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Physics beyond the Standard Model

‣Dark Matter (26%) 

‣Dark Energy (69%) 

‣Matter-antimatter asymmetry 

‣Anomalies in experimental data

‣Neutrino masses 

‣Strong CP problem 

‣Vacuum metastability 

‣NP flavour puzzle

‣Gravity 

‣Hierarchy problem 

‣SM flavour puzzle 

‣Family replication …
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C.Biscari, EPS-HEP 2009

Experimental Searches
Direct Searches

Indirect Searches

‣energy frontier  
‣almost model independent 

‣probe mNP < Ecollider

‣precision (intensity) frontier 
‣model dependent 

‣probe very large mNP

CERN的大型强子对撞机(LHC, 14TeV)Fermilab的Tevatron (1983-2011, 2TeV)

上⼀代对撞机(1983-2011) 当前的对撞机

7⽉5⽇，ATLAS探测器中的1个 对撞事例pp
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Experimental Searches
Direct Searches

Indirect Searches

‣energy frontier  
‣almost model independent 

‣probe mNP < Ecollider

‣precision (intensity) frontier 
‣model dependent 

‣probe very large  
‣flavour physics

mNP

美国斯坦福直线加速器上的BaBar (1999-2008)

日本高能加速器上的Belle (1999-2010)

位于日本的超级B工厂

‣共产⽣约  事例 

‣证实了SM中CP破缺的KM机制

109BB̄

LHC上的LHCb实验

上⼀代对撞机 当前的对撞机

C.Biscari, EPS-HEP 2009
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Flavour Physics as a Probe of New Physics
‣Flavour universal 
‣couplings  in flavour space


‣example: strong and electromagnetic interactions

‣consequence of gauge invariance


‣Flavour diagonal 
‣couplings  (diagonal, but not necessarily universal)


‣example: Yukawa interactions


‣Flavour violation (changing) 
‣couplings involve different quarks


‣no flavour violation in lepton sector ( )


‣example:  interactions in quark section


‣Flavour Changing Neutral Current (FCNC) 
‣absent at the tree-level

‣arise at the one-loop, but suppressed by GIM mechanism


‣Why flavour physics 
‣New physics  events at BaBar and Belle

‣structure of CKM and mass

‣CP violation

‣strong interaction

∝ δij

∝ λiδij

mν = 0
W±

⟸ $(109) BB̄

flavour universal flavour diagonal flavour violated

   CKM matrix 
‣Cabibbo–Kobayashi–Maskawa matrix


‣3 mixing angules and 1 CP phase

‣CP violation in the Standard Model

not enough to explain the baryon asymmetry in our universe

new CP violation sources

penguin  
diagramno evidence of NP 

but, anomalies

experimental status

> 5 σ
2 ∼ 4 σ 7
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Current Flavour-Physics Measurements

Fig. 5.1: List of flavour-changing processes in the quark and lepton sector most relevant for
constraining physics beyond the SM. The first column indicates the generations of quarks (nq)
and leptons (n`) involved in the specific processes listed in the corresponding row. Transitions
in the upper part of the table can be accessed in large-scale multi-purpose experiments, while
those in the last two lines can best be probed in dedicated facilities (K, p , µ beams). The
quantity Rab(e/µ) denotes the electron/muon LFU ratio in the transition a ! b, while M $ M̄
denotes the meson–anti-meson mixing amplitude of the meson M.

plings predicted by the SM. These ratios are predicted with high precision in the SM and
are sensitive to NP effects with non-universal couplings between the different (lepton)
generations.

Ultimate determination of CKM elements: While not directly sensitive to NP, a precise de-
termination of the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix is a pre-requisite
to make precise SM predictions to rare processes, in particular meson mixing and FCNCs.

Together, these classes of processes provide a comprehensive and highly sensitive test of the
flavour structure of NP. The full set of relevant charged-current and neutral-current processes,
in both the quark and lepton sectors, is summarised in Fig. 5.1. Note that each process is
characterised by different quantities (e.g. exclusive and inclusive rates, angular observables,
etc.). While not all of these observables are experimentally accessible and/or theoretically clean,
there are more than a hundred which are relevant.

In Fig. 5.1 we also provide, via the coloured symbols, a rough indication of the expected
improvement in precision for some of the processes at existing and future large-scale facilities
(see classification below). This is a only qualitative indication, that will be substantiated in
detail in Sect. 5.4. The impact of this improvement for NP searches, together with that expected
from small-scale facilities (cf. Sect. 5.3), is discussed in Sect. 5.5.

62

many measurements

CERN-ESU-2025-001 (Input for ESPP 2026)
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many measurements

CERN-ESU-2025-001 (Input for ESPP 2026)

 
 

Br(B → Kνν̄)
Br(B → K*νν̄)

 
 

Br(B → Kμ+μ−)
AFB(B → K*μ+μ−)

 
relative uncertainty = 0.03%
Δms = 17.765 ± 0.006 ps−1
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few anomaliesCurrent Flavour-Physics Measurements
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see also Liang Sun’s talk
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‣LEFT/WET/Effective Hamiltonian 

‣New Physics scale  is assumed Λ ≫ mb

11

Low-energy Effective Field Theory
SU(3)C ⊗ U(1)em

Buchalla, Buras, Lautenbacher, RMP 1996
Jenkins, Manohar, Stoffer, JHEP 2018 

Almost all the flavour experimental measurements 
(consistent with SM, or not) can be described by 
these operators model-independently.

<latexit sha1_base64="mQu+5AcnUHsmJ85xqRzwJGnuXQk="></latexit>

Le↵ = LQCD+QED +
X

d>4

1

⇤d�4

X

i

C
(d)
i O

(d)
i
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‣SMEFT 

‣New Physics scale  is assumed 

‣At dim=6: 59 operators (without flavour) 

‣Largely model-independent parameterization of NP 

Λ ≫ μEW

Standard Model Effective Field Theory

μb

μEW

μNP
Buchmuller, Wyler, NPB 1986 
Grzadkowski, Iskrzynski, Misiak, Rosiek, JHEP 2010

Introduction

• With some minimal assumptions about the UV, the IR effects of new physics can be parameterized via the  
SMEFT Lagrangian:

• What is not Flavour in the SMEFT? To dimension 6 (2499 operators assuming B and L conservation)

Low Energy observables:

Parity Violation: QW (
133
55 Cs, 205

81 Tl), QW (e)(Møller)

⌫ scatt. : gV,A(⌫µe), g2
L,R

(⌫µN)

CKM unitarity :
P

i
|Vui|2

LEP 2 data:

�(e+e� ! `+`�, had), A`
+
`
�

FB
, d�

e+e�!e+e�

d cos ✓

Higgs signal strengths:

H ! ��, ZZ, W+W�, bb̄, ⌧+⌧�

LHC Drell-Yan
�(pp ! `+`�)

3 E↵ective Lagrangian description of New Physics:

Equations
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February 16, 2018

EFT analyses with FCC precision

J. de Blasa†

aINFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Rome, Italy

Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.
EFT: E↵ects suppressed by �

q

⇤

�d�4

q = v, E < ⇤

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10
�4

(10
�6

)

�Z [GeV] 10
�4

(4 ⇥ 10
�5

)

�
0
had [nb] 5⇥10

�3
(10

�4
)

Re 0.006 (3 ⇥ 10
�4

)

Rµ 0.001 (5 ⇥ 10
�4

)

R⌧ 0.002 (10
�4

)

Rb 0.00006 (3 ⇥ 10
�4

)

Rc 0.00026 (15 ⇥ 10
�4

)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.

†E-mail: Jorge.DeBlasMateo@roma1.infn.it
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June 20, 2025

LaTeX materials for 2025 talks on SMEFT fits at future
colliders

J. de Blasa†

aCAFPE and Departamento de F́ısica Teórica y del Cosmos, Universidad de Granada,
Campus de Fuentenueva, E–18071 Granada, Spain

Abstract
LaTeX materials.

1 Standard Model E↵ective Field Thoery

U(2)qL ⇥ U(2)uR
⇥ U(2)dR

⇥ U(1)Le
⇥ U(1)Lµ

⇥ U(1)L⌧

 � LUV(?)

E ⌧ ⇤

U(2)5 = U(2)qL ⇥ U(2)uR
⇥ U(2)dR

⇥ U(2)lL ⇥ U(2)eR

SU(3)⇥ SU(2)⇥ U(1)

�, V a

µ
, i

L
, f i

R

�, V a

µ
,

 i

L
, f i

R

L = LSM + LNP + LNP�SM

L = LEFT(� LSM)

L
(d=6)
SMEFT = LSM +

P
i

Ci

⇤2Oi

Kappa-n = {Z,W ,g,�,Z�,t,b,c,s,⌧ ,µ,BRinv,BRunt}

†E-mail: deblasm@ugr.es
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µ
eR) Oee
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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µ
eR) Oee
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ūR�µuR) (ūR�
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µ
uR) Oeu (ēR�µeR)
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(ēR�µeR) (ēR�
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(ēR�µeR) (ēR�
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ūR�µuR) (ūR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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(ēR�µeR) (ūR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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Flavour anomalies: New Physics interpretation

μb

μEW

μNP

LEFT

SMEFT

matching

???
matching

1709.04486, Jenkins, Manohar, Stoffer


RMP 1996, Buchalla, Buras, Lautenbacher

1908.05295, Dekens, Stoffer


2410.13304, Haisch, Schnell, [four fermion]

method: Feynman diagram(1, 2L), functional method(1L)

RMP 1996, Buchalla, Buras, Lautenbacher

1711.05270, Jenkins, Manohar, Stoffer


2501.08384, Aebischer, Morell, Pesut, Virto, [four-fermion]

2505.03871, 2507.08926, Naterop, Stoffer, [full (without 2xdim-5 insertion) ]

all by Feynman diagram

RGE in LEFT

Matching between LEFT and SMEFT
tree-level: 

one-level: 

two-level:

one-level: 

two-level:
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Flavour anomalies: New Physics interpretation

μb

μEW

μNP

LEFT

SMEFT

matching

???
matching

1308.2627,1310.4838, 1312.2014, Jenkins, Manohar, Trott


2308.06315, 2310.19883, Jenkins, Manohar, Naterop, Pagès [scalar]

2410.07320, Born, Fuentes-Martín, Kvedaraite, Thomsen [boson]

2510.08682, Banik, Crivellin, Naterop, Stoffer [BNV]

2601.19974, (LHC EFT Working Group meeting 2025), Born, Fuentes-Martin, Thomsen [BNC]

method: Feynman diagram(1L), functional method(1, 2L)

RGE in SMEFT

UV/IR dictionary

one-level: 

two-level:

1711.10391, de Blas, Criado, Perez-Victoria, Santiago


2303.16965, Guedes, Olgoso, Santiago

2412.14253, Guedes, Olgoso [one-loop (without vector)]

tree-level: 

one-level:

https://indico.cern.ch/event/1543731/overview
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off-shell matching: 1LPI diagram  Green’s basis  physical basis (e.g., Warsaw’s basis)  
on-shell matching: all diagram (light-bridge diagram)  physical basis

⟹ ⟹
⟹

EFT technology
diagrammatic method
2410.13304, Haisch and L. Schnell, two-loop LEFT-SMEFT matching, four fermion

2501.08384, Aebischer, Morell, Pesut, Virto, two-loop RGE in LEFT, four-fermion

2411.12798, Chala, Miras, Santiago, Vilches, on-shell matching

on-shell method

RGE, matching

2005.12917, Bern, Parra-Martinez, Sawyer, part of two-loop RGE in SMEFT 
2005.00008, H.L. Li, Z. Ren, J. Shu, M.L. Xiao, J.H. Yu and Y.H. Zheng, SMEFT basis@dim-8

2308.00035, Angelis, Gauthier Durieux, loop-level matching from dispersion relation

2411.12798, Z.Y. Dong, C.H. Li, T. Ma, J.Shu, Z.Z. Zhou, one-loop matching

RGE, matching, basis

package: MatchMakerEFT 
package: MOSCA

Aitchison, Fraser, PLB 1984  
Fraser, ZPC 1985  

Aitchison, Fraser, PRD 1985
Cheyette, PRL 1985

L. H. Chan,  PRL 1985
L. H. Chan,  PRL 1986  

Gaillard, NPB 1986

functional method RGE, matching (2-loop still a problem)

1412.1837, B. Henning, X. Lu, Murayama,  
1512.03003, Drozd, Ellis, Quevillon and T. You, 
1602.00126, del Aguila, Kunszt, Santiago,

2410.07320, Born, Fuentes-Martín, Kvedaraite, Thomsen, two-loop RGE in SMEFT, bosonic operator 

2412.12270, Fuentes-Martin, Moreno-Sanchez, Palavric, Thomsen, toward two-loop order

package: MatchETE

semi-automatic at one loop
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Theoretical Tools

SM-inconsistent  
measurements 

(flavour anomalies)

SM-consistent  
measurements 

(precision measurements)

new measurements  
and precision targets  

for the future



Flavour anomalies: New Physics interpretation

μb

μEW

μNP

???

