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François Englert and Peter Higgs 
 2013 Nobel

John Ellis

Standard Model of Particle Physics
Gauge theory based on SU(3)C ⊗ SU(2)L ⊗ U(1)Y
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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

‣Gravity 

‣Hierarchy problem 

‣Number of parameters 

‣Family replication …
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Problems of the SM  Physics beyond the SM⟹ Theories  beyond the SM

H. Murayama
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Experimental Searches
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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

22年7⽉5⽇，ATLAS探测器中的1个 对撞事例ppC.Biscari, EPS-HEP 2009
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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



Flavour Physics
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‣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 violation

   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
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LFU test

0.9 0.95 1 1.05 1.1
')ν l'→W(Β)/ν l→W(Β

)νµ→W(Β

)ντ→W(Β

)νe→W(Β

)ντ→W(Β

)νe→W(Β

)νµ→W(Β

ATLAS

CDF
D0

LEP
LHCb

ATLAS
CMS
PDG averages

J. Phys. G 34 (2007) 2457, PRL 68 (1992) 3398

PRL 75 (1995) 1456, PRL 84 (2000) 5710

Phys. Rept. 532 (2013) 119

JHEP 10 (2016) 030

EPJC 77 (2017) 367, Nat. Phys. 17 (2021) 7

Phys. Rev. D 105 (2022) 7

Prog. Theor. Exp. Phys. (2022) 083C01 + 2023 update

ATLAS - this result

-1 = 13 TeV, 140 fbs

Statistical Uncert.
Total Uncertainty

‣  boson decay Z ‣  boson decay W

diff. disappear

2403.02133



LFU test
‣  decay  

‣  decay 

‣  decay

π

K

τ

A. Pich, Prog. Part. Nucl. Phys. 75 (2014) 41
B. Bryman, Cirigliano, Crivellin, Inguglia, Annu. Rev. Nucl. Part. Sci. 2022. 72:69-91
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recent updates

Belle II, 2405.14625



0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4

R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 

 0.005±R(D*) = 0.254 

68% CL contours

total 0.026±R(D) = 0.342 
total 0.012±R(D*) = 0.287 

 = -0.39ρ
) = 35%2χP(

aLHCb
bLHCb

cLHCb

bBelle

cBelle

aBelle BaBar

BelleII

Average

HFLAV
Moriond 2024

 and  anomalies: expRD RD*

20122015

2024

2024

2017

2024
2023

2023

1.6 σ

2.5 σ
3.3 σ

‣LFU Violation ratio: 

‣LFUV:   v.s.  

‣QCD and EW contributions factorized 

‣hadronic and experimental uncertainties cancelled 

‣tiny theoretical uncertainties

τ e, μ

R(D(*)) = ((B → D(*)τν)
((B → D(*)ℓν)

(ℓ = e, μ)

universal couplings for e, μ, τ



‣Anomalies mainly from BaBar measurement 

‣LHCb 2022: muonic tau, @Run I 

‣LHCb 2023: hadronic tau, @Run II 
‣Outlook

3 fb−1

2 fb−1

 and  anomaliesRD RD*
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‣Analysis based on Run I + II ( )


‣ , , 


‣Belle II

9 fb−1

RΛc
RDs

RD
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future exp uncertainty ~ &(2%)

current status Bernlochner, Sevilla, Robinson, Wormser, 2101.08326

https://arxiv.org/search/hep-ex?searchtype=author&query=Bernlochner,+F+U


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 

Average 
 0.026±0.342 

SM average 
 0.004±0.298 

PRD 94 (2016) 094008 
 0.003±0.299 

PRD 95 (2017) 115008 
 0.003±0.299 

JHEP 1712 (2017) 060 
 0.004±0.299 

EPJC 80 (2020) 2, 74  
 0.003±0.297 

PRD 105 (2022) 034503  
 0.008±0.296 

FNAL/MILC (2015) 
 0.011±0.299 

HPQCD (2015) 
 0.008±0.300 HFLAV

Moriond 2024

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 

Belle II, had.tag
 0.031± 0.040 ±0.267 

cLHCb
 0.085± 0.081 ±0.402 

Average 
 0.012±0.287 

SM average 
 0.005±0.254 

PRD 95 (2017) 115008 
 0.003±0.257 

JHEP 1712 (2017) 060 
 0.005±0.257 

PLB 795 (2019) 386 
 0.007±0.254 

PRL 123 (2019) 9,091801 
 0.005±0.253 

EPJC 80 (2020) 2, 74 
 0.006±0.247 

EPJC 82(2022) 12,1141 
 0.013±0.265 

EPJC 82(2022) 12,1083 
 0.008±0.275 

arXiv:2304.03137[hep-lat] 
 0.013±0.279 

PRD 109 (2024) 7, 074503 
 0.022±0.252 HFLAV

Moriond 2024

 and  anomalies: theoryRD RD*
RD(*) = Γ(B → D(*)τν)

