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Bounds on New Flavour Physics 

Isidori, 1302.0661 

( )
( )

eff 4
4

SM
NP

D
Dk

kD
D k

cL L O−
>

= +
Λ∑ ∑

 Generic flavour structure  [cNP~O(1)]  ruled out at the TeV scale 

 ΛNP ~ 1 TeV  requires  cNP  to inherit the strong SM suppressions (GIM) 
 

Minimal Flavour Violation:    The up and down Yukawa matrices are the 
only source of quark-flavour symmetry breaking   Hall-Randall, Chivukula-Georgi, D’Ambrosio et al 
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Yukawa Interactions in 2HDMs 
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Mq’  and  Yq’   unrelated                      FCNCs  

K0 ↔ K0                                                                         K0 → µ−µ+   
_ 

Phenomenological  disaster! 
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Pich-Tuzón, 0908.1554 

Only one φa couples to fR 
(Glashow-Weinberg, Paschos ‘77)  
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Jung-Pich-Tuzón, 1006.0470 
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W ± ↔ H±   ,    Z ↔ H0, A0 

Sensitive  to  (pseudo)   
scalar  contributions 

Rare Decays Loop  &  CKM suppression 
                  NP  sensitivity 

Bs,d → µ+µ−  

Li-Lu-Pich, 1404.5865 
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LHCb, 1703.05747: 
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Many Interesting Flavour Anomalies 
W → τ ν , τ±

 → π± KSντ , b → c τ ν , b → s µ+
 µ− , ε′

Κ/ε Κ , ε Κ , (g−2)µ , (g−2)e , Vcb , Vub , Vud … 

Not easy common explanation  (within appealing BSM models) 
 

Separate analyses are (perhaps) more enlightening  
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 Evidence for New Physics 

 Statistical fluctuation 

 Underestimated systematics 

 Incorrect SM prediction or measurement 

? 
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W −

,c ub
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τν

Flavour  Anomaly 

68% CL 

95% CL 
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3.8  σ  discrepancy 

Belle, 1612.00529 

SM 

Flavour  Physics & CP                                                                                                              A. Pich  –  CLASHEP  2019 



10 

2 σ  above SM prediction 
W −

,c ub
τ −

τν SM( / ) 0.25 0.28J ψ ≈ −
Yu et al, Ivanov et al, Kiselev, Hernández et al 

LHCb, 1711.05623 

 D* longitudinal polarization fraction: 

 

                          FL(D*) = 0.60 ± 0.08 ± 0.04                        Belle, 1903.03102 

 
        SM:        FL(D*) = 0.455 ± 0.003                          Q.-Y. Hu et al, 1810.04939; Alok et al, 1606.03164 
                      Z.-R. Huang et al, 1808.03565 
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H −

,c ub
τ −

τν

Scalar contributions to R(D(*))   
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Br(Bc→τν) < 40% 
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EFT   
Analysis { }b c
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µ µ µνγ τ γ ν γ τ γ ν τ ν τ ν σ τ σ ν= = = = =

SMEFT            flavour independent  0
RVC =

RVO

Murgui-Peñuelas-Jung-A.P. 
(preliminary)   

Freytsis et al, Bardhan et al, Cai et al, Hu et al, …   

Excluded by Br(Bc→τν)<10% 

No constraint for ,
LL RR S SVV CC C C= =

Global Fit   (q2 distribution also) 

0
RVC =
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L RP SSC C C≡ −

Murgui-Peñuelas-Jung-A.P. 
   (preliminary) 

It is not easy to 
accommodate 

all D* data at 1σ 

68% CL  

≥ 10% 

q2 distribution 
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Belle, Moriond 2019 
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C. Langenbruch, LHCb Implications 2018 

b → s µ+µ− b 

b b s s 

Data consistently below SM predictions  (1-3 σ tensions)     Large hadronic uncertainties 
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B0 → Κ∗0µ+µ− → Κ+π−µ+µ− 