°6 °5 °4 °3 °2 °1 0 1 2 3 4 5 6
Pull in æ

B(B+ ! K+µ+µ°) [1.1, 6.0]
B(B+ ! K+e+e°) [1.1, 6.0]

B(B0
s ! ¡µ+µ°) [1.0, 6.0]

B(B0
s ! ¡e+e°) [1.1, 6.0]

B(B0
s ! µ+µ°)

B(B0 ! µ+µ°)
B(B+ ! K+∫∫̄)

P 0
5(B

0 ! K§0µ+µ°) [2.5, 4.0]
P 0

5(B
0 ! K§0µ+µ°) [4.0, 6.0]

RK [0.1, 1.1]
RK [1.1, 6.0]
RK0

S
[1.1, 6.0]

RK§0 [0.1, 1.1]
RK§0 [1.1, 6.0]

RK§+ [0.045, 6.0]
RKºº [1.1, 7.0]
RpK [0.1, 6.0]
R¡ [1.1, 6.0]

Muon g ° 2 (WP)
Muon g ° 2 (BMW)

R(D)
R(D§)

R(J/√)
R(§+

c )
B(B+ ! ø+∫)

patrick.koppenburg@cern.ch 2025-10-20

Status of Flavour Anomaly 
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… …

LEFT: Low Energy Effective Field Theory

O9 = (b̄γμPLs)(ℓ̄γμℓ) OVLL = (c̄γμPLb)(τ̄γμPLν)

<latexit sha1_base64="1LyOt490qwmVqfQV/umvjnbrmak="></latexit>

He↵ = (CSM
i + C

NP
i )OSM

i + C
NP
j O

NP
j

… …

SMEFT: SM Effective Field Theory

O(1)
ℓq = (L̄pγμLr)(Q̄sγμQt) O(1)

ed = (ēpγμer)(d̄sγμdt)

<latexit sha1_base64="hEZgacsqgAMfR1TtT0olgqcO4MI="></latexit>

LSMEFT = LSM + C
NP
i O

NP
i

RGE, matching

RGE, matching, UV/IR dictionary
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HFLAV SM Prediction

L-QCD FLAG24 (Nf=2+1 for R(D*))

 0.004±R(D) = 0.296 
 0.005±R(D*) = 0.254 

 0.0054±R(D) = 0.2938 
 0.0051±R(D*) = 0.2582 

68% CL contours

total 0.024±R(D) = 0.358 
total 0.011±R(D*) = 0.281 
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 anomalies: expRD(*)

20122015

2024

2017

2024
20232023

2.5 σ

2.3 σ
3.8 σ

‣ QCD and EW contributions factorized

‣ hadronic and exp uncertainties cancelled

‣ tiny theoretical uncertainties

universal couplings for  in the SMe, μ, τ

2025

2025

<latexit sha1_base64="wIo2pji7acKgogWZhgFjYeyVUK8="></latexit>

R(D(⇤)) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)

<latexit sha1_base64="j6D0eI+jQAIinNq6tQ+QZBt7Mu0="></latexit>

(` = e, µ)

LFU Violation ratio   v.s. 
τ e, μ
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 anomalies: NP explanationRD(*)
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68% CL contours
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other measurements:  , , , …Pτ FL RΛc

LEFT
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OVL = (c̄�µPLb)(¯̀�µPL⌫)
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OVR = (c̄�µPRb)(¯̀�µPL⌫)
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OSR = (c̄PRb)(¯̀PL⌫)

<latexit sha1_base64="AyEnBJWgR75GnmhuwaFFCREbhDU="></latexit>

OSL = (c̄PLb)(¯̀PL⌫)

<latexit sha1_base64="qWjXehvslDRleoBlB+mTRlFaKVA="></latexit>

OT = (c̄�µ⌫PLb)(¯̀�µ⌫PL⌫)

SMEFT

Model

<latexit sha1_base64="v2LDzuTbbr/hdhNpbLeURo/XwZA="></latexit>

CVR = +0.01± 0.41i
<latexit sha1_base64="J8htvi/74vjeYmnYgFm4qFzHUmQ="></latexit>

Pull = 4.4

<latexit sha1_base64="adwiMoXp6XcuwLoy5J9TN5mMLoQ="></latexit>

CSL = �0.79± 0.86i

<latexit sha1_base64="ki/+jdHeFIqh597AFwv0UVk098Q="></latexit>

CT = +0.02± 0.13i

<latexit sha1_base64="0QoGfLHmf7Wai7dWlgIDmN+aFcI="></latexit>

CVL = +0.08
<latexit sha1_base64="dJnV7bK61rbofe904wYltdlTbdE="></latexit>

Pull = 4.8

<latexit sha1_base64="RakJJpm/h6SEAAnvcTwhNFzXThQ="></latexit>

Pull = 3.8

<latexit sha1_base64="/ALUo8/0qKVQMQ8jFulpJrn1HFA="></latexit>

Pull = 4.3

<latexit sha1_base64="Py+0bXiK2TXSg+Ag84aPv9oJPDQ="></latexit>

Pull = 3.9
<latexit sha1_base64="cz/xvALz+ABLKUWa2G2EvAehets="></latexit>

CSR = +0.18

highly constrained by  lifetimeBc

best fit

<latexit sha1_base64="kW+rZDZf4Nd9/VQdhJ/dcZDvewc="></latexit>

B(Bc ! ⌧⌫) < 60% assumed

<latexit sha1_base64="muWF9B0u/Rzx4KLvLa750Ayb6uc="></latexit>

Q(3)
lq = (l̄�µ⌧

I l)(q̄�µ⌧ Iq)
<latexit sha1_base64="Ias1qu9WB+/FRQMvp8sBHRs753Q="></latexit>

Qledq = (l̄ie)(d̄qi)
<latexit sha1_base64="hsGhLWyOKuvcUBmAgEeOxCqAtSY="></latexit>

Q(1)
ledu = (l̄ie)✏ij(q̄ju)

<latexit sha1_base64="5DpwdEWP+6PsowmZ2PLqfR7InRw="></latexit>

Q(3)
ledu = (l̄i�µ⌫e)✏ij(q̄j�

µ⌫u)

0.994

0.993

0.9920.991

⨯
⨯

-2 -1 0 1 2

-2

-1

0

1

2
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1811.07920, Greljo, Camalich, Ruiz-A ́lvarez 

1810.04939, Q. Y. Hu, X. Q. Li, Y. D. Yang, 
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 anomalies: NP explanationRD(*)
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0.25
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0.35
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*)

HFLAV SM Prediction

L-QCD FLAG24 (Nf=2+1 for R(D*))

 0.004±R(D) = 0.296 
 0.005±R(D*) = 0.254 

 0.0054±R(D) = 0.2938 
 0.0051±R(D*) = 0.2582 

68% CL contours

total 0.024±R(D) = 0.358 
total 0.011±R(D*) = 0.281 

 = -0.374ρ
) = 27%2χP(

aLHCb
bLHCb

cLHCb

bBelle

cBelle

aBelle BaBar
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Prelim. CKM2025
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 anomalies: expRD(*)

0.2 0.4
R(D)

BaBar, had. tag
 0.042± 0.058 ±0.440 

, had. tagaBelle
 0.026± 0.064 ±0.375 

, sl. tagcBelle
 0.016± 0.037 ±0.307 

aLHCb
 0.066± 0.060 ±0.441 

cLHCb
 0.047± 0.043 ±0.249 

, sl. tagbBelle II
 0.051± 0.074 ±0.418 

, had. tagaBelle II
 0.046± 0.055 ±0.439 

Average 
 0.024±0.358 

SM Average 
 0.004±0.296 

PRD 94 (2016) 094008 
 0.003±0.299 

EPJC 80 (2020) 2, 74  
 0.003±0.298 

PRD 105 (2022) 034503  
 0.008±0.296 

PRD 106 (2022) 096015 
 0.004±0.288 

JHEP 01 (2024) 022 
 0.003±0.304 

FLAG24 arXiv:2411.04268   
 0.005±0.294 HFLAV

CKM 2025

0.1 0.2 0.3 0.4
R(D*)

BaBar, had. tag
 0.018± 0.024 ±0.332 

, had. tagaBelle
 0.015± 0.038 ±0.293 

, (hadronic tau)bBelle
 0.027± 0.035 ±0.270 

, sl.tagcBelle
 0.014± 0.018 ±0.283 

aLHCb
 0.024± 0.018 ±0.281 

, (hadronic tau)bLHCb
 0.020± 0.012 ±0.267 

cLHCb
 0.085± 0.081 ±0.402 

, sl.tagbBelle II
 0.018± 0.034 ±0.306 

, had.tagaBelle II
 0.016± 0.019 ±0.242 

Average 
 0.011±0.281 

SM Average 
 0.005±0.254 

EPJC 80 (2020) 2, 74 
 0.006±0.247 

PRD 106 (2022) 096015 
 0.003±0.249 

JHEP 01 (2024) 022 
 0.012±0.258 

PRL 123 (2019) 9,091801 
 0.005±0.253 

PLB 795 (2019) 386 
 0.007±0.254 

EPJC 84 (2024) 400 
 0.009±0.262 HFLAV

CKM 2025

2.5 σ 2.3 σ

Jing Gao, Tobias Huber, Yao Ji, Chao Wang, Yu-Ming Wang, Yan-Bing Wei, 2112.12674

Bo-Yan Cui, Yong-Kang Huang, Yu-Ming Wang, Xue-Chen Zhao, 2301.12391


Shuang-Yi Li, Jie Xu, Rui-Xiang Shi, Li-Sheng Geng, Yi Zhang, 2412.05989

recent progresses on form factors



21

 anomalies: correlationRD(*)

sum rules for semi-leptonic decays

<latexit sha1_base64="ch+eMcOPIbLu4mLsX27FG2Xtk50="></latexit>

RSR
Xc

= 0.247± 0.008
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RBelle II
Xc

= 0.228± 0.039
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RLHCb

⇤c
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RSR
⇤c

= 0.372± 0.017
 deviation2 σ
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RSM
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= 0.324± 0.004
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|1 + CVL |2
<latexit sha1_base64="UXcZ1iaSgSOh1/x7c/16Z+eNJQg="></latexit>

Re[(1 + CVL)C
⇤
SL

]eliminate                  ,

1811.09603, Blanke, Crivellin, de Boer, Kitahara, Moscati, Nierste, Nišandžić

1905.08253, Blanke, Crivellin, Kitahara, Moscati, Nierste, Nišandžić

2211.14172, Fedele, Blanke, Crivellin, Iguro, Kitahara, Nierste, Watanabe

2410.21384, 段⽂烽, Iguro, 李新强, Watanabe, 杨亚东 
2501.09382, Endo, Iguro, Mishima, Watanabe, heavy quark symmetry 
2506.16027, Endo, Iguro, Kretz, Mishima, Watanabe, angular observable 
2508.06322, Endo, Iguro, Mishima, Watanabe,

2509.02006, Endo, Iguro, Mishima, Watanabe,

more precise measurements are needed !

‣ based on LEFT, model-independent 

‣ for any tau-philic NP

‣   

‣   

‣   

other modes
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 anomalies: correlationRD(*)

LHCb，2510.13716

Capdevila, Crivellin, Descotes-Genon, Hofer, Matias, 1712.01919

SM ∼ 10−7

down basis with C(1) = C(3)

, mU1
= 2 TeV κL

33 = 1.5

correlation with  in SMEFTb → sτ+τ− correlations in  leptoquarkU1

Crivellin, Iguro, Kitahara, 2505.05552



‣  

‣  

‣  

‣  

‣  

‣  

‣

b → sℓ+ℓ−

Bs → ℓ+ℓ−

B → Xsℓ+ℓ−

B → Kℓ+ℓ−

B → K*ℓ+ℓ−

Bs → ϕℓ+ℓ−

Λb → Λℓ+ℓ−

‣Branching Ratio


‣Angular Distribution


‣Lepton Flavour Universality (LFU) ratio

function of (C7γ, C9, C10)

RK = ℬ(B → Kμ+μ−)
ℬ(B → Ke+e−)

th
eo

re
tic

al
 c

le
an

ne
ss

‣  

‣Hadronic uncertainties cancel 

‣  QED correction

RSM
K ≈ 1

,(10−2)
deviation from unity 

Physics beyond the SM

 in LEFTB → K*μ+μ− LFU ratio in B → Kℓ+ℓ−

angular distribution of  
B → K*( → Kπ)μ+μ−

23



Experimental status LHCb, 2512.18053  

Langenbruch’s talk@LHCb Implications workshop 2025

2.6 σ 2.7 σ

0 5 10 15
]4c/2 [GeV2q

0

0.05

0.1

0.15

6−10×]2
/G

eV
4 c [2 q

/dBd

(1
S)

ψ/J

(2
S)

ψ

SM from FLAVIO (BSZ:2015)

SM from EOS (GRvDV:2022)

1−LHCb 8.4 fb

2.5 σ

1.9 σ -dependent global fit

to test charm-loop

q2

2.7 σ

24



global fit of branching ratios and angular observables in 
B → K*μ+μ−

Oμ
S = (s̄PRb)(μ̄μ)

Oμ
P = (s̄PRb)(μ̄γ5μ)

‣Effective Hamiltonian 

‣Effective operator

Oμ
S ′ = (s̄PLb)(μ̄μ)

Oμ
P′ = (s̄PLb)(μ̄γ5μ)

Oμ
9 = (s̄γμPLb)(μ̄γμμ)