Γ(B → D(*)ℓν)

uncertainty: current theo  exp@2040≈

RD =
∫ q2

max
m2τ

dΓ(B → Dτν)
dq2

∫ q2max
m2

ℓ

dΓ(B → Dℓν)
dq2

R̃D =
∫ q2

max
m2τ

dΓ(B → Dτν)
dq2

∫ q2max
m2τ

dΓ(B → Dℓν)
dq2

rD(q2) =
dΓ(B → Dτν)

dq2

dΓ(B → Dℓν)
dq2

form factor in  not cancelledq2 ∈ (m2
ℓ, m2

τ )

form factor fully cancelled, for large data samples

form factors in the same region

Form factors could not be a problem for  in the future, 

but still important for angular observables e.g.,  and .

RD(*)

Pτ(D*) FL,τ(D*)

Cui, Huang, Wang, Zhao, PRD 2023

3.2σ → 2.5σ

https://arxiv.org/search/hep-ph?searchtype=author&query=Cui,+B


 decaysb → sℓ+ℓ−
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‣  

‣  

‣  

‣  

‣  

‣

Bs → ℓ+ℓ−

B → Xsℓ+ℓ−

B → Kℓ+ℓ−

B → K*ℓ+ℓ−

Bs → ϕℓ+ℓ−

Λb → Λℓ+ℓ−

‣Flavour-Changing Neutral Current (FCNC) 
‣Tree-level: forbidden


‣Loop-level: suppressed by GIM, 


‣Many observables: branching ratio, angular distribution, LFV ratio 

‣NP effects can be sizable compared to the SM amplitude 

‣This transition is LFU in the SM

ℬ ≲ &(10−6)
 Sensitive to New Physics⟹



: theoryb → sℓ+ℓ−

‣Effective Hamiltonian 

‣Effective operator 

‣Feynman Diagram

ℋeff = − 4GF

2
VtbV*ts

e2

16π2 ( ∑
i=1,...,6

CiOi + C7γO7γ + C8gO8g ∑
ℓ

∑
i=9,10,P,S

(Cℓ
i Oℓ

i + C′ ℓ
i O′ ℓ

i ))

O(′ ℓ)
S = (s̄PR(L)b)(ℓ̄ℓ)

O(′ ℓ)
P = (s̄PR(L)b)(ℓ̄γ5ℓ)

16



: theoryb → sℓ+ℓ−

‣Effective Hamiltonian 

‣Effective operator 

‣Amplitude:

ℋeff = − 4GF

2
VtbV*ts

e2

16π2 ( ∑
i=1,...,6

CiOi + C7γO7γ + C8gO8g ∑
ℓ

∑
i=9,10,P,S

(Cℓ
i Oℓ

i + C′ ℓ
i O′ ℓ

i ))

O(′ ℓ)
S = (s̄PR(L)b)(ℓ̄ℓ)

O(′ ℓ)
P = (s̄PR(L)b)(ℓ̄γ5ℓ)

‣Wilson Coefficient 
- perturbative 
- short-distance physics 

-  independent 
- NNLO QCD + NLO EW@SM 
- parameterization of heavy NP 

-

q2

Ci = CSM
i + CNP

i

‣Matrix Element  
- non-perturbative 
- long-distance physics 

-  dependent 
- theoretically challenging 
- main source of uncertainties

q2

17
From talk by B. Capdevila, M. Fedele, S. Neshatpour, P. Stangl



: theoryb → sℓ+ℓ−
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]2 [GeV2q
0 5 10 15 20

2 q
/d

Γd

Photon pole
enhancement (from C7)

J/ψ ψ(2S) Broad charmonium
resonances (above the
open charm threshold)

increasing hadronic recoil

increasing dimuon mass

CKM suppressed
light-quark resonances

Sensitive to C7–C9

interference

Sensitivity to
C9 and C10

phasespace
suppression

T.Blake, G.Lanfranchi, D.Straub, 1606.00916 From  S.Jager’s talk
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: observablesb → 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)

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

RK = ℬ(B → Kμ+μ−)
ℬ(B → Ke+e−)

