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• Introduction: 

 Anomalies pointing towards Lepton Flavour 

Universality Violation 

•  Explaining the Flavour Anomalies 

•  Prospects for future colliders 

Outline 
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Flavour Anomalies 
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LFUV 

τ→μνν 
≈2σ 

CAA 
≈3σ 

b→sµµ 
>5σ 

b→cτν 
>3σ 

aµ 

4.2σ 

ΔAFB 

≈4σ 

pp→e+e- 

≈3σ 
 

b→dµµ 
b→uτν 

1-2σ 

 
 

 



Fit is >7 σ better than the SM 

• Perform global model independent fit to include 

all observables (≈150) 

• Several NP hypothesis  

give a good fit to data 

significantly preferred  
over the SM 

hypothesis 

Global Fit to b→sμ+μ- Data 
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See talk of Nazila 



O(10%) constructive preferred effect at 3σ 
Page 5 

b→cτν Transitions 
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• LFU test of  

the charged  

current 

• Tau mode  

consistently  

enhanced 

• Supported  

by 

 

 

• Tree-level         need huge NP effect 

 

 

 

  



 

 

 

• Theory prediction challenging (hadronic effects) 

 

• Need NP of the order of the SM EW contribution 

• Chiral enhancement necessary for heavy NP 

• Soon new experimental results from Fermilab 

• Vanishes for mμ→0         measure of LFUV 

 

 

 

Muon Anomalous Magnetic Moment 

4.2σ deviation from the SM prediction  
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  11251 49 10a

    T. Aoyama et al., arXiv:2006.04822 



τ→μνν and τ→eνν  
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≈2σ hint for LFUV in tau decays 

• Ratios of leptonic 

tau decays 

 

 

 

 

 
 

• NP in muon decay  

constrained from EW data 
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Cabibbo Angle Anomaly (CAA) 
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3σ tension 

• Vud from  

super-allowed 

beta decays  

• Vus from  

Kaon and  

tau decays 

• Disagreement 

leads to a  

(apparent) violation of CKM unitarity 

 

 

 

 2 2 2 0.9985 0.0005 PDGud us ubV V V   

CMS, 

SGPR:  

radiative 

corrections  
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CAA and LFUV 
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The CAA can be interpreted as a sign of LFUV 
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AC, M. Hoferichter PRL 2020 
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• Assume modified Wℓν couplings 

 

• Vud from beta decays depends on Fermi constant 

 

• Fermi constant determined from  

muon decay 

 
• Dependence on      cancels 
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Non-Resonant Di-Leptons 
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≈3σ hint for LFUV 

• Excess in  

di-electrons at 

mee>1800GeV 

• Observed:  

44 events 

• Expected 

29.2 ± 3.6 events 

• Also ATLAS (2006.12946) and HERA (1902.03048) 

observe slightly more electrons than expected.  

• No excess in muon data 

  

CMS: arXiv:2103.02708 



Hint for scalar/tensor NP in b→cµν  
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ΔAFB in b→cµν 

   FB FB FBA A b c A b ce     

2104.02094 

•   

• 4σ deviation found  

by 2104.02094 

based on BELLE 

data 1809.03290 

• Scalar and/or  

tensor operators  

required for an  

angular asymmetry 

• g-2 and b→sµµ  
motivate new physics 
related to muons  
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LFUV 

τ→μνν 
≈2σ 

CAA 
≈3σ 

b→sµµ 
>5σ 

b→cτν 
>3σ 

aµ 

4.2σ 

ΔAFB 

≈4σ 

pp→e+e- 

≈3σ 
 

b→dµµ 
b→uτν 

1-2σ 

 
 

 

Accumulated Evidence for LFUV 



New Physics  
Explanations of the 

Anomalies 



• Charged scalars: Problems with distributions 
and Bc lifetime 

• W’: Strong constraints from direct LHC searches 
 

• Leptoquark: Strong signals in qq→ττ searches  
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R(D) & R(D*)  

Explanation difficult but possible with Leptoquarks 
Page 14 

, ´H W



b

c

LQ

 

b c

A. Celis, M. Jung, X. Q. Li, A. Pich, PLB 2017 

R. Alonso, B. Grinstein, J. Martin Camalich, PRL 2017 

D. Buttazzo, A. Greljo, G. Isidori, D. Marzocca, JHEP 2017 

CMS, 1809.05558; ATLAS, 1902.08103 



R(D(*)) and b→sττ (model-independent) 

•  Large couplings to the second generation 

•  Cancelation in b→sνν needed: C(1)=C(3)  

b→sττ 

very 
strongly 

enhanced 
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B. Capdevila, A.C., S. Descotes-Genon, 

L. Hofer and J. Matias, PRL.120.181802 



b→sµ+µ- explanations 
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Small effect needed; many possibilities 

