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Trieste

Recent results in Flavour Physics 
- Theory (BSM) -
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SM Flavour Puzzle

- hierarchical fermion masses

(mν ~ 10-11 GeV)

- hierarchical quark mixing matrix

Most of the richness and complexity of the Standard Model is in the Yukawa sector, 
which presents a very peculiar structure:
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SM Flavour Puzzle

- hierarchical fermion masses

(mν ~ 10-11 GeV)

- hierarchical quark mixing matrix

Most of the richness and complexity of the Standard Model is in the Yukawa sector, 
which presents a very peculiar structure:

This puzzle in general doesn't point to a specific New Physics scale for its solutions.

They could be anywhere from near the TeV till up to GUT/Planck.

However, since it must generate this non-trivial flavour structure, it is some 
Flavourful New Physics: 
- non universal 
- flavour changing
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The Standard Model as an EFT
If we are interested in physics at energies E ≪ Λ we can write the low-energy Lagrangian 
as a series expanded in powers of 1/Λ: the Standard Model Effective Field Theory.

E

— Λ

— mEW

UV theory

SMEFT
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The Standard Model as an EFT
If we are interested in physics at energies E ≪ Λ we can write the low-energy Lagrangian 
as a series expanded in powers of 1/Λ: the Standard Model Effective Field Theory.

E

— Λ

— mEW

UV theory

SMEFT At low energies, the effects from higher-dimension 
operators are suppressed by powers of

The SM is just the renormalisable IR remnant of the more fundamental UV theory.

The limited set of operators allowed at d ≤ 4 automatically 
endows the SM with accidental features & symmetries 

(absence of tree-level FCNC and CP-violation, LFU, custodial symmetry, B & Li conservation, massless neutrinos, etc..) 
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The Standard Model as an EFT

We can expect large effects in rare or forbidden processes!

in general violate all the 
accidental symmetries and 
properties of the SM

Precision tests of forbidden or suppressed processes in the SM 
are powerful probes of physics Beyond the Standard Model.

 >> Flavour Physics !  <<

E

— Λ

— mEW

UV theory

SMEFT

Hierarchy problem of 
the EW scale,

Motivated Reasons for a “low” Λ:

Experimental signatures 
of BSM physics (anomalies)Λ ~ TeV
Λ ~ ? (it depends on 

the measurement)

WIMP miracle  
for Dark Matter
Λ ~ 0.1 - O(10) TeV

How BIG or small should Λ be?
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The BSM Flavour Problem
Measuring rare flavour transitions puts strong constraints 
on New Physics with generic flavour structure.
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The BSM Flavour Problem
Measuring rare flavour transitions puts strong constraints 
on New Physics with generic flavour structure.

CKM-like suppression of the ci(6)

Precision tests push Λ to be very high

Bounds on Λ (taking ci(6) = 1) from various processes:

[G. Isidori’s talk @ OpenSymposium ESPPU2026]
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The BSM Flavour Problem
Measuring rare flavour transitions puts strong constraints 
on New Physics with generic flavour structure.

CKM-like suppression of the ci(6)

Precision tests push Λ to be very high

Bounds on Λ (taking ci(6) = 1) from various processes:

[G. Isidori’s talk @ OpenSymposium ESPPU2026]

If New Physics is present at the TeV scale, 
its flavour structure should be constrained  
by some “protecting” principle (symmetry or dynamics): 
the BSM Flavour Problem.

Need: c(6)(Flav. Violating) ≪ 1 !!
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The BSM Flavour Problem
Let us consider the hypothetical case Λ ~ 1 - 10 TeV

• Solutions to the Hierarchy Problem

• Reach of present/future colliders

• Experimental anomalies
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The BSM Flavour Problem
Let us consider the hypothetical case Λ ~ 1 - 10 TeV

• Solutions to the Hierarchy Problem

• Reach of present/future colliders

• Experimental anomalies

With this low scale, flavour-violating operators should be suppressed, e.g. by small CKM elements.

Need some Flavour Protection
Typically, a good flavour structure for a quark-current operator is:

Cabibbo angle

“CKM-like”  

U(2)-like:

MFV-like:
D'Ambrosio et al. ’02

Barbieri et al. ’11,’12 
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Probing New Physics with 
Rare or Forbidden Processes
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Consider a rare low-energy FCNC process in the SM 
Short-distance low-energy EFT coefficient
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Consider a rare low-energy FCNC process in the SM 
Short-distance low-energy EFT coefficient

Let us add a SMEFT contribution:

+

Relative deviation in the short-distance coefficient 
     > i.e. size of the deviation compared to the SM <

Measuring this precisely puts strong constraints on the EFT combination c/Λ2, 
the better the smallest λSM is.