LFU ratio in B → Kℓ+ℓ−
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‣  

‣Hadronic uncertainties cancel 

‣  QED correction

RSM
K ≈ 1

2(10−2)
deviation from unity 

Physics beyond the SM



  anomalies@mid.2022: branching ratiob → sℓℓ

‣EXP below SM 

‣Low  

‣Theoretical Uncertainties: ! 
q2

20



  anomalies@mid.2022: angular distributionb → sℓℓ
B0 → K*0μ+μ− B+ → K*+μ+μ−

‣Similar deviations in the 2 modes 

‣Theoretical Uncertainties: 
-branching ratio:         ! 
-angular distribution:  "

21



  anomalies@mid.2022: lepton flavour universality ratio b → sℓℓ

LHCb/2110.09501

LHCb/2103.11769

RK+

LHCb/1705.05802

3 fb−13.1 σ -2.2 2.5 σ

-1.4 1.5 σ

RK+ = ((B+ → K+μ+μ−)
((B+ → K+e+e−)

‣  

‣Hadronic uncertainties cancel 

‣  QED correction 

‣Theoretical Uncertainties: 

RSM
H ≈ 1

2(10−2)

-branching ratio:         ! 
-angular distribution:  " 
-LFV ratio:                    #

deviation from unity 

Physics beyond the SM

22



LHCb/2110.09501

LHCb/2103.11769

RK+

LHCb/1705.05802

3 fb−13.1 σ -2.2 2.5 σ

-1.4 1.5 σ

RK+ = ((B+ → K+μ+μ−)
((B+ → K+e+e−)

‣  

‣Hadronic uncertainties cancel 

‣  QED correction 

‣Theoretical Uncertainties: 

RSM
H ≈ 1

2(10−2)

-branching ratio:         ! 
-angular distribution:  " 
-LFV ratio:                    #

deviation from unity 

Physics beyond the SM
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disappear after LHCb’s new measurements  

(2212.09152, 2212.09153)

  anomalies@mid.2022: lepton flavour universality ratio b → sℓℓ



‣New CMS measurements on  (axXiv: 2212.10311) 

‣New LHCb measurements on  and  (axXiv: 2212.09152, 2212.09153)

Bs → μ+μ−

RK RK*

RK low-q2 RK central-q2 RK§ low-q2 RK§ central-q2

0.6

0.8

1.0

1.2

1.4

R
K

,K
§

¬2 = 1.6, p = 0.812, æ = 0.2

RK low-q2 = 0.994+0.094
°0.087

RK central-q2 = 0.949+0.048
°0.047

RK§ low-q2 = 0.927+0.099
°0.093

RK§ central-q2 = 1.027+0.077
°0.073

LHCb
9 fb-1

Data
SM

remaining discrepancies in b → sℓ +ℓ −

all consistent with SM 
 and  anomaly  

disappear
RK RK*

24

old average

  anomalies@2023 b → sℓℓ



  anomalies@mid.2024 b → sℓℓ
‣Angular analysis of  at LHCb 

‣Search for  at Belle II (Meihong Liu’s talk@ICHEP)

B0 → K*0e+e−

B0 → K*0τ+τ−

‣ Based on full Run I + II data

‣ Performed in  region 

‣ 


‣ All consistent with SM

[1.1, 6.0 (7.0)] GeV2

Qi = P(μ)
i − P(e)

i

 is still far from the SM prediction ℬexp < 1.8 × 10−3 1.0 × 10−7

LHCb-Paper-2024-022

R.S.Coutinho’s talk@ICHEP

‣  at CMSRK Rep. Prog. Phys. 87 (2024) 077802



Flavour anomalies: New Physics interpretation
‣  anomalies 

‣  anomalies

b → sℓ+ℓ−

b → cτν

-branching ratio: , …  

-angular distribution:  in , …

4(Bs → ϕμ+μ−)
P′ 5 B → K*μ+μ−

-LFUV ratios (  vs.  ) in , …τ μ, e B → D(*)τν

μb

μEW

μNP

LEFT: Low Energy Effective Field Theory

SMEFT: SM Effective Field Theory

5eff = (CSM
i +CNP

i )OSM
i +CNP

j ONP
j

O9 = (b̄γμPLs)(ℓ̄γμℓ) O10 = (b̄γμPLs)(ℓ̄γμγ5ℓ)
OVLL = (c̄γμPLb)(τ̄γμPLν)
OVRL = (c̄γμPRb)(τ̄γμPLν)

6SMEFT = 6SM+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

… …

???
?

