC) gauge group. YL is a
free parameter.

The structure of the paper is as follows. In Section 2 I introduce the specific fun-
damental Composite Higgs model, its global symmetries and the low-energy pNGB field
content, which includes two Higgs doublets and the two scalar LQ among other fields.
In Section 3 I discuss the way by which elementary fermions couple to the composite
sector, thereby generating the Higgs Yukawa and leptoquark couplings. These couplings,
together with SM gauge interactions and fermion masses break explicitly the global sym-
metry of the strong sector. This generates a scalar potential for the pNGB, which is
studied in Section 4. This potential is responsible for the Higgs non-vanishing vacuum ex-
pectation value (vev) and for electroweak symmetry breaking (EWSB), Section 4.4. The
flavour phenomenology arising from the LQ couplings to fermions, including the fit to
the B-physics anomalies, is studied in Section 5. The most interesting collider signatures,
as well as the present limits from direct searches, are presented in Section 6. Finally, I
conclude in Section 7.

2 A fundamental Composite Higgs Model

The naturalness problem of the electroweak scale can be solved by assuming that the Higgs
boson is a composite state of a new strong dynamics at a scale ⇤ ⇠ TeV. Furthermore,
the splitting mh ⌧ ⇤, required by phenomenological constraints, can be naturally realised
if the Higgs arises as a pseudo Nambu-Goldstone boson from the spontaneous breaking
of an (approximate) global symmetry of the strong dynamics [55,56], in close analogy to
the pions in QCD.

Extending this idea to include the scalar leptoquarks S1 and S3, I construct a fermionic
fundamental description of a composite model, from which both the scalar LQ and the
Higgs arise as pNGBs. See App. A for a general discussion on the requirements such a
UV setup should satisfy.

2.1 The explicit model

As sketched already in Ref. [45], and in analogy with Refs. [27, 67, 68], I add a new non-
abelian gauge group GHC = SU(NHC), assumed to confine at a scale ⇤HC ⇠ 10 TeV, and
a vectorlike set of fermions in the fundamental (and anti-fundamental) representation of
this new gauge group and charged under the SM group as well. The extra matter content
considered in this work, classified in representations of SU(NHC) ⇥ SU(3)c ⇥ SU(2)w ⇥

U(1)Y , is shown in Table 1. The kinetic term of the Lagrangian for the theory above ⇤HC
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Singlet and Triplet LQ:        S1 ~ (3,1)-1/3   +   S1 ~ (3,3)-1/3

Two Higgs doublets:        HSM ,  H̃2   ~ (1,2)1/2

Many states are present at the TeV scale as pseudo-Goldstones, including

Coupling with SM fermions from 4-Fermi operators

L4�Fermi ⇠
c  

⇤2
t

 ̄SM SM ̄ 
E.⇤HC�! ⇠ y �  ̄SM SM �+ . . . (1)

⇤t & ⇤HC (2)

�B(B ! K
⇤
⌫⌫) / (3)

LBSM =
2c

⇤2
(c̄L�µbL)(⌧̄L�

µ
⌫⌧ ) + h.c. (4)

1

⇤2
bsµ

=
�
q

bs

⇤2
qqµ

(5)

Cbsµ

v2
=
�
q

bs

v2
Cqµ (6)

1

⇤2
bsµ

(s̄L�µbL)(µ̄L�
µ
µL) (7)

�
µ

bs
⌧ 1 ⇤qqµ ⌧ ⇤bsµ Cbsµ =

v
2

⇤2
bsµ

(8)

1

⇤2
qqµ

⇥
�
q

bs
(s̄L�µbL) + (q̄L�µqL)

⇤
(µ̄L�

µ
µL) (9)

L � ci

⇤2
(s̄L�

↵
bL)(µ̄L�↵µL) + h.c. (10)

�C
µ

9 = ��C
µ

10 = �0.61± 0.12 (11)

R(K(⇤)) =
B(B ! K

(⇤)
µ
+
µ
�)

B(B ! K(⇤)e+e�)
(12)

�1,s⌧ ⇠ ��3,s⌧ ⇠ (few)⇥ Vcb (13)

(CT + CS)�bs(b̄L�µsL)(⌧̄L�
µ
⌧L) (14)

(CT � CS)�bs(b̄L�µsL)(⌫̄⌧�
µ
⌫⌧ ) (15)

⇠ 3y2t
16⇡2

log
M

2
X

m
2
t

CT

v2
(H†

�
a
i

$
Dµ H)(L̄3

L�
µ
�
a
L
3
L) (16)

� CT

v2
(Q̄3

L�µ�
a
Q

3
L)(L̄

3
L�

µ
�
a
L
3
L) (17)

� CT

v2
�
q

bs
(Q̄3

L�µ�
a
Q

2
L)(L̄

3
L�

µ
�
a
L
3
L) (18)

CT ⇠ g
2
X

v
2

M
2
X

(19)

Q
3
L = (V ⇤

tb
tL + V

⇤
cb
cL + V

⇤
ub
uL, bL)

T
(20)

R
D(⇤) ⌘ R(D(⇤))/R(D(⇤))SM = 1.234± 0.052 (21)

1

Yukawas & 
LQ couplings

+ approximate SU(2)5 flavor symmetry to protect from unwanted flavor violation

https://arxiv.org/abs/1803.10972