Oμ
10 = (s̄γμPLb)(μ̄γμγ5μ)

Oμ
9 ′ = (s̄γμPRb)(μ̄γμμ)

Oμ
10′ = (s̄γμPRb)(μ̄γμγ5μ)

strongly constrained by b → sγ

 in LEFTB → K*μ+μ−

Langenbruch’s talk@LHCb Implications workshop 2025

 tension with the SM4.1 σ

SM operator

no helicity suppression

interference with SM strongly constrained  
by  .(Bs → μ+μ−)

25



Flavour anomalies: New Physics interpretation

models for  anomaliesb → sℓ+ℓ−

μb

μEW

μNP

LEFT: Low Energy Effective Field Theory

SMEFT: SM Effective Field Theory

/eff = (CSM
i +CNP

i )OSM
i +CNP

j ONP
j

O9 = (b̄γμPLs)(ℓ̄γμℓ) O10 = (b̄γμPLs)(ℓ̄γμγ5ℓ)

0SMEFT = 0SM+CNP
i ONP

i

O(1)
ℓq = (L̄pγμLr)(Q̄sγμQt)

O(1)
ed = (ēpγμer)(d̄sγμdt)

SU(3)C ⊗ SU(2)L ⊗ U(1)Y

SU(3)C ⊗ U(1)em

… …

??? ?

c

X.Q.Li, Y.D.Yang, XBY, et al, 2112.14215, 2205.02205, 2307.05290

Cheng-Wei Chiang, Xiao-Gang He, Jusak Tandean, XBY, 1706.02696  


C. S. Kim, XBY, Ya-Juan Zheng , 1602.08107

26



Top-philic New Physics

Chih-Ting Lu, Lei Wu, Yongcheng Wu, and Bin Zhu, 2204.03796 

Altmannshofer, Stangl, 2103.1337 

O9 = (b̄γμPLs)(ℓ̄γμℓ) O10 = (b̄γμPLs)(ℓ̄γμγ5ℓ)

 anomalyb → sℓ +ℓ −LFUV ✘　 

LFUV ✔　 

Fermion 
vector-like

U(1)′ 

X.Q.Li, Z.J.Xie, Y.D.Yang, XBY, NPB, 2024 
X.Q.Li, Z.J.Xie, Y.D.Yang, XBY, PLB, 2023 

Fox, Low, Y. Zhang, JHEP, 2018 
Kamenik, Soreq, Zupan, PRD, 2018

Z′ 

g

g

g

T

T
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µ
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: exp & theoryb → sνν̄

28

Belle II, 2104.12624 (PRL)

Ganiev@EPS-HEP, 23 Aug 2023/Belle II, 2311.14647

‣2021 Apr 
xx 

‣2023 Aug

150+ theory papers !



: exp & theoryb → sνν̄

29

theoretically, simple and clean 
one of the cleanest channels in 
flavour physics

Belle II, 2104.12624 (PRL)

Ganiev@EPS-HEP, 23 Aug 2023/Belle II, 2311.14647

 

 

 (  lower bound)

ℬ(B+ → K+νν̄)SM = 4.16 ± 0.57
ℬ(B+ → K+νν̄)exp = 23 ± 7
ℬ(B+ → K+νν̄)exp ≳ 10 2σ

[10−6]‣2021 Apr 
xx 

‣2023 Aug

‣Exp vs SM 

‣Theoretical prediction 

 difference2.7σ

2 ∝ CL ⋅ ⟨K | s̄γμb | B̄⟩ ⋅ ν̄γμν
Factorization

}

quark current neutrino currentWilson coef

 $L = (s̄γμPLb)(ν̄γμPLν)
$R = (s̄γμPRb)(ν̄γμPLν) possible in BSM

 in the SM  

 

 

$L = (s̄PLb)(ν̄PLν)
$R = (s̄PRb)(ν̄PRν)
$T = (s̄σμνb)(ν̄σμνν)

$T5 = (s̄σμνγ5b)(ν̄σμνν)operator structure highly 

constrained by LH neutrino

NP/SM  ≳ 2

simple interaction but complicated flavour



: exp & theoryb → sνν̄

30

theoretically, simple and clean 
one of the cleanest channels in 
flavour physics

 

 

 (  lower bound)

ℬ(B+ → K+νν̄)SM = 4.16 ± 0.57
ℬ(B+ → K+νν̄)exp = 23 ± 7
ℬ(B+ → K+νν̄)exp ≳ 10 2σ

[10−6]‣Exp vs SM 

‣Theoretical prediction 

 difference2.7σ

2 ∝ CL ⋅ ⟨K | s̄γμb | B̄⟩ ⋅ ν̄γμν
Factorization

}

quark current neutrino currentWilson coef

b → s

b → d

s → d

NP/SM  ≳ 2

 $L = (s̄γμPLb)(ν̄γμPLν)
$R = (s̄γμPRb)(ν̄γμPLν) possible in BSM

 in the SM  

 

 

$L = (s̄PLb)(ν̄PLν)
$R = (s̄PRb)(ν̄PRν)
$T = (s̄σμνb)(ν̄σμνν)

$T5 = (s̄σμνγ5b)(ν̄σμνν)operator structure highly 

constrained by LH neutrino

simple interaction but complicated flavour
 can put strong constraints on related 

BSM effects.
B0 → K*0νν̄



: SMEFTb → sνν̄

31

SMEFT

LEFT

induce  interaction,

Thus, universally affect  

s̄bZ

b → se+e−, μ+μ−, τ+τ−

‣Prediction 

‣prediction 

‣Only  is relevant with  ,(3)
lq RD(*)

μEW

μb

 

 

ℬ(B0 → K*0νν̄)SM = (9.00 ± 0.87) × 10−6

ℬ(B0 → K*0νν̄)SMEFT = (50+17
−16) × 10−6

ℬ(B0 → K*0νν̄)exp < 18 × 10−6
conflict

‣  can explain the  data 

‣  also induce  and  

‣They can’t improve the  fit 

,ld B+ → K+νν̄
,ld O′ 9,ij O′ 10,ij

b → sℓℓ
‣  and  worsen the fit.


‣  and  with  has no effect.


‣  and  with  (i.e. LFV) has no effect.


O′ 9e O′ 10μ

O′ 9,ij O′ 10,ij i = j = τ
O′ 9,ij O′ 10,ij i ≠ j

(LFV,  , )ττ ≫ee μμ

O′ 9, ij = (b̄γμPRs)(ℓ̄iγμℓj)
O′ 10, ij = (b̄γμPRs)(ℓ̄iγμγ5ℓj)

SMEFT notation: , , l = (ν
e)L

q = (u
d)L

d = dR

B.F.Hou, X.Q.Li, M.Shen, Y.D.Yang, XBY, 2402.19208 



: SMEFT with Minimal Flavor Violationb → sνν̄

32

SMEFT

LEFT

induce  interaction,

Thus, universally affect  

s̄bZ

b → se+e−, μ+μ−, τ+τ−

one LEFT  operator ! 
just the SM operator

μEW

μb

forbidden by MFV

‣Prediction 

‣prediction 

‣Only  is relevant with  ,(3)
lq RD(*)

 

 

ℬ(B0 → K*0νν̄)SM = (9.00 ± 0.87) × 10−6

ℬ(B0 → K*0νν̄)SMEFT = (50+17
−16) × 10−6

ℬ(B0 → K*0νν̄)exp < 18 × 10−6
conflict

B.F.Hou, X.Q.Li, M.Shen, Y.D.Yang, XBY, 2402.19208 

waiting for more precise measurements



‣ arising from  transition (4 different flavors) 

‣ Class-I contribution dominated（spectator quark flow into the heavy meson) 

‣ no penguin operator and topologies 

‣ spectator & annihilation power-suppressed  

‣ theoretically clean, good place to test QCD factorization 

‣ QCDF prediction already up to NNLO

b → cūd (s)

 puzzleb → cūq
 decaysB̄0

(s) → D(*)+
(s) L− (L = π, ρ, K(*))

Huber, Krankl, Xin-Qiang Li JHEP 2016

理论与实验间最⼤存在 偏差4 − 6σ
0.7 0.8 0.9 1.0 1.1

|a1(h)|

º°

K°

Ω°

K§°

a°
1

NLO Beneke (2000)

NNLO º° Huber (2016)

NNLO K° Huber (2016)

NNLO Ω° Huber (2016)

BGL(2,2,2), F-MILC

BGL(2,2,2), JLQCD

CLNnoHQS, JLQCD

Belle Fleischer (2012)

BaBar Fleischer (2012)

<latexit sha1_base64="skQkU6uDirhL/7bwmjvwmBnMbY4="></latexit>

�(B̄0 ! D⇤+L�)

d�(B̄0 ! D⇤+`�⌫̄)/dq2|q2=m2
L

= 6⇡2|Vuq|2f2
LXL · |a1(L)|2

form factor and  cancelledVcb Belle, 2207.00134
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‣ arising from  transition (4 different flavors) 

‣ Class-I contribution dominated（spectator quark flow into the heavy meson) 

‣ no penguin operator and topologies 

‣ spectator & annihilation power-suppressed  

‣ theoretically clean, good place to test QCD factorization 

‣ QCDF prediction already up to NNLO

b → cūd (s)

 puzzleb → cūq
 decaysB̄0

(s) → D(*)+
(s) L− (L = π, ρ, K(*))

Huber, Krankl, Xin-Qiang Li JHEP 2016

理论与实验间最⼤存在 偏差4 − 6σ
0.7 0.8 0.9 1.0 1.1

|a1(h)|

º°

K°

Ω°

K§°

a°
1

NLO Beneke (2000)

NNLO º° Huber (2016)

NNLO K° Huber (2016)

NNLO Ω° Huber (2016)

BGL(2,2,2), F-MILC

BGL(2,2,2), JLQCD

CLNnoHQS, JLQCD

Belle Fleischer (2012)

BaBar Fleischer (2012)
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A.3

“B FLAVOR ANOMALIES” - HADRONIC DECAYS

Comparison of theory predictions for class-1 hadronic B decays in QCD factorization at NNLO
Beneke, Buchalla, Neubert, Sachrajda 1999-2001; Huber, Kränkl, Li 1606.02888

Theoretically clean, since based 
on   transitions         

(no penguins and annihilation) 

New Physics explanation unlikely

b → cūd(s)

Bordone, Gubernari, Huber, Jung, van Dyk 2007.10338

see also:  Endo, Iguro, Mishima 2109.10811 
                  Piscopo, Rusov 2307.07594

A puzzling pattern

◇ Tensions between data and QCDF predictions
Based on NNLO accuracy for leading power (LP) amplitude

[Huber, Kränkl, Li ’16]

Credit A. Rusov

∗ QED corrections? Rescattering e↵ects?
[Beneke, Böer, Finauri, Vos ’21; Endo, Iguro, Mishima ’21]

∗ BSM contributions in b→ cūd(s)? e.g. [Iguro, Kithara ’20; Cai, at al. ’21;

Fleischer, Malami ’21; Lenz et al. ’22; Maiser et al. ’24]

� Account for collider constraints [Bordone, Greljo, Marzocca ’21]

Maria Laura Piscopo La Thuile, 12 March 2025 3
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 Bordone, Greljo, Marzocca  2103.10322
Neubert’s talk@LP 2025

蔡芳敏, 邓伟俊，李新强， 
杨亚东， 2103.04138
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‣ arising from  transition (4 different flavors) 

‣ Class-I contribution dominated（spectator quark flow into the heavy meson) 

‣ no penguin operator and topologies 

‣ spectator & annihilation power-suppressed  

‣ theoretically clean, good place to test QCD factorization 

‣ QCDF prediction already up to NNLO

b → cūd (s)

 puzzleb → cūq
 decaysB̄0

(s) → D(*)+
(s) L− (L = π, ρ, K(*))

Huber, Krankl, Xin-Qiang Li JHEP 2016

理论与实验间最⼤存在 偏差4 − 6σ
0.7 0.8 0.9 1.0 1.1

|a1(h)|

º°

K°

Ω°

K§°

a°
1

NLO Beneke (2000)

NNLO º° Huber (2016)

NNLO K° Huber (2016)

NNLO Ω° Huber (2016)

BGL(2,2,2), F-MILC

BGL(2,2,2), JLQCD

CLNnoHQS, JLQCD

Belle Fleischer (2012)

BaBar Fleischer (2012)
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b → cūd (s)

 puzzleb → cūq
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Explanation in the SM

Meiser, van Dyk, Virto, 2411.09458

Bordone, Gubernari, Huber, Jung, van Dyk, 2007.10338

Piscopo, Rusov, 2307.07594

Endo, Iguro, Mishima, 2109.10811

‣ sub-leading power corrections 

‣ rescattering contributions 

‣ non-factorizable soft-gluon contributions 

‣ three-particle contributions
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Explanation in the SM
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Bordone, Gubernari, Huber, Jung, van Dyk, 2007.10338
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‣ sub-leading power corrections 

‣ rescattering contributions 

‣ non-factorizable soft-gluon contributions 

‣ three-particle contributions

is not possible  (more careful studies needed !)



‣ constraints from B-meson lifetime 

‣ global analysis in LEFT 

‣ further test by the  decays: only  works 

‣ NP in top quark physics

B−
c → J/ψ(ηc)L− (S + P) ⊗ (S ± P)

Other Analysis

Bq
Dq
+(*) {π

- ,K
- }

Dijet

Pa
ir
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od
.