?
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Flavour anomalies: New Physics interpretation
‣  anomalies 

‣  anomalies

b → sℓ+ℓ−

b → cτν

μb

μEW

μNP

LEFT: Low Energy Effective Field Theory

SMEFT: SM Effective Field Theory

5eff = (CSM
i +CNP

i )OSM
i +CNP

j ONP
j

O9 = (b̄γμPLs)(ℓ̄γμℓ) O10 = (b̄γμPLs)(ℓ̄γμγ5ℓ)
OVLL = (c̄γμPLb)(τ̄γμPLν)
OVRL = (c̄γμPRb)(τ̄γμPLν)

6SMEFT = 6SM+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

… …

???
?

?
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Ying Li, Cai-Dian Lu, 1808.02990

c

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

No  anomalies now !RK, RK*

 consistent with SMℬ(Bs → μ+μ−)

Ciuchini et al 2212.10516

Alguero et al 2304.07330


Qiaoyi Wen, Fanrong Xu  2305.19038

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

(  can’t be too large)C10

  global fit@mid.2023 b → sℓℓ


C9e = CU
9

C9μ = CU
9 + CV

9

所有的good fit 都不包含⼤的C10

同时，不包含C10意味着可以⽤non-local matrix解释？



Charm-loop contribution 
‣Global fit prefer to    is consistent with SM 

‣Charm-loop could mimic  

‣Charm-loop contribution is expected to be , but not  

C9e = C9μ ≠ CSM
9 ⟸ 7(Bs → μ+μ−)exp

C9e = C9μ

ΔCU
9 (q2) ΔCU

9

C9e = C9μ = CSM
9 +ΔCU, charm loop

9 +ΔCU, NP
9

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

vector current 
LFU

0 5 10 15 20
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�2 �1 0
Re(CBSM

9 )
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R
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)

LHCb 4.7 fb�1 q2 > 0 only
q2 < 0 constr.
fix FFs
SM

�1.0

�0.5

0.0

0.5

1.0

P0 5

LHCb 4.7 fb�1

(2020) 011802

DHMV
GRvDV
q2 > 0 only
q2 < 0 constr.
LHCb PRL 125

�0.2

0.0

0.2

0.4

0.6

�
P0 5

0.0 2.5 5.0 7.5 10.0 12.5
q2 [GeV2/c4]

�0.2

�0.1

0.0

0.1S
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0 2 4 6 8 10 12 14 16 18
q2 [GeV2/c4]

°1.0

°0.5

0.0

0.5

1.0

1.5

P
0 5

LHCb 8.4 fb°1 Total

Total, SM WCs

SM from GRvDV

LHCb, PRL132(2024)131801 

LHCb, PRD109(2024)052009

LHCb, 2405.17347 (charmonium region is open)
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Connections to other anomalies 

Origin of LFU violation

 anomaly

 excess at Belle II


Cabibbo angle anomaly

(g − 2)μ

B+ → K+νν̄{

 system,  boson,  and π, K, τ W, Z RD(*) RK(*)



(g − 2)μ aμ = (g − 2)/2

g = 2

aQED
μ = 116584718.931 ± 0.104 aEW

μ = 153.6 ± 1.0

QED Electro-Weak hadronic vacuum polarisation Hadronic light-by-light scattering

Aoyama, Hayakawa, Kinoshita, Nio (2012-2019)

⃗μ = g
e

2m
⃗s

12000+ Feynman diagrams

Analytical calculation @ , 


Partly analytical @ 

Numerical @ 

α2 α3

α4

α5

Bohr magneton

unit: 10−11

aSM
μ = 116591810 ± 43
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(g − 2)μ aμ = (g − 2)/2

g = 2

aQED
μ = 116584718.931 ± 0.104 aEW

μ = 153.6 ± 1.0

QED Electro-Weak hadronic vacuum polarisation Hadronic light-by-light scattering

Bohr magneton

unit: 10−11

aSM
μ = 116591810 ± 43

60 years

of g-2


measurements
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aexp
μ = 116592061 ± 41 Δaμ = aexp

μ − aSM
μ = 251 ± 59

4.2 sigma difference !!!



360 365 370 375 380 385 390
-10 < 0.88 GeV ), 10s  ( 0.6 <

-
π+π

µ
a

9−

8−

7−

6−

5−

4−

3−

2−

1−

0

1

before CMD2

CMD2

SND

KLOE comb

BABAR

BES

CLEO

SND2k

CMD3

(g − 2)μ
Dispersion relation + 

low energy e+e- -> hadrons

Data-driven

Lattice

‣CMD-3 different from CDM-2 and others

‣New results from BES-III, Belle II, STCF expected !!!