2q sm m 
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C .Langenbruch, LHCb Implications 2018 
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B0 → Κ∗0µ+µ− → Κ+π−µ+µ− 

2q sm m 
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Descotes-Genon et al, 1510.04239 
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LHCb, 1705.05802 2.1 – 2.5 σ deviation from SM 

Violations of Lepton Flavour 

1406.6482,    Run 1 
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LHCb, 1705.05802 2.1 – 2.5 σ deviation from SM 

Moriond 2019, Run 1 + Run 2 

Violations of Lepton Flavour 

0.060 0.0160.846 0.054 0.014
+ +
− −

2.5 σ  below the SM 

LHC-PAPER-2019-009 
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M. Prim (Belle), Moriond 2019 
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D. Straub, Moriond 2019 
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Leptoquark  Solutions 

Angelescu et al, 1808.08179 

Buttazzo et al, 1706.07808 

LQ 
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µ+ 
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µ− 

LQ 
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µ+ 
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µ− 

U(2)q ⊗ U(2)ℓ  Family Symmetry 

Possible UV completions: 
 4321 model                  Di Luzio et al 

 (Pati-Salam)3               Bordone et al 

 PS + VLF                Calibbi et al 

 Warped PS            Blanke-Crivellin 

 SU(5) GUT   (R2 & S3)   Becirevic et al 

 S1 & S3          Crivellin et al, Buttazzo et al,   
                                     Marzocca 

 … 
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K → π ν ν ¯ 
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Long- distance contributions are negligible 

( )0 0LKT π ν ν→ ≠

  BNL-E949:  few events! 

  KEK-E391a:  
( ) ( ) 101.15

1.05Br 1.73 10K π ν ν+ + −+
−→ = ⋅

( )0 8Br 2.6 10 (90% C.L.)LK π ν ν −→ < ×
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Ongoing  experiments:      NA62, KOTO     
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LEPTON   FLAVOUR  VIOLATION 
90 % CL  Upper Limits on  Br(l 

− → X 
−)       [MEG’16,SINDRUM’88, Bolton’88, BABAR , BELLE, LHC] 

Decay U.L. Decay U.L.  Decay U.L.  
µ−→ e−γ 4.2 ⋅ 10−13 µ−→ e−e+e− 1.0 ⋅ 10−12 µ−→ e−γγ 7.2 ⋅ 10−11 

τ−→ e−γ 3.3 ⋅ 10−8 τ−→ e−e+e− 2.7 ⋅ 10−8 τ−→ e−e+µ− 1.8 ⋅ 10−8 

τ−→ µ−γ 4.4 ⋅ 10−8 τ−→ e−µ+µ− 2.7 ⋅ 10−8 τ−→ µ−e+µ− 1.7 ⋅ 10−8 

τ−→ e−e−µ+ 1.5 ⋅ 10−8 τ−→ µ−µ+µ− 2.1 ⋅ 10−8 τ−→ e−π0 8.0 ⋅ 10−8 

τ−→ µ−π0 1.1 ⋅ 10−7 τ−→ e−η’ 1.6 ⋅ 10−7 τ−→ µ−η’ 1.3 ⋅ 10−7 

τ−→ e−η 9.2 ⋅ 10−8 τ−→ µ−η 6.5 ⋅ 10−8 τ−→ e−Κ*0 3.2 ⋅ 10−8 

τ−→ e−ΚS 2.6 ⋅ 10−8 τ−→ µ−ΚS 2.3 ⋅ 10−8 τ−→ µ−ρ0 1.2 ⋅ 10−8 

τ−→ e−K+K− 3.4 · 10−8 τ−→ e−K+π− 3.1 · 10−8 τ−→ e−π+K− 3.7 · 10−8 
τ−→ µ−K+K− 4.4 · 10−8 τ−→ µ−K+π− 4.5 · 10−8 τ−→ µ−π+K− 8.6 · 10−8 
τ−→ e−π+π− 2.3 · 10−8 τ−→ µ−π+π− 2.1 · 10−8 τ−→ µ−ω 4.7 ⋅ 10−8 