1
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1
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12qq
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1du
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dd
u

 puzzleb → cūq

邓伟俊，蔡芳敏, 李新强，⽯岩，杨亚东，2503.11279 

LEFT analysis shows only  
and  can explain the puzzle

(V − A) ⊗ (V − A)
(S + P) ⊗ (S ± P)

蔡芳敏, 邓伟俊，李新强，杨亚东，2103.04138

example：  (V − A) ⊗ (V − A)

relevant SMEFT operators

simplified models

dijet resonance searches@LHC provide strong bound

Bordone, Admir Greljo, David Marzocca，2103.10332

New Physics Effects

Lenz, Müller, Piscopo, Rusov, 2211.02724

Meiser, van Dyk, Virto, 2411.09458

 Atkinson, Englert, Kirk, Tetlalmatzi-Xolocotzi, 2411.00940

ΓBd
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Theoretical Tools

SM-inconsistent  
measurements 

(flavour anomalies)

SM-consistent  
measurements 

(precision measurements)

new measurements  
and precision targets  

for the future
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‣SMEFT 

‣New Physics scale  is assumed 

‣At dim=6: 59  2499 operator after considering flavour 

‣Largely model-independent parameterization of NP 

Λ ≫ μEW
⟹

Standard Model Effective Field Theory
Introduction

• With some minimal assumptions about the UV, the IR effects of new physics can be parameterized via the  
SMEFT Lagrangian:

• What is not Flavour in the SMEFT? To dimension 6 (2499 operators assuming B and L conservation)

Low Energy observables:

Parity Violation: QW (
133
55 Cs, 205

81 Tl), QW (e)(Møller)

⌫ scatt. : gV,A(⌫µe), g2
L,R
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CKM unitarity :
P

i
|Vui|2

LEP 2 data:

�(e+e� ! `+`�, had), A`
+
`
�

FB
, d�

e+e�!e+e�

d cos ✓

Higgs signal strengths:
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February 16, 2018

EFT analyses with FCC precision

J. de Blasa†

aINFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Rome, Italy

Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.
EFT: E↵ects suppressed by �

q

⇤

�d�4

q = v, E < ⇤

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10
�4

(10
�6

)

�Z [GeV] 10
�4

(4 ⇥ 10
�5

)

�
0
had [nb] 5⇥10

�3
(10

�4
)

Re 0.006 (3 ⇥ 10
�4

)

Rµ 0.001 (5 ⇥ 10
�4

)

R⌧ 0.002 (10
�4

)

Rb 0.00006 (3 ⇥ 10
�4

)

Rc 0.00026 (15 ⇥ 10
�4

)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.

†E-mail: Jorge.DeBlasMateo@roma1.infn.it
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LaTeX materials for 2025 talks on SMEFT fits at future
colliders

J. de Blasa†

aCAFPE and Departamento de F́ısica Teórica y del Cosmos, Universidad de Granada,
Campus de Fuentenueva, E–18071 Granada, Spain

Abstract
LaTeX materials.

1 Standard Model E↵ective Field Thoery

U(2)qL ⇥ U(2)uR
⇥ U(2)dR

⇥ U(1)Le
⇥ U(1)Lµ

⇥ U(1)L⌧

 � LUV(?)

E ⌧ ⇤

U(2)5 = U(2)qL ⇥ U(2)uR
⇥ U(2)dR

⇥ U(2)lL ⇥ U(2)eR

SU(3)⇥ SU(2)⇥ U(1)

�, V a

µ
, i

L
, f i

R

�, V a

µ
,

 i

L
, f i

R

L = LSM + LNP + LNP�SM

L = LEFT(� LSM)

L
(d=6)
SMEFT = LSM +

P
i

Ci

⇤2Oi

Kappa-n = {Z,W ,g,�,Z�,t,b,c,s,⌧ ,µ,BRinv,BRunt}

†E-mail: deblasm@ugr.es
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µ
uR) Oeu (ēR�µeR)
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µ
uR) Oeu (ēR�µeR)
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(ēR�µeR) (ūR�
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(ūR�µuR) (ūR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
uR) Oeu (ēR�µeR)
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
eR) Oee
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd

�
l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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(ēR�µeR) (ēR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ēR�µeR) (ūR�
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd

�
l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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Figure 3. Comparison of individual and marginalised constraints from the global fit with U(3)5

flavour symmetry assumption. The scale of NP has been set to ⇤ = 3 TeV. The limits shown
correspond to the 95% HPDI. Results are presented for both individual and global fits, with and
without the RGE e↵ects (the latter also adjusted to a value of ⇤ = 3 TeV for this comparison),
following the colour scheme indicated in the legend.
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Figure 4. Same as Fig. 1 for bosonic and two-fermion operators in the U(2)5 symmetric SMEFT
(UP basis).

4.2 Results for the U(2)5 flavour symmetric SMEFT

The results of the individual fits for the U(2)5 flavour symmetric SMEFT in the UP basis

are reported in Table 9 and in Figures 4-7, which have the same structure as Table 7
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Figure 5. Same as Figure 4 but for the four-fermion operators that contain at least one leptonic
field and one left-handed field.

and Figure 1 discussed in Section 4.1 for the U(3)5 case, to which we refer. The limits

on ⇤/
p

|C| are also summarised in Figure 8, where we only show the coe�cients that

can be constrained individually within the pertubative regime in the case of ⇤ = 3 TeV.

Furthermore, a comparison between the case of the UP and DOWN bases is summarised

in Table 10 and Figure 9 for the case of those coe�cients that are a↵ected by the choice of

flavour basis. Finally, the global fit results are shown in Table 11 and Figures 10 and 11

where we show the results for the case of ⇤ = 10 TeV.

The main points highlighted in the case of U(3)5 still hold for U(2)5, but there are

several important new considerations that we discuss in the following. The first and most

important one is that flavour observables play a crucial role in constraining many of the

new coe�cients appearing in the U(2)5 case, consequently pushing the e↵ective scale of

NP to several tens of TeVs. This is the case for instance of C [33]

dB
, C [33]

dW
and C [33]

dG
, which are

very strongly constrained by B ! Xs� decays. Four-fermion operators are also strongly

constrained by flavour observables, such as C(1)

qq and C(3)

qq in all flavour combinations, which

are constrained by meson-antimeson mixing, and C [33aa]

qe and C [aabb]

qe which are constrained

by Bs ! µ+µ�.

Furthermore, as shown in Table 10 and Figure 9, the choice of flavour basis has a

pronounced impact on the mentioned b-quark dipole operators. Aligning to the DOWN

basis, as expected, strongly suppresses contributions to b-quark flavour transitions, relaxing

the bound on C [33]

dB
by nearly two orders of magnitude. Even in this case, however, flavour

observables continue to provide the most stringent constraints on these operators. This
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Figure 6. Same as Figure 4 but for the four-fermion operators that contain only quark fields and
at least one left-handed field.

pattern extends, to varying degrees, to most of the operators shown in Figure 9: bounds

in the DOWN basis are systematically weaker due to flavour-space alignment and the

precision of B-physics measurements. A few notable exceptions are the coe�cients C(1)

�q

and C(3)

�q
, for which flavour-diagonal electroweak observables impose similarly strong limits.

We now discuss the results of the global fits for the U(2)5 assumption, choosing as a

representative example the results obtained with ⇤ = 10 TeV in the UP basis shown in

Table 11 and Figures 10 and 11. We begin by highlighting the most important correla-

tions between the di↵erent Wilson coe�cients. Let us start with the coe�cients mainly

constrained by Higgs-boson and EW observables. For example, the coe�cient C�G be-

comes degenerate with C [33]

uG
, with a correlation coe�cient of �0.94. However, imposing

the perturbativity prior on C [33]

uG
, one still gets a strong constraint on C�G, with a 95%

HPDI interval of [�0.32, 1.62] corresponding to a bound on ⇤/
p

|C�G| of 8 TeV, to be

compared with the bound of 19 TeV obtained in the individual fit (see Table 9). A similar

phenomenon occurs for other pairs of coe�cients, such as C [33]

e�
and C(1)[3333]

lequ
, with a corre-

lation coe�cient of 0.87 and C(1)[3333]

lequ
hitting the perturbativity limit; C [33]

d�
and C(1)[3333]

quqd
,

with a correlation coe�cient of �0.83 and C(1)[3333]

quqd
hitting the perturbativity limit; C [33]

dB

and C [33]

dW
, with a correlation coe�cient of 0.99, and C [33]

dW
hitting the perturbativity limit;

C [aabb]

ll
and C [aabb]

ee , with a correlation coe�cient of �0.9 and both coe�cients hitting the

perturbativity limit. Concerning four fermion operators, one faces more complex interfer-
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Figure 7. Same as Figure 4 but for the four-fermion operators that contain only right-handed
fields.

ence patterns involving several coe�cients. For example, the coe�cient C(3)[aabb]

qq is strongly

correlated with C(3)[aabb]

lq
and C(3)[33aa]

lq
, with correlation coe�cients of 0.86 and 0.81, re-

spectively. Therefore, a large set of four fermions operators cannot be constrained in the

global fit with current data.

A direct comparison between the global fit results in the U(2)5 and U(3)5 flavour-

symmetric scenarios can be made by examining the last column of Tables 11 and 8. We have

already discussed how certain dipole interactions involving the bottom quark (C [33]

dB,dW,dG
),

which are absent under the U(3)5 assumption, receive strong constraints from flavour

observables in the U(2)5 framework. On the other hand, when comparing the global bounds

on operators such as C(1)

�q
and C(3)

�q
, which modify the neutral and charged current couplings

of left-handed quarks, we find that the U(2)5 symmetry still o↵ers significant protection

against flavour constraints, yielding bounds comparable to those in the U(3)5 scenario.

However, this does not hold for individual fits. In particular, interactions involving the

left-handed third-generation quarks are more strongly constrained by flavour observables,

while those involving the light generations remain primarily constrained by electroweak

data. 16

16Interestingly, and as also pointed out in other studies, for the right-handed interactions with the top-

quark, C [33]
�u , the strongest individual bound comes from electroweak precision observables as a result of

mixing between this operator and the custodial symmetry breaking operator C�D [143] (see also [144]). A

similar e↵ect is induced by the left-handed counterpart C(1)[33]
�q , making electroweak bounds comparable to

the flavour ones in this case (see Table 9).
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Figure 5. Same as Figure 4 but for the four-fermion operators that contain at least one leptonic
field and one left-handed field.

and Figure 1 discussed in Section 4.1 for the U(3)5 case, to which we refer. The limits

on ⇤/
p

|C| are also summarised in Figure 8, where we only show the coe�cients that

can be constrained individually within the pertubative regime in the case of ⇤ = 3 TeV.

Furthermore, a comparison between the case of the UP and DOWN bases is summarised

in Table 10 and Figure 9 for the case of those coe�cients that are a↵ected by the choice of

flavour basis. Finally, the global fit results are shown in Table 11 and Figures 10 and 11

where we show the results for the case of ⇤ = 10 TeV.

The main points highlighted in the case of U(3)5 still hold for U(2)5, but there are

several important new considerations that we discuss in the following. The first and most

important one is that flavour observables play a crucial role in constraining many of the

new coe�cients appearing in the U(2)5 case, consequently pushing the e↵ective scale of

NP to several tens of TeVs. This is the case for instance of C [33]

dB
, C [33]

dW
and C [33]

dG
, which are

very strongly constrained by B ! Xs� decays. Four-fermion operators are also strongly

constrained by flavour observables, such as C(1)

qq and C(3)

qq in all flavour combinations, which

are constrained by meson-antimeson mixing, and C [33aa]

qe and C [aabb]

qe which are constrained

by Bs ! µ+µ�.

Furthermore, as shown in Table 10 and Figure 9, the choice of flavour basis has a

pronounced impact on the mentioned b-quark dipole operators. Aligning to the DOWN

basis, as expected, strongly suppresses contributions to b-quark flavour transitions, relaxing

the bound on C [33]

dB
by nearly two orders of magnitude. Even in this case, however, flavour

observables continue to provide the most stringent constraints on these operators. This
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Figure 6. Same as Figure 4 but for the four-fermion operators that contain only quark fields and
at least one left-handed field.

pattern extends, to varying degrees, to most of the operators shown in Figure 9: bounds

in the DOWN basis are systematically weaker due to flavour-space alignment and the

precision of B-physics measurements. A few notable exceptions are the coe�cients C(1)

�q

and C(3)

�q
, for which flavour-diagonal electroweak observables impose similarly strong limits.