‣More time needed to resolve these puzzles

‣Uncertainty in BMW20 much smaller than others (huge computing power)

‣Central value closer to experimental measurement

‣Discrepancy between BMW20 and Data-driven

‣Require more checks among the several Lattice groups

‣Recent progress M. Ce et al, 2206.06582


ETMC, 2206.15084

Fermilab Lattice, HPQCD, and MILC, 2301.08274


RBC and UKQCD, 2301.08696

Tension between data-driven and lattice

{Data-driven
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360 365 370 375 380 385 390
-10 < 0.88 GeV ), 10s  ( 0.6 <

-
π+π

µ
a

9−

8−

7−

6−

5−

4−

3−

2−

1−

0

1

before CMD2

CMD2

SND

KLOE comb

BABAR

BES

CLEO

SND2k

CMD3

(g − 2)μ
Dispersion relation + 

low energy e+e- -> hadrons

Data-driven

Apr 2021 publication
}

Kim Siang Khaw@TOPAC 23
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Lattice

{Data-driven
2023 Aug (2019-2020 data)
aFNAL,2023

μ = 116592057 ± 25 Exp vs SM: 5.2 σ
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Recent Global Fit

 consistent with SMℬ(Bs → μ+μ−)

Ciuchini et al 2212.10516

Alguero et al 2304.07330


Qiaoyi Wen, Fanrong Xu  2305.19038

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

 interaction should 
be almost vector-type

Z′ ℓ +ℓ −

(  can’t be too large)C10

Δ(g − 2)μ ∝ −5g2
A+g2

V

 and   anomaly(g − 2)μ b → sℓℓ

Current global fit implies 
non-zero CNP

9



: exp & theoryb → sνν̄
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Belle II, 2104.12624 (PRL)

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

‣2021 Apr 
xx 

‣2023 Aug

30+ theory papers !



: exp & theoryb → sνν̄

37

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

; ∝ 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
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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

; ∝ 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
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SMEFT

LEFT

induce  interaction,

Thus, universally affect  

s̄bZ

b → se+e−, μ+μ−, τ+τ−

one LEFT  operator ! 
just the SM operator

‣Prediction 

‣prediction 

‣Only  is relevant with  2(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 

2ld B+ → K+νν̄
2ld 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

weird (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 



Cabibbo Angle Anomaly

γ

γ

α

α

dm∆
Kε

Kε

sm∆ & dm∆

ubV

βsin 2

(excl. at CL > 0.95)
 < 0βsol. w/ cos 2

excluded at CL > 0.95

α

βγ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

Spring 21

CKM
f i t t e r

‣unitarity of CKM:  

‣unitarity triangle

VV† = V†V = 1

VCKM =
∑

i
VijV*ik = δjk

∑
i

VjiV*ki = δjk

All measurements agree with the CKM picture in the SM !!! However, …
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Cabibbo Angle Anomaly Belfatto, Beradze, Berezhiani 1906.02714

0.968 0.970 0.972 0.974 0.976

0.218

0.220

0.222

0.224

0.226

0.228

mirror nuclei decay

neutron decay (PDG)

neutron decay (best)

superallowed β decay (reduced unc.)

world average
(not included in the average)

(not included in the average)

0.971 0.972 0.973 0.974 0.975 0.976 0.977

hyperon

global fit

0.216 0.218 0.220 0.222 0.224 0.226 0.228

‣From unitarity for the first row of CKM ( ) 

‣From data

|Vub |2 ∼ 10−5

Crivellin, Kirk, Kitahara, Mescia, 2212.06862 

2.8 σ

3.3 σ

1.8 σ

2.6 σ

τK /τπ = Γ(τ → K−ν)/Γ(τ → π−ν)

Kℓ3/πe3 = Γ(K → πℓν)/Γ(π+ → π0e+ν)

Kμ2/πμ2 = Γ(K+ → μ+ν)/Γ(π+ → μ+ν)

41



Cabibbo Angle Anomaly Belfatto, Beradze, Berezhiani 1906.02714

0.968 0.970 0.972 0.974 0.976

0.218

0.220

0.222

0.224

0.226

0.228

‣From unitarity for the first row of CKM ( ) 