τ−→ µ−Κ*0 5.9 · 10−8 τ−→ e−φ 3.1 · 10−8 τ−→ Λ π− 7.2 · 10−8 
τ−→ e+K−K− 3.3 ⋅ 10−8 τ−→ e+K−π− 3.2 ⋅ 10−8 τ−→ e+π−π− 2.0 ⋅ 10−8 

τ−→ µ+K−K− 4.7 · 10−8 τ−→ µ+K−π− 4.8 · 10−8 τ−→ µ+π−π− 3.9 · 10−8 
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LEPTON   FLAVOUR  VIOLATION 



SUMMARY       

26 

  Flavour Structure and         are major pending questions 

  Related to  SSB                      Scalar Sector   (Higgs) 

  Important cosmological implications  (Baryogenesis) 

  Sensitive to  New Physics:      Flavour Anomalies! 

 
Intriguing signals   (most anomalies related to 3rd family) 

Many questions. Higher statistics & better systematics (QCD) needed  

Eagerly awaiting new experimental results 


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     Quarks            Leptons   Bosons 

photon 

  gluon 

  Higgs 

  up    down   electron neutrino  e 

  charm   strange muon neutrino  µ 

   top  beauty   tau    neutrino  τ 

e

µ

τ

Z0    W ± 
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 9th CERN Latin-American School of High-Energy Physics 
San Juan del Rio México, 8 –21 March, 2017 

arXiv:1112.4094 

Backup 
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Flavour Alignment    (Aligned 2HDM)      Pich-Tuzón 

General setting without FCNCs 
&  new sources of CP violation 
 
 
 
 Rich phenomenology @ LHC 

   Many allowed possibilities 
   Search for light  H±, H, A 

 CP violation 

 Flavour constraints fulfilled 
                                                     Celis et al, Jung et al, Li et al   

 EDMs                    Jung-Pich, 1308.6283 

 Usual Z2 models recovered in 
particular (CP-conserving) limits 

*
, , , ,d l d l d l u u uY M Y Mς ς= =

Celis-Ilisie-Pich, 1302.4022, 1310.7941 

cos 0.8 (900 % CL)α >

Altmannshofer et al, Barger et al, Celis et al, 
Cervero-Gerard, López-Val et al... 
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CHARGED  CURRENT   UNIVERSALITY 

30 

A. Pich, arXiv:1310.7922  

2.6 σ  

2.4 σ  

gτ anomaly cannot be  
accommodated within EFT 

(Assumes [U(2)⊗U(1)]5 or U(2)5 flavour symmetry) 

Filipuzzi, Gonzalez-Alonso, Portolés, 1203.2092 

PIENU 1506.05845 
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CP  Asymmetry 

Belle does not see any asymmetry at the 10-2 level 
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BaBar’11   
  

   SM 33.6 0.1 10SA Kt tt p n   + + = Bigi-Sanda, Grossman-Nir 2.8 σ  discrepancy 

 00p
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BaBar signal in conflict (with EFT)  
with other sets of flavour data 

Cirigliano-Crivellin-Hoferichter, 1712.06595 
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2006  B−→ τ− ν  Anomaly 

32 

W 
τ− b 

u 
_ 

ν 
_ 

40.56 0.46
0.49 0.51Br( ) (1.7 ) 10B τ ν− − −+ +

− −→ = ×

Belle 2006:       (hadronic tag) 

Large  |Vub|               Tension in CKM fit 

Confirmed  by  BaBar   (2008, 2010, 2013) 

40.27
0.25Br( ) (0.72 0.11) 10B τ ν− − −+

−→ = ± ×Belle 2013:    (hadronic tag) 

Current status:    CKM agreement.   Tension between Belle and BaBar 
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µ  Anomalous  
Magnetic Moment 