We now discuss the results of the global fits for the U(2)5 assumption, choosing as a

representative example the results obtained with ⇤ = 10 TeV in the UP basis shown in

Table 11 and Figures 10 and 11. We begin by highlighting the most important correla-

tions between the di↵erent Wilson coe�cients. Let us start with the coe�cients mainly

constrained by Higgs-boson and EW observables. For example, the coe�cient C�G be-

comes degenerate with C [33]

uG
, with a correlation coe�cient of �0.94. However, imposing

the perturbativity prior on C [33]

uG
, one still gets a strong constraint on C�G, with a 95%

HPDI interval of [�0.32, 1.62] corresponding to a bound on ⇤/
p

|C�G| of 8 TeV, to be

compared with the bound of 19 TeV obtained in the individual fit (see Table 9). A similar

phenomenon occurs for other pairs of coe�cients, such as C [33]

e�
and C(1)[3333]

lequ
, with a corre-

lation coe�cient of 0.87 and C(1)[3333]

lequ
hitting the perturbativity limit; C [33]

d�
and C(1)[3333]

quqd
,

with a correlation coe�cient of �0.83 and C(1)[3333]

quqd
hitting the perturbativity limit; C [33]

dB

and C [33]

dW
, with a correlation coe�cient of 0.99, and C [33]

dW
hitting the perturbativity limit;

C [aabb]

ll
and C [aabb]

ee , with a correlation coe�cient of �0.9 and both coe�cients hitting the

perturbativity limit. Concerning four fermion operators, one faces more complex interfer-
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Figure 6. Same as Figure 4 but for the four-fermion operators that contain only quark fields and
at least one left-handed field.

pattern extends, to varying degrees, to most of the operators shown in Figure 9: bounds

in the DOWN basis are systematically weaker due to flavour-space alignment and the

precision of B-physics measurements. A few notable exceptions are the coe�cients C(1)

�q

and C(3)

�q
, for which flavour-diagonal electroweak observables impose similarly strong limits.

We now discuss the results of the global fits for the U(2)5 assumption, choosing as a

representative example the results obtained with ⇤ = 10 TeV in the UP basis shown in

Table 11 and Figures 10 and 11. We begin by highlighting the most important correla-

tions between the di↵erent Wilson coe�cients. Let us start with the coe�cients mainly

constrained by Higgs-boson and EW observables. For example, the coe�cient C�G be-

comes degenerate with C [33]

uG
, with a correlation coe�cient of �0.94. However, imposing

the perturbativity prior on C [33]

uG
, one still gets a strong constraint on C�G, with a 95%

HPDI interval of [�0.32, 1.62] corresponding to a bound on ⇤/
p

|C�G| of 8 TeV, to be

compared with the bound of 19 TeV obtained in the individual fit (see Table 9). A similar

phenomenon occurs for other pairs of coe�cients, such as C [33]

e�
and C(1)[3333]

lequ
, with a corre-

lation coe�cient of 0.87 and C(1)[3333]

lequ
hitting the perturbativity limit; C [33]

d�
and C(1)[3333]

quqd
,

with a correlation coe�cient of �0.83 and C(1)[3333]

quqd
hitting the perturbativity limit; C [33]

dB

and C [33]

dW
, with a correlation coe�cient of 0.99, and C [33]

dW
hitting the perturbativity limit;

C [aabb]

ll
and C [aabb]

ee , with a correlation coe�cient of �0.9 and both coe�cients hitting the

perturbativity limit. Concerning four fermion operators, one faces more complex interfer-
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Figure 6. Same as Figure 4 but for the four-fermion operators that contain only quark fields and
at least one left-handed field.

pattern extends, to varying degrees, to most of the operators shown in Figure 9: bounds

in the DOWN basis are systematically weaker due to flavour-space alignment and the

precision of B-physics measurements. A few notable exceptions are the coe�cients C(1)

�q

and C(3)

�q
, for which flavour-diagonal electroweak observables impose similarly strong limits.

We now discuss the results of the global fits for the U(2)5 assumption, choosing as a

representative example the results obtained with ⇤ = 10 TeV in the UP basis shown in

Table 11 and Figures 10 and 11. We begin by highlighting the most important correla-

tions between the di↵erent Wilson coe�cients. Let us start with the coe�cients mainly

constrained by Higgs-boson and EW observables. For example, the coe�cient C�G be-

comes degenerate with C [33]

uG
, with a correlation coe�cient of �0.94. However, imposing

the perturbativity prior on C [33]

uG
, one still gets a strong constraint on C�G, with a 95%

HPDI interval of [�0.32, 1.62] corresponding to a bound on ⇤/
p

|C�G| of 8 TeV, to be

compared with the bound of 19 TeV obtained in the individual fit (see Table 9). A similar

phenomenon occurs for other pairs of coe�cients, such as C [33]

e�
and C(1)[3333]

lequ
, with a corre-

lation coe�cient of 0.87 and C(1)[3333]

lequ
hitting the perturbativity limit; C [33]

d�
and C(1)[3333]

quqd
,

with a correlation coe�cient of �0.83 and C(1)[3333]

quqd
hitting the perturbativity limit; C [33]

dB

and C [33]

dW
, with a correlation coe�cient of 0.99, and C [33]

dW
hitting the perturbativity limit;

C [aabb]

ll
and C [aabb]

ee , with a correlation coe�cient of �0.9 and both coe�cients hitting the

perturbativity limit. Concerning four fermion operators, one faces more complex interfer-
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Figure 6. Same as Figure 4 but for the four-fermion operators that contain only quark fields and
at least one left-handed field.

pattern extends, to varying degrees, to most of the operators shown in Figure 9: bounds

in the DOWN basis are systematically weaker due to flavour-space alignment and the

precision of B-physics measurements. A few notable exceptions are the coe�cients C(1)

�q

and C(3)

�q
, for which flavour-diagonal electroweak observables impose similarly strong limits.

We now discuss the results of the global fits for the U(2)5 assumption, choosing as a

representative example the results obtained with ⇤ = 10 TeV in the UP basis shown in

Table 11 and Figures 10 and 11. We begin by highlighting the most important correla-

tions between the di↵erent Wilson coe�cients. Let us start with the coe�cients mainly

constrained by Higgs-boson and EW observables. For example, the coe�cient C�G be-

comes degenerate with C [33]

uG
, with a correlation coe�cient of �0.94. However, imposing

the perturbativity prior on C [33]

uG
, one still gets a strong constraint on C�G, with a 95%

HPDI interval of [�0.32, 1.62] corresponding to a bound on ⇤/
p

|C�G| of 8 TeV, to be

compared with the bound of 19 TeV obtained in the individual fit (see Table 9). A similar

phenomenon occurs for other pairs of coe�cients, such as C [33]

e�
and C(1)[3333]

lequ
, with a corre-

lation coe�cient of 0.87 and C(1)[3333]

lequ
hitting the perturbativity limit; C [33]

d�
and C(1)[3333]

quqd
,

with a correlation coe�cient of �0.83 and C(1)[3333]

quqd
hitting the perturbativity limit; C [33]

dB

and C [33]

dW
, with a correlation coe�cient of 0.99, and C [33]

dW
hitting the perturbativity limit;

C [aabb]

ll
and C [aabb]

ee , with a correlation coe�cient of �0.9 and both coe�cients hitting the

perturbativity limit. Concerning four fermion operators, one faces more complex interfer-
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Figure 3. Comparison of individual and marginalised constraints from the global fit with U(3)5

flavour symmetry assumption. The scale of NP has been set to ⇤ = 3 TeV. The limits shown
correspond to the 95% HPDI. Results are presented for both individual and global fits, with and
without the RGE e↵ects (the latter also adjusted to a value of ⇤ = 3 TeV for this comparison),
following the colour scheme indicated in the legend.
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Figure 4. Same as Fig. 1 for bosonic and two-fermion operators in the U(2)5 symmetric SMEFT
(UP basis).

4.2 Results for the U(2)5 flavour symmetric SMEFT

The results of the individual fits for the U(2)5 flavour symmetric SMEFT in the UP basis

are reported in Table 9 and in Figures 4-7, which have the same structure as Table 7
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Figure 3. Comparison of individual and marginalised constraints from the global fit with U(3)5

flavour symmetry assumption. The scale of NP has been set to ⇤ = 3 TeV. The limits shown
correspond to the 95% HPDI. Results are presented for both individual and global fits, with and
without the RGE e↵ects (the latter also adjusted to a value of ⇤ = 3 TeV for this comparison),
following the colour scheme indicated in the legend.
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Figure 4. Same as Fig. 1 for bosonic and two-fermion operators in the U(2)5 symmetric SMEFT
(UP basis).

4.2 Results for the U(2)5 flavour symmetric SMEFT

The results of the individual fits for the U(2)5 flavour symmetric SMEFT in the UP basis

are reported in Table 9 and in Figures 4-7, which have the same structure as Table 7
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Figure 6. Same as Figure 4 but for the four-fermion operators that contain only quark fields and
at least one left-handed field.

pattern extends, to varying degrees, to most of the operators shown in Figure 9: bounds

in the DOWN basis are systematically weaker due to flavour-space alignment and the

precision of B-physics measurements. A few notable exceptions are the coe�cients C(1)

�q

and C(3)

�q
, for which flavour-diagonal electroweak observables impose similarly strong limits.

We now discuss the results of the global fits for the U(2)5 assumption, choosing as a

representative example the results obtained with ⇤ = 10 TeV in the UP basis shown in

Table 11 and Figures 10 and 11. We begin by highlighting the most important correla-

tions between the di↵erent Wilson coe�cients. Let us start with the coe�cients mainly

constrained by Higgs-boson and EW observables. For example, the coe�cient C�G be-

comes degenerate with C [33]

uG
, with a correlation coe�cient of �0.94. However, imposing

the perturbativity prior on C [33]

uG
, one still gets a strong constraint on C�G, with a 95%

HPDI interval of [�0.32, 1.62] corresponding to a bound on ⇤/
p

|C�G| of 8 TeV, to be

compared with the bound of 19 TeV obtained in the individual fit (see Table 9). A similar

phenomenon occurs for other pairs of coe�cients, such as C [33]

e�
and C(1)[3333]

lequ
, with a corre-

lation coe�cient of 0.87 and C(1)[3333]

lequ
hitting the perturbativity limit; C [33]

d�
and C(1)[3333]

quqd
,

with a correlation coe�cient of �0.83 and C(1)[3333]

quqd
hitting the perturbativity limit; C [33]

dB

and C [33]

dW
, with a correlation coe�cient of 0.99, and C [33]

dW
hitting the perturbativity limit;

C [aabb]

ll
and C [aabb]

ee , with a correlation coe�cient of �0.9 and both coe�cients hitting the

perturbativity limit. Concerning four fermion operators, one faces more complex interfer-
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Figure 6. Same as Figure 4 but for the four-fermion operators that contain only quark fields and
at least one left-handed field.

pattern extends, to varying degrees, to most of the operators shown in Figure 9: bounds

in the DOWN basis are systematically weaker due to flavour-space alignment and the

precision of B-physics measurements. A few notable exceptions are the coe�cients C(1)

�q

and C(3)

�q
, for which flavour-diagonal electroweak observables impose similarly strong limits.

We now discuss the results of the global fits for the U(2)5 assumption, choosing as a

representative example the results obtained with ⇤ = 10 TeV in the UP basis shown in

Table 11 and Figures 10 and 11. We begin by highlighting the most important correla-

tions between the di↵erent Wilson coe�cients. Let us start with the coe�cients mainly

constrained by Higgs-boson and EW observables. For example, the coe�cient C�G be-

comes degenerate with C [33]

uG
, with a correlation coe�cient of �0.94. However, imposing

the perturbativity prior on C [33]

uG
, one still gets a strong constraint on C�G, with a 95%

HPDI interval of [�0.32, 1.62] corresponding to a bound on ⇤/
p

|C�G| of 8 TeV, to be

compared with the bound of 19 TeV obtained in the individual fit (see Table 9). A similar

phenomenon occurs for other pairs of coe�cients, such as C [33]
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, with a corre-
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,
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Figure 5. Same as Figure 4 but for the four-fermion operators that contain at least one leptonic
field and one left-handed field.

and Figure 1 discussed in Section 4.1 for the U(3)5 case, to which we refer. The limits

on ⇤/
p

|C| are also summarised in Figure 8, where we only show the coe�cients that

can be constrained individually within the pertubative regime in the case of ⇤ = 3 TeV.

Furthermore, a comparison between the case of the UP and DOWN bases is summarised

in Table 10 and Figure 9 for the case of those coe�cients that are a↵ected by the choice of

flavour basis. Finally, the global fit results are shown in Table 11 and Figures 10 and 11

where we show the results for the case of ⇤ = 10 TeV.

The main points highlighted in the case of U(3)5 still hold for U(2)5, but there are

several important new considerations that we discuss in the following. The first and most

important one is that flavour observables play a crucial role in constraining many of the

new coe�cients appearing in the U(2)5 case, consequently pushing the e↵ective scale of

NP to several tens of TeVs. This is the case for instance of C [33]

dB
, C [33]

dW
and C [33]

dG
, which are

very strongly constrained by B ! Xs� decays. Four-fermion operators are also strongly

constrained by flavour observables, such as C(1)

qq and C(3)

qq in all flavour combinations, which

are constrained by meson-antimeson mixing, and C [33aa]

qe and C [aabb]

qe which are constrained

by Bs ! µ+µ�.

Furthermore, as shown in Table 10 and Figure 9, the choice of flavour basis has a

pronounced impact on the mentioned b-quark dipole operators. Aligning to the DOWN

basis, as expected, strongly suppresses contributions to b-quark flavour transitions, relaxing

the bound on C [33]

dB
by nearly two orders of magnitude. Even in this case, however, flavour

observables continue to provide the most stringent constraints on these operators. This
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Figure 5. Same as Figure 4 but for the four-fermion operators that contain at least one leptonic
field and one left-handed field.

and Figure 1 discussed in Section 4.1 for the U(3)5 case, to which we refer. The limits

on ⇤/
p

|C| are also summarised in Figure 8, where we only show the coe�cients that

can be constrained individually within the pertubative regime in the case of ⇤ = 3 TeV.