Example:
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For this goal it is crucial to have the smallest possible uncertainty 
on the short-distance contributions:

• Very large statistics

• Small backgrounds and systematics  

• Good control over the SM prediction:

- SM inputs (CKM matrix elements)

- QCD matrix elements (form factors)

- control over the possible long-distance contributions

Exp

TH
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b → c τ ν̅τSemi-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.

Lepton Flavour Universality

B-anomalies in charged current

����
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

SM prediction under control for R(D), 
less so for R(D*), related to Vcb incl/excl tension.
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HFLAV SM Prediction
 0.004±R(D) = 0.296 

 0.005±R(D*) = 0.254 

68% CL contours

total 0.025±R(D) = 0.347 
total 0.012±R(D*) = 0.288 

 = -0.39ρ
) = 41%2χP(

BaBar
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Belle

Average

HFLAV
Spring 2025

Most recent measurement by Belle-II 
confirmed the tension: 3 - 4σ.

Martinelli et al. ’23, ‘24

Martinelli et al ‘23
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Λbcτν ~ 4 TeV

Corresponds to a New Physics scale of

We eagerly wait for more data by Belle-II and LHCb. 
SM predictions will take advantage of larger and more precise datasets!Most recent measurement by Belle-II 

confirmed the tension: 3 - 4σ.

Martinelli et al. ’23, ‘24

Martinelli et al ‘23
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μ vs. e LFU established at ~5% level.

Neutral-current semileptonic B decays
b → s µ+ µ- / b → s e+ e- :  R(K(*))

Alex Marshall @ CKM2025

LHCb
Clean SM prediction (RX = 1), test of LFU between μ and e.



To which NP scale Λ are these measurements sensitive to?

Take this current x current LFUV operator as example

Λbsµµ ≳ 56 TeVif c = 1:

Lower scales require same couplings to electrons and muons.
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Neutral-current semileptonic B decays
b → s µ+ µ- / b → s e+ e- :  R(K(*))

Alex Marshall @ CKM2025

LHCb
Clean SM prediction (RX = 1), test of LFU between μ and e.
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Neutral-current semileptonic B decays
b → s µ+ µ-:  P5’ and Br's
Very significant tension (>4σ) between data and SM prediction in 
angular observables and Br’s of b→sμ+μ- transitions.

LHCb Run1 + Run2
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Neutral-current semileptonic B decays
b → s µ+ µ-:  P5’ and Br's
Very significant tension (>4σ) between data and SM prediction in 
angular observables and Br’s of b→sμ+μ- transitions.

LHCb Run1 + Run2

If it is due to New Physics, it must respect LFU (to give R(K)=1)

Λbsℓℓ ~ 40 TeV
if c = 1:
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Neutral-current semileptonic B decays
b → s µ+ µ-:  P5’ and Br's
Very significant tension (>4σ) between data and SM prediction in 
angular observables and Br’s of b→sμ+μ- transitions.

LHCb Run1 + Run2

However, non-perturbative long-distance QCD dynamics could reproduce the same effect.
Charm-rescattering: effects not accounted for in the SM predictions above.
Ciuchini et al. 2212.10516

Isidori et al. 2405.1755, 2507.17824

Model estimates based on HHChPT estimate impact at 5% to 20% of short-distance.

More data will help in clarifying: allows for check of Q2 dependence of the result 
and more detailed studies.

Rome group 2508.03655 Recent progress towards a lattice calculation!