 Z’ 
 Necessary effects in Bs mixing 

 Collider constraints 

 Loop contributions 
 Scalars and vector-like fermions 

 2HDM 

 R2 Leptoquark 

 Z’ coupling to tops 

 Leptoquarks 

Z 





23

d

b

s

A.C., D. Müller and C. Wiegand, 1903.10440 

  

J. Kamenik, Y. Soreq and J. Zupan, 1704.06005  

 D. Bečirević and O. Sumensari, 1704.05835  

G. Hiller and M. Schmaltz, 1408.1627 

D. Bečirević, S. Fajfer and N. Košnik,1503.09024, …. 

W. Altmannshofer, S. Gori, M. Pospelov  

and I. Yavin 1403.1269, …. 

B. Gripaios, M. Nardecchia, 

S. A. Renner, JHEP 2016 



• MSSM tan(ß) enhanced slepton loops 

• (light) Scalars with  
enhanced muon  
couplings 

• Z’: Very light or with τμ  
couplings  
(mτ enhancement) 

• New scalars and  
fermions κ/Yμ 

• Leptoquarks mt  
enhanced effects 

8 

aμ explanations 

Chiral enhancement or very light particles 
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A.C, C. Greub, D. Müller, F.Saturnino, 
2010.06593 

Leptoquark 
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>5σ improvement over SM hypothesis 

Cabibbo Angle Anomaly and EW Fit 

AC, F. Kirk, C. Manzari,  

M. Montull JHEP, 2008.01113 

• Modified Wud coupling 

• Tree-level effects in 

beta decays disfavoured 

by LHC searches 

• W-W‘ mixing 

• Vector-like leptons 

 SU(2)L singlet N 

coupling to electrons 

 SU(2)L triplet Σ  

coupling to muon    



τ→μνν 
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Scenarios can be distinguished by π→μν/ π→eν  

• Lμ-Lτ Z‘ (box diagrams) 

• LFV violating Z‘ 

• Modified Wℓν couplings 

• W‘ 

• Singly charged scalar 

 

A.C., F. Kirk, C. Manzari, L. Panizzi, arXiv:2012.09845 

Singly charged scalar 
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Hint for scalar leptoquarks  
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ΔAFB 

• Right-handed vector operators LFU  

• Good fit requires the tensor operator            scalar LQ  

 

  

1S

Carvunis, AC, Guadagnoli, Gangal 2106.09610  



Non-Resonant Di-Leptons 

Page 21 

Constructive heavy NP in electrons (e.g. LQs) 

AC, Luc Schnell, 2104.06417 

AC, C. Manzari, M. Montull 2103.12003 



Common explanations 



Pati-Salam LQ can explain the flavour anomalies 

AC, C. Greub, D. Müller,  

F. Saturnino, PRL 2018 

b→sℓℓ and b→cτν with a Vector Leptoquark 



S1-S3 LQ model: R(D(*)), b→sll and aµ 
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Common explanation possible 

 4 benchmark points AC, D. Mueller, F. Saturnino 
arxiv:1912.04224 
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Vector Triplet in the CAA & b→sℓℓ   

Common explanation possible 

• Region from EW fit  
overlaps with 
b→sℓℓ region 

• Correlations  
between 
e.g. π→μν/π→eν 
and R(K(*)) are  
predicted 

• Global fit significantly 
improved 

B. Capdevilla, AC, C. Manzari,  

M. Montull, PRD 2020 



 

 

 

 

• W’ effects in LFU and EW observables 
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Tree effect in Zbb and loop in Z’sb 

Model for b→sℓℓ, CAA, Z→bb and τ → μνν  

Z 
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Simple model provides combined explanation 

Model for b→sℓℓ, CAA, Z→bb and τ → μνν  

QL,R 
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• Z’ penguin + modified Zsb  
coupling give very  
good fit to b→sll data 



CAA and Non-Resonant Di-Leptons 
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4.5σ better than SM, prediction for R(π) 

AC, C. Manzari, M. Montull, 2103.12003 



Conclusions 
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Z’ 

Andreas Crivellin 

new 
scalars/ 

fermions 

R(D(*)) aμ 

 W’ 

CAA b→sμμ 

Lepto-
quarks 

SU(2) triplet 

pp→e+e- 

ΔAFB 

τ →µνν 



LHC bounds and future prospects 
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1TeV100GeV 5 TeV 100 TeV

Scalars, 
fermions W’, Z’ 

Lepto-
quarks 

FCC-hh reach six times higher 



Implications for FCC-ee 
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R(D(*)) 

b→sμμ 

5x1012  
Z 

3x1011  
τ 

1.5x1012  
b 

aμ CAA 

e+e-→ff 

τ →µνν 

ΔAFB pp→e+e- 

LQ 

W’ 

Z→bb 