Furthermore, a comparison between the case of the UP and DOWN bases is summarised

in Table 10 and Figure 9 for the case of those coe�cients that are a↵ected by the choice of

flavour basis. Finally, the global fit results are shown in Table 11 and Figures 10 and 11

where we show the results for the case of ⇤ = 10 TeV.

The main points highlighted in the case of U(3)5 still hold for U(2)5, but there are

several important new considerations that we discuss in the following. The first and most

important one is that flavour observables play a crucial role in constraining many of the

new coe�cients appearing in the U(2)5 case, consequently pushing the e↵ective scale of

NP to several tens of TeVs. This is the case for instance of C [33]

dB
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, which are

very strongly constrained by B ! Xs� decays. Four-fermion operators are also strongly
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basis, as expected, strongly suppresses contributions to b-quark flavour transitions, relaxing
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dB
by nearly two orders of magnitude. Even in this case, however, flavour
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Figure 5. Same as Figure 4 but for the four-fermion operators that contain at least one leptonic
field and one left-handed field.

and Figure 1 discussed in Section 4.1 for the U(3)5 case, to which we refer. The limits

on ⇤/
p

|C| are also summarised in Figure 8, where we only show the coe�cients that

can be constrained individually within the pertubative regime in the case of ⇤ = 3 TeV.

Furthermore, a comparison between the case of the UP and DOWN bases is summarised

in Table 10 and Figure 9 for the case of those coe�cients that are a↵ected by the choice of

flavour basis. Finally, the global fit results are shown in Table 11 and Figures 10 and 11

where we show the results for the case of ⇤ = 10 TeV.

The main points highlighted in the case of U(3)5 still hold for U(2)5, but there are

several important new considerations that we discuss in the following. The first and most

important one is that flavour observables play a crucial role in constraining many of the

new coe�cients appearing in the U(2)5 case, consequently pushing the e↵ective scale of

NP to several tens of TeVs. This is the case for instance of C [33]

dB
, C [33]

dW
and C [33]

dG
, which are

very strongly constrained by B ! Xs� decays. Four-fermion operators are also strongly

constrained by flavour observables, such as C(1)

qq and C(3)

qq in all flavour combinations, which

are constrained by meson-antimeson mixing, and C [33aa]

qe and C [aabb]

qe which are constrained

by Bs ! µ+µ�.

Furthermore, as shown in Table 10 and Figure 9, the choice of flavour basis has a

pronounced impact on the mentioned b-quark dipole operators. Aligning to the DOWN

basis, as expected, strongly suppresses contributions to b-quark flavour transitions, relaxing

the bound on C [33]

dB
by nearly two orders of magnitude. Even in this case, however, flavour

observables continue to provide the most stringent constraints on these operators. This
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Figure 5. Same as Figure 4 but for the four-fermion operators that contain at least one leptonic
field and one left-handed field.

and Figure 1 discussed in Section 4.1 for the U(3)5 case, to which we refer. The limits

on ⇤/
p

|C| are also summarised in Figure 8, where we only show the coe�cients that

can be constrained individually within the pertubative regime in the case of ⇤ = 3 TeV.

Furthermore, a comparison between the case of the UP and DOWN bases is summarised

in Table 10 and Figure 9 for the case of those coe�cients that are a↵ected by the choice of

flavour basis. Finally, the global fit results are shown in Table 11 and Figures 10 and 11

where we show the results for the case of ⇤ = 10 TeV.

The main points highlighted in the case of U(3)5 still hold for U(2)5, but there are

several important new considerations that we discuss in the following. The first and most

important one is that flavour observables play a crucial role in constraining many of the

new coe�cients appearing in the U(2)5 case, consequently pushing the e↵ective scale of

NP to several tens of TeVs. This is the case for instance of C [33]

dB
, C [33]

dW
and C [33]

dG
, which are

very strongly constrained by B ! Xs� decays. Four-fermion operators are also strongly

constrained by flavour observables, such as C(1)

qq and C(3)

qq in all flavour combinations, which

are constrained by meson-antimeson mixing, and C [33aa]

qe and C [aabb]

qe which are constrained

by Bs ! µ+µ�.

Furthermore, as shown in Table 10 and Figure 9, the choice of flavour basis has a

pronounced impact on the mentioned b-quark dipole operators. Aligning to the DOWN

basis, as expected, strongly suppresses contributions to b-quark flavour transitions, relaxing

the bound on C [33]

dB
by nearly two orders of magnitude. Even in this case, however, flavour

observables continue to provide the most stringent constraints on these operators. This
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Figure 5. Same as Figure 4 but for the four-fermion operators that contain at least one leptonic
field and one left-handed field.

and Figure 1 discussed in Section 4.1 for the U(3)5 case, to which we refer. The limits

on ⇤/
p

|C| are also summarised in Figure 8, where we only show the coe�cients that

can be constrained individually within the pertubative regime in the case of ⇤ = 3 TeV.

Furthermore, a comparison between the case of the UP and DOWN bases is summarised

in Table 10 and Figure 9 for the case of those coe�cients that are a↵ected by the choice of

flavour basis. Finally, the global fit results are shown in Table 11 and Figures 10 and 11

where we show the results for the case of ⇤ = 10 TeV.

The main points highlighted in the case of U(3)5 still hold for U(2)5, but there are

several important new considerations that we discuss in the following. The first and most

important one is that flavour observables play a crucial role in constraining many of the

new coe�cients appearing in the U(2)5 case, consequently pushing the e↵ective scale of

NP to several tens of TeVs. This is the case for instance of C [33]

dB
, C [33]

dW
and C [33]

dG
, which are

very strongly constrained by B ! Xs� decays. Four-fermion operators are also strongly

constrained by flavour observables, such as C(1)

qq and C(3)

qq in all flavour combinations, which

are constrained by meson-antimeson mixing, and C [33aa]

qe and C [aabb]

qe which are constrained

by Bs ! µ+µ�.

Furthermore, as shown in Table 10 and Figure 9, the choice of flavour basis has a

pronounced impact on the mentioned b-quark dipole operators. Aligning to the DOWN

basis, as expected, strongly suppresses contributions to b-quark flavour transitions, relaxing

the bound on C [33]

dB
by nearly two orders of magnitude. Even in this case, however, flavour

observables continue to provide the most stringent constraints on these operators. This
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Figure 5. Same as Figure 4 but for the four-fermion operators that contain at least one leptonic
field and one left-handed field.

and Figure 1 discussed in Section 4.1 for the U(3)5 case, to which we refer. The limits

on ⇤/
p

|C| are also summarised in Figure 8, where we only show the coe�cients that

can be constrained individually within the pertubative regime in the case of ⇤ = 3 TeV.

Furthermore, a comparison between the case of the UP and DOWN bases is summarised

in Table 10 and Figure 9 for the case of those coe�cients that are a↵ected by the choice of

flavour basis. Finally, the global fit results are shown in Table 11 and Figures 10 and 11

where we show the results for the case of ⇤ = 10 TeV.

The main points highlighted in the case of U(3)5 still hold for U(2)5, but there are

several important new considerations that we discuss in the following. The first and most

important one is that flavour observables play a crucial role in constraining many of the

new coe�cients appearing in the U(2)5 case, consequently pushing the e↵ective scale of

NP to several tens of TeVs. This is the case for instance of C [33]

dB
, C [33]

dW
and C [33]

dG
, which are

very strongly constrained by B ! Xs� decays. Four-fermion operators are also strongly

constrained by flavour observables, such as C(1)

qq and C(3)

qq in all flavour combinations, which

are constrained by meson-antimeson mixing, and C [33aa]

qe and C [aabb]

qe which are constrained

by Bs ! µ+µ�.

Furthermore, as shown in Table 10 and Figure 9, the choice of flavour basis has a

pronounced impact on the mentioned b-quark dipole operators. Aligning to the DOWN

basis, as expected, strongly suppresses contributions to b-quark flavour transitions, relaxing

the bound on C [33]

dB
by nearly two orders of magnitude. Even in this case, however, flavour

observables continue to provide the most stringent constraints on these operators. This
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Figure 6. Same as Figure 4 but for the four-fermion operators that contain only quark fields and
at least one left-handed field.

pattern extends, to varying degrees, to most of the operators shown in Figure 9: bounds

in the DOWN basis are systematically weaker due to flavour-space alignment and the

precision of B-physics measurements. A few notable exceptions are the coe�cients C(1)

�q

and C(3)

�q
, for which flavour-diagonal electroweak observables impose similarly strong limits.

We now discuss the results of the global fits for the U(2)5 assumption, choosing as a

representative example the results obtained with ⇤ = 10 TeV in the UP basis shown in

Table 11 and Figures 10 and 11. We begin by highlighting the most important correla-

tions between the di↵erent Wilson coe�cients. Let us start with the coe�cients mainly

constrained by Higgs-boson and EW observables. For example, the coe�cient C�G be-

comes degenerate with C [33]

uG
, with a correlation coe�cient of �0.94. However, imposing

the perturbativity prior on C [33]

uG
, one still gets a strong constraint on C�G, with a 95%

HPDI interval of [�0.32, 1.62] corresponding to a bound on ⇤/
p

|C�G| of 8 TeV, to be

compared with the bound of 19 TeV obtained in the individual fit (see Table 9). A similar

phenomenon occurs for other pairs of coe�cients, such as C [33]

e�
and C(1)[3333]
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, with a corre-

lation coe�cient of 0.87 and C(1)[3333]
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hitting the perturbativity limit; C [33]
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,
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, with a correlation coe�cient of 0.99, and C [33]
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hitting the perturbativity limit;

C [aabb]

ll
and C [aabb]

ee , with a correlation coe�cient of �0.9 and both coe�cients hitting the

perturbativity limit. Concerning four fermion operators, one faces more complex interfer-
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Figure 6. Same as Figure 4 but for the four-fermion operators that contain only quark fields and
at least one left-handed field.

pattern extends, to varying degrees, to most of the operators shown in Figure 9: bounds

in the DOWN basis are systematically weaker due to flavour-space alignment and the

precision of B-physics measurements. A few notable exceptions are the coe�cients C(1)
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and C(3)
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, for which flavour-diagonal electroweak observables impose similarly strong limits.

We now discuss the results of the global fits for the U(2)5 assumption, choosing as a

representative example the results obtained with ⇤ = 10 TeV in the UP basis shown in

Table 11 and Figures 10 and 11. We begin by highlighting the most important correla-

tions between the di↵erent Wilson coe�cients. Let us start with the coe�cients mainly

constrained by Higgs-boson and EW observables. For example, the coe�cient C�G be-

comes degenerate with C [33]
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, with a correlation coe�cient of �0.94. However, imposing

the perturbativity prior on C [33]
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, one still gets a strong constraint on C�G, with a 95%

HPDI interval of [�0.32, 1.62] corresponding to a bound on ⇤/
p

|C�G| of 8 TeV, to be

compared with the bound of 19 TeV obtained in the individual fit (see Table 9). A similar

phenomenon occurs for other pairs of coe�cients, such as C [33]
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Figure 4. Same as Fig. 1 for bosonic and two-fermion operators in the U(2)5 symmetric SMEFT
(UP basis).

4.2 Results for the U(2)5 flavour symmetric SMEFT

The results of the individual fits for the U(2)5 flavour symmetric SMEFT in the UP basis

are reported in Table 9 and in Figures 4-7, which have the same structure as Table 7
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(Very small contributions from RH operators to Flavour either in the UP or DOWN bases)
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The role of Flavour in Global SMEFT fits 

July 10, 2025 31

Standard Model Effective Field Theory

‣Flavour structures  and  are assumed.U(2)5 U(3)5

de Blas, Goncalves, Miralles, Reina, Silvestrini, Valli, 2507.06191

SMEFT global fit of EW, Drell-Yan, Higgs, top, and flavour observables
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Fig. 5.15: Bounds on the coefficients Ci of dimension-six operators constrained by selected
flavour observables, expressed as bounds on the effective scale (Ci = 1/L2

i ). The coloured bars
denote current limits, while the empty bars the expected improvements in the best scenario
(assuming, in particular, FCC-ee for b and t observables). For quark-violating observables the
hatched bars indicate current bounds assuming a MFV structure (see text).

of these observables. Particularly noteworthy are the expected improvements in EDMs and LFV
measurements, where the scales probed by future projects will exceed the current ones by one
order of magnitude or more.

The drawback of EDMs and LFV is that it is difficult to define a minimum value for the
coupling. The situation is different in the quark sector, where the Yukawa couplings do provide
an irreducible source of flavour violation in any consistent extension of the SM. The bounds
obtained under the Minimal Flavour Violation (MFV) hypothesis [261–263], i.e. assuming the
Yukawa couplings are the only accessible sources of flavour violation, are shown with hatched
lines in Fig. 5.15. As can be seen, these bounds are as high as few TeV, reaching in a few cases
up to 10 TeV: this demonstrates that quark FCNCs currently provide constraints competitive
with direct searches even in NP models with minimal flavour-violating couplings.