Q2

If it is due to New Physics, it must respect LFU (to give R(K)=1)

Λbsℓℓ ~ 40 TeV
if c = 1:

https://arxiv.org/abs/2508.03655
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Neutral-current semileptonic B decays
b → s µ+ µ-:  P5’ and Br's

Λbsℓℓ ~ 40 TeV
if c = 1:
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Neutral-current semileptonic B decays
b → s µ+ µ-:  P5’ and Br's

Λbsℓℓ ~ 40 TeV
if c = 1:

An interesting New Physics contribution
Bobeth et al. 1109.1826, Capdevila et al. 1712.01919, Crivellin et al. 1807.02068, 
Alguerò et al. 1903.09578, Cornella et al. 2001.04470, Aebischer, Isidori, et al. 2210.13422, 

→ Related to R(D(*))
→ Induce C9U, R(K)=1

Λbsττ ~ O(4) TeV

(b̅L γµ cL)(ν̅L γµ τL)  ↔  (b̅L γµ sL)(τ̅L γµ τL)
SU(2)L
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Neutral-current semileptonic B decays
b → s µ+ µ-:  P5’ and Br's

Λbsℓℓ ~ 40 TeV
if c = 1:

Algueró et al 2304.07330

SM

Compatible fit between b→sℓℓ, R(K), and R(D(*)).

An interesting New Physics contribution
Bobeth et al. 1109.1826, Capdevila et al. 1712.01919, Crivellin et al. 1807.02068, 
Alguerò et al. 1903.09578, Cornella et al. 2001.04470, Aebischer, Isidori, et al. 2210.13422, 

→ Related to R(D(*))
→ Induce C9U, R(K)=1

Λbsττ ~ O(4) TeV

(b̅L γµ cL)(ν̅L γµ τL)  ↔  (b̅L γµ sL)(τ̅L γµ τL)
SU(2)L
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Rare Semileptonic and Leptonic decays
Let us look at the flavour structure: other rare decays into muons

R(K) Bs→µµ D0→µµKL→µµ KS→µµ

56 TeV 33 TeV 6.9 TeV

Λ

74 TeV 10.7 TeVc = 1

c = cCKM
cCKM =|Vts| cCKM =|Vts| cCKM =|VtdVts| cCKM =i|VtdVts|

c = i

cCKM =|VcbVub|

11 TeV 6.6 TeV 0.086 TeV1.4 TeV 0.2 TeV
CKM-like 

(MFV, U(2),..)

Anarchic 
flavour

2011.09478LHCb ‘23 2210.07221 hep-ph/0311084 LHCb ‘202σ bound on
Bd→µµ

18 TeV

cCKM =|Vtd|

1.6 TeV

PDG 2024

ij
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Let us look at the flavour structure: other rare decays into muons

R(K) Bs→µµ D0→µµKL→µµ KS→µµ

56 TeV 33 TeV 6.9 TeV

Λ

74 TeV 10.7 TeVc = 1

c = cCKM
cCKM =|Vts| cCKM =|Vts| cCKM =|VtdVts| cCKM =i|VtdVts|

c = i

cCKM =|VcbVub|

11 TeV 6.6 TeV 0.086 TeV1.4 TeV 0.2 TeV
CKM-like 

(MFV, U(2),..)

Anarchic 
flavour

2011.09478LHCb ‘23 2210.07221 hep-ph/0311084 LHCb ‘202σ bound on
Bd→µµ

18 TeV

cCKM =|Vtd|

1.6 TeV

PDG 2024

In new physics scenarios with CKM-like flavour structure, 
the strongest constraints in the quark-muon couplings 
come from bsμμ observables.

ij
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Golden-channels of rare decays
s → d ν ν̅

K+ → π+ ν ν̅,    KL → π0 ν ν̅
NA62 (CERN) KOTO (JPARC)

b → s ν ν̅

B → K(*) ν ν̅
BaBar, Belle,  Belle II (JPARC)



15

Golden-channels of rare decays

Precise SM predictions possible due to absence of long-distance QCD effects:  
                                         neutrinos do not couple to the electromagnetic current.

see 1409.4557, 1503.02693, 2109.11032, 2301.06990, …

The SM rate is suppressed by loop and small CKM factors: high sensitivity to New Physics.

Main th. uncertainties due to:

- Hadronic form factors (Lattice QCD)

- CKM matrix elements

Becirevic et al. 2301.06990

s → d ν ν̅

K+ → π+ ν ν̅,    KL → π0 ν ν̅
NA62 (CERN) KOTO (JPARC)

b → s ν ν̅

B → K(*) ν ν̅
BaBar, Belle,  Belle II (JPARC)
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BR(B+ → K+ ν ν̅)SM  =  (0.444 ± 0.030) × 10-5

Becirevic et al. 2301.06990

Belle-II2023:  BR(B+ → K+ ν ν̅)  =  (2.3 ± 0.6) × 10-5

Combination:  BR(B+ → K+ ν ν̅)  =  (1.3 ± 0.4) × 10-5

B → K(*) ν ν̅
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BR(B0 → K*0 ν ν̅)SM  =  (9.05 ± 1.4) × 10-6

Becirevic et al. 2301.06990

BR(B → K* ν ν̅)  <  2.7 × 10-5Belle2017: @ 90%CL
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* Assuming SM to be the central value, also motivated by a small 2σ excess in the K*+ channel.