LO Hadronic vacuum polarization contribution RBC/UKQCD  1801.07224 

τ 

3.4 σ  (e+e−) 
3.7 σ 
 
2.1 σ   (τ) 

New aµ measurement eagerly expected 
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Electron  Anomalous Magnetic Moment 
New measurement of  α                                   Parker et al, Science 360 (2018) 191 

α−1(Cs) = 137.035 999 046  (27)                           2.0 x 10−10 accuracy 

∆ae  ≡  ae
exp

 − ae
SM  =  [−87 ± 28exp ± 23α ± 2th]  x 10−14  =  [−87 ± 36] x 10−14  

 2.4 σ  (negative) deviation                       Davoudiasl-Marciano, 1806.10252 
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DIRECT         in   K → π π 

Kε ′+ 2 Kε ′−

( ) 00 4
2

1Re / 1 (16.8 1.4) 10
6K K

ηε ε
η+−

−
  ′ ≈ − = ± ⋅ 
  

NA48, NA31 

KTeV, E731 

 Short-distance   OPE 
   Ciuchini et al, Buras et al 

 Long-distance    χPT 
    Pallante-Pich-Scimemi 
    Cirigliano-Ecker-Neufeld-Pich ( ) ( )11 4

9ThRe / 19 10K Kε ε + −
−′ = ⋅

35 

                    2017 update     Gisbert-Pich, 1712.06147 
-4(15 ± 7)×10
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Recent  K → (ππ)I  Lattice  Results 

2

0

Re 1
Re 22

A
A

ω ≡ ≈

( )0 2 47.5 0.9δ δ °− = ±

∆I = 1/2  Rule 

Large phase shift 

( ) ( ){ }eff
(1/ 2) (3/ 2)
6 8ff
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e

em
30 2

2
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Im Im1
Re Re

2.2 10 1 0
2

.4
|

Re( /
|

8)K
K

K BA A
A A

Bωε
ε

ε − 
− − −=  ≈ ⋅ − −Ω


′ Ω



eff 0.060 0.077Ω = ± Cirigliano-Ecker-Neufeld-Pich  (2003) 

Ongoing lattice efforts to improve the pion dynamics. New results expected soon 
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Effective Field Theory:  Long & Short distance dynamics 

Gisbert-Pich, arXiv:1712.06147 

( )

( )

eff 1/
4

SM

4

Re( / ) 15 2 2 2 6 10

15 7 10

s cK m NK µε ε Ω
−

−

′ = ± ± ± ± ⋅

= ± ⋅

Large uncertainty, but no anomaly! 

Large  logarithmic corrections 

n( ) log ( )k
s WMα µ µOPE:    

log( )mπµχPT:    

Exp 

SM 

L5
Lattice 
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Possible Caveats / Constraints: 
 
1) Saturation of inclusive decay width:      Br(B→D**τν) > 0.5%         Freytsis et al, 1506.08896 

 
 R(D(*))                         Br(B → D τ ν)  +  Br(B → D* τ ν) =  (2.39 ± 0.13)% 
 
 
   
 
 
                                                                                     It is not a problem of form factors 
 
 
 LEP:        Br(b → X τ ν)  =  (2.41 ± 0.23)%  

 
 
2) b → c τ ν              b c → τ ν :     Br(Bc → τ ν) < 10%   (30%, 40%)       Akeroyd-Chen, 1708.04072 

 
 

3) Differential distributions.  Polarizations 
 

 

OPE

Br(B ) 0.222 0.007
Br(B )

Br(B ) (10.8 0.4)%

c

c

c

X
X

X e

τ ν
ν

ν

→
= ± → 


→ = ± 



¯ 

Br(B → Xc τ ν) =  (2.40 ± 0.12)% 

Alonso et al, Celis et al 
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H −

,c ub
τ −

τν

Real  
Couplings 

Celis et al, 1612.07757 
 
 
R(D(*)) 
 
d R(D(*)) / dq2 

 
R(Xc) 
 