Concerning FCNCs and meson mixing, future improvements depend, in large part, also on
the expected improvements in determining the CKM matrix elements. The best example in this
respect is eK , whose current SM uncertainty, around 20%, is dominated by the parametric error
on |Vcb| (mainly due the existing tension between exclusive determinations of |Vcb|). Thanks to
the precision on |Vcb| expected from W decays (see Sect. 5.4.3), as well as progress from LQCD
(see Sect. 5.2.2), this could drop below 3%, with a gain of a factor 3 in the scale of NP probed.

5.5.2 Impact in NP models with motivated flavour structure
A realistic example of TeV-scale dynamics is provided by NP that couples mainly to the third-
generation and is invariant under a U(2)5 flavour symmetry acting on the light generations [265,
266]. The bounds on all the SMEFT operators containing third-generation quark and lepton
doublets within this general setup—considering separately flavour, electroweak (EW), and col-
lider observables—are shown in Fig. 5.16. In this framework flavour mixing is completely
controlled by the CKM matrix; however, there is an ambiguity in what is identified as third-
generation in the left-handed quark sector. This is why in Fig. 5.16 the flavour bounds are

80

NP Flavour Puzzle

Bounds on the scale  from various processes, 
by assuming unit couplings for Wilson coefficients

Λ

Higgs hierarchy problem  NP scale  should be few TeV⟹ Λ
UV theory is natural  ⟹ Cij = ,(1)

NP Flavour  
Puzzle
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NP Flavour Puzzle
Higgs hierarchy problem  NP scale  should be few TeV⟹ Λ
UV theory is natural  ⟹ Cij = ,(1)

NP Flavour  
Puzzle

Solution 2:  NP@TeV, but flavour structure is highly non-trivial 
example: NP mainly couples to 3rd generation 
" Higgs is still natural 
" NP could be found at the LHC, possibly answer the SM fermion mass hierarchy

Solution 1:  , but NP scale is very high. 

! induce large fine-tunning in Higgs mass 
! How to understand the hierarchy of the SM fermion masses

Cij = ,(1)
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A Possible UV Picture from EFT AnalysisThe open questions: the NP flavour puzzle

NP with small couplings to 
the light families 

NP that “badly violates” flavor

Energy

EW scale

Few TeV

Low-energy imprint of flavour non-
universality in the Yukawa couplings Y ~

1

< 0.1< 0.01

Non-universality among 
1st & 2nd generations

NP coupled mainly to the 3rd generation
“stabilization” of the Higgs sector 

12

A possible multi-scale UV completion of the SM

>  100 TeV

Kaon 2025 (Mainz, September 2025) G. Isidori – Overview on present and future Flavour Physics
G. Isidori’s talk@Kaon2025
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Flavour DeconstructionFlavour-deconstructed gauge theories

What if the generations are genuinely different 
particles above some scale?

At very high scales, each generation is charged under its own copy of  
gauge group  G

At lower scales, light generations are both charged under the same 
subgroup, but 3rd generation still has its own group 

Energy 

At the electroweak scale, all generations are charged under 
the same subgroup, which is part of the SM group

Full catalogue of semisimple extensions of the SM: Allanach, Gripaios, Tooby-Smith 2104.14555

 TeV≳

100 TeV≳

ψ1 ψ2 ψ3

G1 × G2 × G3

G1+2
ψ1 ψ2

× G3
ψ3

symmetry           breaking

symmetry           breaking
G1+2+3 ⊂ GSM
ψ1 ψ2 ψ3

see talks by J. Lizana, S. Covone

12
Renner’s talk@EPS 2025

Covone, Davighi, Isidori, Pesut/2407.10950 
Fuentes-Martín, Lizana/2402.09507 
Davighi, Gosnay, Miller, Renner/2312.13346 
Barbieri, Isidori/2312.14004 
Isidori/2308.11612 
Navarro, King/2305.07690 
Davighi, Stefanek/2305.16280 
Davighi, Isidori/2303.01520 
active research field

each generation charged 
 under different copy of G

1&2 generation charged  
under the same subgroup

all generations charged  
under the same subgroup

Arkani-Hamed, Cohen, Georgi, hep-th/0104005 
Craig, Green, Katz, 1103.3708

‣Flavour non-universal interactions already at the TeV scale. 

‣NP flavour problem and Higgs hierarchy problem is connected.

symmetry  
breaking

symmetry  
breaking

 just above EW scaleU(2)5



‣analyticity of the S-matrix, partial wave unitarity, and high-energy 
behavior of forward scattering amplitudes


‣EFT interaction


‣EFT operator induced at tree level

42

Flavour structure constrained by analyticity, unitarity, … 

general analysis 
     0602178, Adams, Arkani-Hamed, 


      Dubovsky, Nicolis, Rattazzi

1605.06111, Bellazzini

dim-8 
2004.02885, Remmen, Rodd

2112.11665, C. Zhang

dim-6 
2008.07551, J. Gu, L.T. Wang

2010.04723, Remmen, Rodd 
2108.06334, Davighi, Melville, T. You

2112.02302, Azatov, Ghosh, Singh

2206.13524, Remmen, Rodd

Assumptions

Constraints

Vector UV

Scalar UV

flavour conserving flavour violating



‣analyticity of the S-matrix, partial wave unitarity, and high-energy 
behavior of forward scattering amplitudes


‣EFT interaction


‣EFT operator induced at tree level

42

Flavour structure constrained by analyticity, unitarity, … 

general analysis 
     0602178, Adams, Arkani-Hamed, 


      Dubovsky, Nicolis, Rattazzi

1605.06111, Bellazzini

dim-8 
2004.02885, Remmen, Rodd

2112.11665, C. Zhang

dim-6 
2008.07551, J. Gu, L.T. Wang

2010.04723, Remmen, Rodd 
2108.06334, Davighi, Melville, T. You

2112.02302, Azatov, Ghosh, Singh

2206.13524, Remmen, Rodd

Assumptions

Constraints

Vector UV

Scalar UV

flavour conserving flavour violating

Altmannshofer, Gori, Lehmann, J. Zuo, 2303.00781
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Theoretical Tools

SM-inconsistent  
measurements 

(flavour anomalies)

SM-consistent  
measurements 

(precision measurements)

new measurements  
and precision targets  

for the future



模型时代 反常时代

回归理性
2012 2014

Higgs GW
RD(*)

2026 203X

SUSY,  
Extra Dimension, 

GUT, … 

计算某个模型在味
物理过程中的效应 

GW, PT,  

DM (heavy light), …→

构造了XX模型，可以解

释反常，同时预⾔了XX过

程可以作为检验

enough 
data

味物理新的⻩⾦时代

???

???
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New 
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Flavour 
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味物理中新物理研究的⼀点思考（个⼈观点）

有什么⽐较强的寻找NP的动机？

FPL 100

FPL 200, 300?
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The Magnificent Seven Decays 

Precision Measurements Buras, Addicted to Flavour: 1976-2026, 2601.03722

45

豪勇七蛟龙
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Precision Measurements Buras, Addicted to Flavour: 1976-2026, 2601.03722

 independent 

tensions with SM

Vcb
Example: see also Zhao-Feng Liu’s talk
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Possible Flavour Path to New Physics

26.8%
Blanchet/0807.1408

Rubakov/1804.11230Cirelli, Strumia, Zupan/2406.01705

Dark Matter Matter-antimatter Asymmetry

see also talks by Xiao-Gang He, Wei Chao, ChengCheng Han, Fapeng Huangsee also talks by Xiao-Gang He, Zuowei Liu, Lingfeng Li
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Direct Detection (DD)

Light DM: a bottom-up view

 O’Hare, 2024

DM is electrically neutral !  DM only have FC or FCNC couplings to fermions !⟹

means related to the DM relic density

d s b
d
s

b

NA62/KOTODD

DD

Belle II

Belle II

u c t
u
c

t

BES/STCFDD

BES/STCF

LHC/CEPC

LHC/CEPC

LHC/CEPC

Belle II/LHC

Light DM

example: 





    

B+ → K+ + DM + DM
K+ → π+ + DM + DM
D0 → π0 + DM + DM

Cirelli, Strumia, Zupan

2406.01705

DD = Direct Detection
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Theoretically cleanest processes in heavy flavour physics 

 mixing 

:  ,  , … …


:  , , … …


:  ,  , … …


:  , , …

Bs,d − B̄s,d

b → u(c)ℓν̄ B → Dℓν̄ B → D*ℓν̄

b → s(d)γ B → Xsγ B → K*γ

b → s(d)ℓ+ℓ− Bs → ℓ+ℓ− B → K*ℓ+ℓ−

b → s(d)νν̄ B → Kνν̄ K → πνν̄ Signal:                             NOT measured yet !

 
 DM DM

B → K + ν + ν̄
B → K + +

NP Effects < ,(20%)

B → K + inv
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Experimental Search

b → s

b → d

s → d NA62 
KOTO

Belle II 
CEPC

c → u  + inv,  + inv, … …D+ → π+ D0 → ρ0 BESIII 
STCF

DM B+ Υ(4S)
K+

B−

DM
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Experimental Search

b → s

b → d

s → d NA62 
KOTO

Belle II 
CEPC

c → u  + inv,  + inv, … …D+ → π+ D0 → ρ0 BESIII 
STCF

Belle II, 2104.12624 [PRL]

Ganiev@EPS-HEP, 23 Aug 2023/Belle II, 2311.14647 [PRD]

‣2021 Apr 
xx 

‣2023 Aug: first evidence
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Indirect Detection

Dark Matter Detection

Indirect  
Detection

Direct  
Detection

Hadron FCNC Decay

Hadron FCNC Decay







    

B+ → K+ + DM + DM
Λb → Λ + DM + DM
K+ → π+ + DM + DM
D0 → π0 + DM + DM

Collider
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Direct Detection (DD)

Light DM: a bottom-up view

 O’Hare, 2024

DM is electrically neutral !  DM only have FC or FCNC couplings to fermions !⟹

means related to the DM relic density

d s b
d
s

b

NA62/KOTODD

DD

Belle II

Belle II

u c t
u
c

t

BES/STCFDD

BES/STCF

LHC/CEPC

LHC/CEPC

LHC/CEPC

Belle II/LHC

Light DM

example: 





    

B+ → K+ + DM + DM
K+ → π+ + DM + DM
D0 → π0 + DM + DM

Cirelli, Strumia, Zupan

2406.01705

DD = Direct Detection

future exp uncertainties: 
@Belle II with 


            @CEPC Tera-Z


future theo uncertainties: 
less than 

$(20 ∼ 40%) 5ab−1

$(2%)

10 %

CEPC Flavour WP
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Direct Detection (DD)

Light DM: a bottom-up view
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d s b
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u c t
u
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t

BES/STCFDD

BES/STCF

LHC/CEPC

LHC/CEPC

LHC/CEPC

Belle II/LHC

Light DM

example: 





    

B+ → K+ + DM + DM
K+ → π+ + DM + DM
D0 → π0 + DM + DM

Cirelli, Strumia, Zupan

2406.01705

DD = Direct Detection

future exp uncertainties: 
@Belle II with 


            @CEPC Tera-Z


future theo uncertainties: 
less than 

$(20 ∼ 40%) 5ab−1

$(2%)

10 %

CEPC Flavour WP

  It’s natural to ask: 
1. By combing the direct detection, flavour measurements, and relic 

density, is it possible to obtain the flavour structure of interactions 
between light DM and SM particles ?  

2. Compared to DM direct detection, what’s the advantage of hadron 
decays ？which DM scenario is more sensitive to ? Can they 
provide other information ?
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Effective Field Theory approach to combine the various experimental searches

μEW

μb

Dark SMEFT

Dark LEFT

2009  H.Zhang, Q.H.Cao, C.R.Chen, C.S.Li

2011  Kamenik, Smith

2014  Duch, Grzadkowski, Wudka

2017  Brod, Gootjes-Dreesbach, Tammaro, Zupan

2021  Criado, Djouadi, Perez-Victoria, Santiago

2022  Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)

2023  Song, Sun, Yu (basis@dim-8)

2022  Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)

2022  He, Ma, Valencia (basis@dim-6) 
2023  Liang, Liao, Ma, Wang  (basis@dim-8)

2020  Bauer, Neubert, Renner, Schnubel, Thamm

2023  Song, Sun, Yu (basis@dim-8)

Axion-like particle,               see also H.Y.Cheng, Phys.Rept 1988

example

example

In EFT, DM is just a singlet under the SM gauge group. 