*
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B → K(*) ν ν̅

(7 TeV)

(7 TeV)(5 TeV)

(5 TeV)

(5 TeV)

(7 TeV)

(7 TeV)

Future Belle II results (in particular from the K* mode) 
will help to clarify the preferred chiral structure.

DM, M. Nardecchia, A. Stanzione, C. Toni [2404.06533]

Assuming only NP in tau

Λbsνν ~ 7 TeV

The limits from R(K) and 
Bs→μμ disfavour 
interpretations with electron 
or muon neutrinos
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NA622024:

BR(K+ → π+ ν ν̅)SM  =  (8.09 ± 0.63) × 10-11

Allwicher et al. [2410.21444] (see also Buras et al. 1503.02693, 2109.11032, etc..)

KOTO2021:
BR(KL → π0 ν ν̅)  <  4.9 × 10-9 @ 90%CL

BR(KL → π0 ν ν̅)SM  =  (2.58 ± 0.30) × 10-11

K+ → π+ ν ν̅,    KL → π0 ν ν̅

NA62 (CERN) KOTO (JPARC)

Derived by combining exclusive and 
inclusive determinations.

|Vcb| =  (41.37 ± 0.81) × 10-3

[2410.21444]

[2310.20324, 2406.10074]

Allwicher et al. [2410.21444]
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(71 TeV)(100 TeV)(100 TeV)(50 TeV)

[my fit]

1σ

2σ

3σ

The slight ~1.7σ excess 
points to new physics scales

Λsdνν ~ 100TeV
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Neutral-current

∼2σ

Is a picture emerging from data?
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Assuming a 
CKM-like 
structure

The physics scales become compatible!

Neutral-current

∼2σ

Is a picture emerging from data?
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Assuming a 
CKM-like 
structure

The physics scales become compatible!

Neutral-current
SU(2)L

The precise correlation is model-dependent

Charged-current

b→sℓℓ

∼2σ

Is a picture emerging from data?
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Assuming a 
CKM-like 
structure

The physics scales become compatible!

Neutral-current
SU(2)L

The precise correlation is model-dependent

Charged-current

b→sℓℓ

All the deviations 
are compatible 
with a U(2)-like 
flavour structure.
See Allwicher et al. [2410.21444]

(c ~ 3 Vcb)

∼2σ

Is a picture emerging from data?
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Is a picture emerging from data?

Leptoquark?

LHCb, Belle-II

LHCb

Belle-II

NA62, KOTO-II

ATLAS, CMS LEP (FCCee)
Z→ττ, νν

3-4 σ

>4 σ 
SM?

<2 σ

2 σ
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Conclusions
Many of the peculiar aspects of the Standard Model are tested in Flavour Physics: 
conservation rules, forbidden processes, suppressed rates, etc. 
This provides a large number of very powerful probes of New Physics.


New Physics scales of O(100) TeV are tested in rare decays. 
 
This scale goes down to ~O(TeV) if a CKM-like flavour structure (MFV, U(2), ..) is assumed. 

A number of interesting (but mild) deviations from the SM point to a similar NP scale Λ ~ 1.5 TeV, 
for a CKM-like quark flavour structure and coupling mainly to 3rd gen. quarks and leptons. 
 
While all these results are still very fluid and could change in the future, this compatibility is interesting.

 
UV models explaining these anomalies could be related to the SM flavor puzzle  
and the EW hierarchy problem.

Looking forward to future results!
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Backup
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U(2)5 flavour symmetry
In first approximation only the 
3rd generation couples to the Higgs

In this case the SM enjoys a U(2)5 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
See also Fuentes-Martin, Isidori, Pagès, Yamamoto [1909.02519] κq ~ O(1)

,  Vℓ ≪ 1
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Allwicher et al. [2410.21444]

Minimal U(2)q: κ = 1.

U(2)5 flavour symmetry and data