‣From data 

‣Connection to LFUV

|Vub |2 ∼ 10−5

Crivellin, Kirk, Kitahara, Mescia, 2212.06862 

2.8 σ
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GF = G0
F(1 + ϵe + ϵμ)

g2(1 + ϵe)g2(1 + ϵμ)

G0
F ⋅ (1 + ϵe) ⋅ V0

ud = GF ⋅ (1 − ϵμ) ⋅ V0
ud

 from  decay:Vud β

 from  decay:GF μ

Vβ
ud = V0

ud ⋅ (1 − ϵμ)

  can receive the contribution from , but no Vβ
ud ϵμ ϵe

Crivellin, Hoferichter, 2002.07184 

https://arxiv.org/search/hep-ph?searchtype=author&query=Crivellin,+A


Origin of LFU
‣LFU in SM 

‣LFUV in BSM 

‣We learn that

ℓ̄′ RγμZμYℓ′ R ∝ [ē′ R μ̄′ R τ̄′ R] [
−1 0 0
0 −1 0
0 0 −1]

e′ R
μ′ R
τ′ R

= [ēR μ̄R τ̄R] U†
R [

−1 0 0
0 −1 0
0 0 −1] UR [

eR
μR
τR

] = [ēR μ̄R τ̄R] [
−1 0 0
0 −1 0
0 0 −1] [

eR
μR
τR

]
hypercharge of 
U(1)Y

YeR
= YμR

= YτR
= − 1



: complex  unitary matrix

ℓ′ R = URℓR
UR 3 × 3

mass eigenbasis interaction eigenbasis


flavour universal

ℓ̄′ RγμZ′ μY′ ℓ′ R ∝ [ē′ R μ̄′ R τ̄′ R]
a 0 0
0 b 0
0 0 c

e′ R
μ′ R
τ′ R

= [ēR μ̄R τ̄R] U†
R

a 0 0
0 b 0
0 0 c

UR [
eR
μR
τR

] = [ēR μ̄R τ̄R]
ϵ11 ϵ12 ϵ13
ϵ21 ϵ22 ϵ23
ϵ31 ϵ32 ϵ33 [

eR
μR
τR

]
hypercharge of 
U(1)′ 

Y′ eR
≠ Y′ μR

≠ Y′ τR

flavour non-universality is generated,

but flavour violation usually can’t be avoided.

SM b → sμμ/b → see ≠ ⟹ , , 

, , , …

b → seμ b → seτ b → sμτ
b → dμμ/b → dee s → dμμ/s → dee bb̄ → μμ/bb̄ → ee{

SM b → cτν/b → cμν ≠ ⟹ , , …b → uτν/b → uμν c → sτν/c → sμν

What’s the magnitude of NP effects in these related channels? Can they satisfy the current exp bound? Flavour structure !



Origin of LFU: connection to flavour structure
‣Minimal Flavour Violation ‣Flavour deconstruction 

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

‣1st and 2nd gen have small masses due to couple to NP at heavier scales.

‣3 gens are not identical copies up to high scales.

Isidori’s talk@APEC Pheno seminar, 2021

 symmetry with spurion 
flavour violation by  and 

U(3)5

VCKM UPMNS

… …
C.W.Chiang, X.G.He, J.Tandean, XBY, 1706.02696 
C.S.Kim, XBY, Y.J.Zheng, 1602.08107

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



Introduction 
Lepton Flavour Universality Test 

Implications for New Physics 

Summary
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Connections to other anomalies 

Origin of LFU violation

 anomaly

 excess at Belle II


Cabibbo angle anomaly

(g − 2)μ

B+ → K+νν̄{

 system,  boson,  and π, K, τ W, Z RD(*) RK(*)



Summary

0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4

R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 

 0.005±R(D*) = 0.254 

68% CL contours

total 0.026±R(D) = 0.342 
total 0.012±R(D*) = 0.287 

 = -0.39ρ
) = 35%2χP(

aLHCb
bLHCb

cLHCb

bBelle

cBelle

aBelle BaBar

BelleII

Average

HFLAV
Moriond 2024

LEFT/WET

SMEFT

QCD corrections 
form factor 

non-local matrix element

Grand Unified Theory

flavour structure in the SM

EW hierarchy problem

Neutrino mass

… …

exp measurement

RGE 
(well understood ! )

NP model

non-universal 
gauge interaction

leptoquark

…

…

…

inverse problem 
(e.g., Fermi theory to SM)

Dark matter

Strong CP

big question

more precise data needed !



Definition of Pull

Non-local matrix element



Me/m_mu=0.5MeV/105.6MeV=5*10^-3