, all the SM particlesSU(3)C ⊗ SU(2)L ⊗ U(1)Y

,  have been integrated outSU(3)C ⊗ U(1)em W, Z, h, t

μc

1 GeV
NRET/HDMET/Chiral EFT

connect to UV model

direct 
detection 

relic density

hadron decay

for light DM

2010 J.J.Fan, Reece, L.T.Wang

2011 Hill, Solon

2012 Fitzpatrick, Haxton, Katz, Lubbers, Xu

2013 Hill, Solon

2013 Anand, Fitzpatrick, Haxton

2016 Bishara, Brod, Grinstein, Zupan
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 theoretical calculation and experimental searchesH1 → H2 + DM
‣  

‣  

‣  

‣

di → dj + ϕ + ϕ

di → dj + χ + χ

di → dj + X + X

di → dj + a

2011  Kamenik, Smith

2014  Bird, Jackson, Kowalewski, Pospelov

2019  G.Li, J.Y. Su, Tandean

          , , ,

          ,  
2020  X.G. He, X.D. Ma, Tandean, Valencia

2020  C.Q.Geng, Tandean, 

2021  G. Li, T. Wang, J.B. Zhang, G.L. Wang

2022  Kling, S. Li, H. Song, S. Su, W. Su 

Λ → n + ϕϕ Σ+ → p + ϕϕ Ξ0 → Λ + ϕϕ
Ξ− → Σ−ϕϕ Ω− → Σ− + ϕϕ

K → ππ + ϕϕ

2011  Kamenik, Smith

2019  J.Y. Su, Tandean 

2020  G. Li, T. Wang, Y. Jiang, J.B. Zhang, G.L. Wang 

2021  Felkl, S. L. Li, Schmidt 

2011  Kamenik, Smith

2021  G. Li, T. Wang, J.B. Zhang, G.L. Wang  

2022  X.G. He, X.D. Ma, Valencia  

2020  Camalich, Pospelov, Vuong, Ziegler, Zupan, 

2021  Bauer, Neubert, Renner, Schnubel, Thamm   

2022  Guerrera and S. Rigolin   

‣  c → u + DM
2022  C.Q.Geng, G.Li

2023  G.Li, Tandean

‣theoretically clean:   

‣no GIM suppression

‣possibly two-body decay

A ∝ C ⋅ ⟨H2 |O |H1⟩ ⋅ DM current

ν → DM

} enhancement

HadronToNP:a package to calculate decay of hadron to new particles

B.F. Hou, X.Q.Li, H.Yan, Y.D.Yang, XBY                             to be finished 

longitudinal polarization 
FL

form factor

based on complete EFT basis (Dark LEFT)

Λb → Λ + DM + DM

B.F. Hou, X.Q.Li, M.Shen, Y.D.Yang, XBY, JHEP 2024
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DM

: DSMEFTb → sνν̄

B+ Υ(4S)
K+

B−

DM

μEW

μb

Dark SMEFT

Dark LEFT

scalar: 4

fermion: 2

vector: 1+13

ALP: 2

scalar: 4

fermion: 5

vector: 1+10

ALP: 2

Can DSMEFT operators explain the Belle II excess, 
while satisfy other  bounds ?b → s



Dark SMEFT: dB/dq2

58

Difficult to distinguish the DSMEFT operators by considering only the  decay. However,B+ → K+νν̄



mDM = 1500 MeVDark SMEFT: , dB/dq2 FL

59

All the operators are distinguishable from each other by combing these observables
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Effective Field Theory approach to combine the various experimental searches

μEW

μb

Dark SMEFT

Dark LEFT
2022  Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)

2022  He, Ma, Valencia (basis@dim-6) 
2023  Liang, Liao, Ma, Wang  (basis@dim-8)

2020  Bauer, Neubert, Renner, Schnubel, Thamm

2023  Song, Sun, Yu (basis@dim-8)

Axion-like particle,               see also H.Y.Cheng, Phys.Rept 1988

example

example

In EFT, DM is just a singlet under the SM gauge group. 

, all the SM particlesSU(3)C ⊗ SU(2)L ⊗ U(1)Y

,  have been integrated outSU(3)C ⊗ U(1)em W, Z, h, t

μc

1 GeV
NRET/HDMET/Chiral EFT

2010 J.J.Fan, Reece, L.T.Wang

2011 Hill, Solon

2012 Fitzpatrick, Haxton, Katz, Lubbers, Xu

2013 Hill, Solon

2013 Anand, Fitzpatrick, Haxton

2016 Bishara, Brod, Grinstein, Zupan

connect to UV model

direct 
detection 

relic density

hadron decay

for light DM

2009  H.Zhang, Q.H.Cao, C.R.Chen, C.S.Li

2011  Kamenik, Smith

2014  Duch, Grzadkowski, Wudka

2017  Brod, Gootjes-Dreesbach, Tammaro, Zupan

2021  Criado, Djouadi, Perez-Victoria, Santiago

2022  Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)

2023  Song, Sun, Yu (basis@dim-8)



Top-flavored DM
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2013  Tongyan Lin, Kolb, Lian-Tao Wang 

2015  Kilic, Klimek, Jiang-Hao Yu 
2015  Haisch, Re 

2015  Boucheneb, Cacciapaglia, Deandrea, Fuks 

2017  Blanke, Kast 

2021  Blanke, Pani, Polesello, Rovelli 

2021  Haisch, Polesello, Schulte

2021  Hermanna, Worek

2022  Yandong Liu, Bin Yan, Rui Zhang

… …


2019  ATLAS [JHEP05(2019)142]

hadron decay direct detection

‣Dark SMEFT with 3rd generation@μEW
⟹ (t̄RγμtR)( χ̄γμχ)

μEW

μb

1 GeV

Dark SMEFT

Dark LEFT

one-loop matching

+ operators with u, d, s
⟨N |$j |N⟩

+  operators$(20)
⟨H2 |$i |H1⟩

tt tt

M.C. Gao, X.Q. Li, Y.D. Yang, XBY, X. Zhang, work in progress
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One-Loop Matching between Dark SMEFT and Dark LEFT
‣Dark SMEFT

‣Dark LEFT: hadron detection

… …

… …

… …

scalar

fermion

vector

‣Matching 

… …

… …

… …

scalar

fermion

vector

tt
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One-Loop Matching between Dark SMEFT and Dark LEFT
‣Dark SMEFT

‣Dark LEFT: direct detection

… …

… …

… …

scalar

fermion

vector

‣Matching 

… …

… …

… …

scalar

fermion

vector

tt tt

u, d, s u, d, s
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Hadron decay vs Direct detection 

0 1 2

m¡ [GeV]

100

101
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104

C u
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2

Qu¡2 = (q̄u eH)¡2 + h.c.
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X
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DM B+ Υ(4S)
K+

B−

DM
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HadronToNP:a package to calculate decay of hadron to new particles  

,  ,  , , … 
,  ,  ,  , …

B → K + DM B → ρ + DM Λb → Λ + DM Υ → DM
D → π + DM D → ρ + DM Ξc → Ξ + DM J/ψ → DM

to be finished

d s b
d
s

b

NA62/KOTODD

DD

Belle II

Belle II

u c t
u
c

t

BES/STCFDD

BES/STCF

LHC/CEPC

LHC/CEPC

LHC/CEPC

Belle II/LHC

  It’s natural to ask: 
1. By combing the direct detection, flavour measurements, and relic 

density, is it possible to obtain the flavour structure of 
interactions between light DM and SM particles ?  

        top-flavoured DM 

2. Compared to DM direct detection, what’s the advantage of 
hadron decays？which DM scenario is more sensitive to ? Can 
they provide other information ? 

        angular distribution (  ) ;FL

many things to do, e.g., other flavour structures (MFV, ),  simplified 
model (light mediator), operator basis (SPVA), UV completion, full one-
loop matching between DLEFT and DSMEFT, astro-constraints, …

U(2)5

Possible Flavour Path to Dark Matter
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Possible Flavour Path to New Physics

26.8%
Blanchet/0807.1408

Rubakov/1804.11230Cirelli, Strumia, Zupan/2406.01705

Dark Matter Matter-antimatter Asymmetry

see also talks by Xiao-Gang He, Wei Chao, ChengCheng Han, Fapeng Huangsee also talks by Xiao-Gang He, Zuowei Liu, Lingfeng Li
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Lw

GW 
友好

BAU 
友好

BAU and flavour physics

Baryon Asymmetry 
of the Universe

CP Violation
in quark flavour physics

ideal: 
closely 

connected

reality: 
huge 
gap

‣ 物理原因：EWBG模型的CPV源通常是Higgs或new singlet与顶夸克的相互作⽤。这类相互作⽤容易影响

edm，但很难影响夸克味物理过程！这也是为什么EWBG通常考虑edm⽽不是味物理CP限制的原因。


‣ ⾮物理原因：这类研究的性价⽐低！研究要求的基础⾼（味物理需要EFT、因⼦化等很多知识，EWBG需要

有限温度场论，相变动⼒学，宇宙学等很多知识），但产出低（做GW相关研究的话，话的时间更少，且更

容易出成果）。

Question 1: why there is a huge gap ?

Question 2: any help from GW studies ?

Question 3: is this problem important ?
Yes ! example: Hsiang-nan Li, 2502.16099, 2601.21374

这⾥仅考虑EWBG (Electroweak Baryogenesis)，另⼀种可能性-Mesogenesis⻅韩成成报告。

2502.00445, Athron, Ramsey-Musolf, Sierra, Wu,  in 2HDM

2303.11252, Kanemura, Mura

1705.05034, Fuyuto, Hou, Senaha 

1109.4145, Liu, Ramsey-Musolf, Shu,  mixing

1107.3559, Cline, Kainulainen, Trott, B anomalies

RD(*)

Bs − B̄s

some related refs
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One More Thing …

Theoretical Tools

SM-inconsistent  
measurements 

(flavour anomalies)

SM-consistent  
measurements 

(precision measurements)

new measurements  
and precision targets  

for the future
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One More Thing …

Theoretical Tools

SM-inconsistent  
measurements 

(flavour anomalies)

SM-consistent  
measurements 

(precision measurements)

new measurements  
and precision targets  

for the future

Artificial Intelligence
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collider search

factorization 
hadron parameter

factorization/PDF matching/RGE

Searches for NP in Flavour Measurements: AI Perspective 

UV Lagrangian

amplitude

obs_th

obs_exp

likelihood

UV Lagrangian

amplitude

obs_th

obs_exp

likelihood

parton shower

detector simulation

obs_exp

likelihood

UV Lagrangian

amplitude

obs_th

SMEFT

LEFT

matching/RGE

flavour searchgeneral workflow

① AI generates NP models 

② agentic workflow 

③ automatic flavour obs calculation

MadGraph

MadGraph

Pythia

Delphes

Dsixtools

Flavio/EOS

MatchETE 
MatchMakerEFT

Flavio/EOS

ea
sy

   
   

 h
ar

d

③

①

②②

from my talk@第22届全国重味物理和CP破坏研讨会，北京, 2025.10.27
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“global analysis” global fit

‣discussions@⾼能理论物理与通⽤⼈⼯智能发展论坛，北京⼤学，2025.11.29-30 

‣Wei Wang’s talk@重⼦物理与CP破坏研讨会，⾼科⼤杭⾼院，2025.12.13 

‣Tony Menzo, et al, 2512.15867 

‣Tilman Plehn, Daniel Schiller, Nikita Schmal, 2601.21015 

‣parallel developments for agent for experiments

Searches for NP in Flavour Measurements: AI Perspective 

an active research field 
many open questions

Flavour anomalies: New Physics interpretation

μb

μEW

μNP

???

20

°6 °5 °4 °3 °2 °1 0 1 2 3 4 5 6
Pull in æ

B(B+ ! K+µ+µ°) [1.1, 6.0]
B(B+ ! K+e+e°) [1.1, 6.0]

B(B0
s ! ¡µ+µ°) [1.0, 6.0]

B(B0
s ! ¡e+e°) [1.1, 6.0]

B(B0
s ! µ+µ°)

B(B0 ! µ+µ°)
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P 0
5(B

0 ! K§0µ+µ°) [2.5, 4.0]
P 0

5(B
0 ! K§0µ+µ°) [4.0, 6.0]

RK [0.1, 1.1]
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RK0

S
[1.1, 6.0]

RK§0 [0.1, 1.1]
RK§0 [1.1, 6.0]

RK§+ [0.045, 6.0]
RKºº [1.1, 7.0]
RpK [0.1, 6.0]
R¡ [1.1, 6.0]

Muon g ° 2 (WP)
Muon g ° 2 (BMW)

R(D)
R(D§)

R(J/√)
R(§+

c )
B(B+ ! ø+∫)

patrick.koppenburg@cern.ch 2025-10-20

Status of Flavour Anomaly 

20

… …

LEFT: Low Energy Effective Field Theory

O9 = (b̄γμPLs)(ℓ̄γμℓ) OVLL = (c̄γμPLb)(τ̄γμPLν)

<latexit sha1_base64="1LyOt490qwmVqfQV/umvjnbrmak="></latexit>

He↵ = (CSM
i + C

NP
i )OSM

i + C
NP
j O

NP
j

… …

SMEFT: SM Effective Field Theory

O(1)
ℓq = (L̄pγμLr)(Q̄sγμQt) O(1)

ed = (ēpγμer)(d̄sγμdt)

<latexit sha1_base64="hEZgacsqgAMfR1TtT0olgqcO4MI="></latexit>

LSMEFT = LSM + C
NP
i O

NP
i

★★★★★ 

★★★★★

★★★

AI AgentWhat can AI agent do ？ 
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②②

71global fit  vs.  global analysis (AI-assist)
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Conclusions

Theoretical Tools

SM-inconsistent  
measurements 

(flavour anomalies)

SM-consistent  
measurements 

(precision measurements)

new measurements  
and precision targets  

for the future

Artificial Intelligence

谢谢！for theoretical calculations,  
see also talks by 

Wei Wang, Ying Li,   
Fu-Sheng Yu, Shan Cheng, 
Yi-Bo Yang, Zhaofeng Liu
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