Br(Bc→τν) < 40% 

95% CL 

Scalar contributions to R(D(*))   
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Capdevila et al, 1712.01919 

1) New physics only contributes to the SM operator 
 

 
 
 
 

2) At higher scales, it originates from     (avoids  b → sνν  constraints) 
 

  

[ ] [ ]L Lc P b Pµ
µ τγ τ γ ν

2 3 3 3 2 3 3 3[ ] [ ] [ ] [ ] 2 [( )( ) ( )( )]I I
L L L L L L L LQ Q L L Q Q L L c b s bµ µ µ µ

µ µ µ τ µγ γ γ σ γ σ γ τ γ ν γ τ γ τ+ ≈ +

Large   Br (b → s τ+τ− )  

See also:   Alonso et al, 1505.05164; 

Buttazzo et al, 1706.07808; Crivellin et al, 1703.09226 
 

But      FL(D*) = FL(D*)SM = 0.455 ± 0.003  

NP mainly coupled to 3rd family 
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Expected  B→Kℓ+ℓ−  Spectrum       
C. Marin, LHCb implications 2018 
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Belle, 1612.05014 ' 'e
i i iQ P Pµ≡ −

Flavour  Physics & CP                                                                                                              A. Pich  –  CLASHEP  2019 



45 

New-Physics Fits with Effective Operators 

Altmannshofer et al, 1704.05435 Capdevila et al, 1704.05340 Geng et al, 1704.05446 
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F
ts i itb

i

GH V V C Oα
π

= − ∑  



9 9 10 10 1.4e eC C C Cµ µ− − + −

Also: Hurth et al, 1705.06274; D’Amico et al, 1704.05438; Hiller-Nisandzic, 1704.05444; Ciuchini et al, 1704.05447; …  
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Geng et al, 1704.05446 
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…   ∆Ck = 0.5 

SM:  C9(mb) ≈ −C10(mb) = 4.27 

The Bs→µµ constraint on C10 gets weakened if (pseudo)scalar operators are included    (Arbey et al, 1806.02791)  
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Di Chiara et al, 1704.06200 

Z’ 

µ+ 

µ− 

b 

s 
_ 

(g-2)µ 

Many possibilities: 
  Lµ-Lτ  Altmannshofer et al, … 

  Z’ + VLQ  Kamenik et al 

  Fermiophobic  Falkowski et al  
  Horizon. Sym. Guadagnoli et al 

  … Faisel-Tandeam, … 
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More possibilities… 

Flavour conserving Z’ 

Kamenik et al, 1704.06005 

New Fermions and Scalars D’Amico et al, 1704.05438;  … 

LFUV        LFV 
Glashow-Guadagnoli-Lane, 1411.0565 

   

Leptoquarks 
Hiller-Schmaltz, 1408.1627; Bauer et al, 1511.01900;  
Hiller- Nisandzic, 1704.05444; D’Amico et al, 
1704.05438; Becirevic-Sumensari, 1704.05835;  … 

LQ 
s 

µ+ 

b 

µ− 

LQ 
s 

µ+ 

b 

µ− 
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10%  exp. 
accuracy 
assumed 

3σ observation 

10%  accuracy 
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T  Violation  @  Babar 
Flavour                                             and   CP                                                       tags ( )0 0,B l X B l X+ −→ → ( )/ , /L SB J K B J Kψ ψ+ −→ →

(Bañuls-Bernabeu-Martínez-Villanueva) 

Quantum  Entanglement 

e+ e−  →  ϒ(4S)  →   (B1(t1) → f1 , B2(t2) → f2 ) ≡ (f1 , f2 )          ;            t2 > t1  

0 0

0 0

1.37 0.14 0.06

1.17 0.18 0.11

B B B B

B B B B

S S

S S

− −

+ +

→ →

→ →

− = − ± ±

− = ± ±

0B B−→ 0B B+ →

0B B+→ 0B B− →

T  established at 14 σ 
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1207.5832 
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