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Outline: 

 Theoretical uncertainties 

 Hints of a emergent New Physics scenario: 

 Status of the recent tensions on B-physics: 

 New left-handed couplings!  

 What Next and Conclusions 



Flavour Anomalies up to now 

* 

* 

Hints of New Physics 

passed away  
last spring 



Flavour Anomalies: First cleanliness.  

  Some channels are very clean, only 
limited by present exp. statistics 
 
 Other channels require careful 
assessment of the theoretical error: 
 

 → still useful in presence of NP 
correlations 

 
 Very interesting pattern of anomalies:   
 

→ pointing out to a consistent NP 
hints 

(RK*) (RD*) 



B Anomalies: high cleanliness.  

 Breaking of Lepton Flavour Universality (LFU)  

 LFU from b → s neutral currents: µ vs e  
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 LFU from b → c charged currents: τ vs µ /e  
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3.4σ

 At LEP: LFU tests are only at the Z mass (SM gauge couplings) 

 At B-factories: LFU tests only for 1st-2nd gen quarks & leptons 



B Anomalies: direct searches?  

 Hints of New Physics 

 New Physics effects ~15% of the SM 

 New Physics scales:  

 No tension with Atlas/CMS direct searches 
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B Anomalies: b → s µµ & b → c τν  

1) Flavour Changing Neutral Current: b → s µµ 

2) Flavour Changing Charged Current: b → c τν 



B Anomalies: b → s µµ  (Theory) 
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sensitive to NP but plagued by 
potentially hadronic 



Β →Κ∗µµ: Angular  analysis 

b→s  transitions: Β →Κ∗µµ 

 large recoil range 
C9,10(Z, t, NP) + LD γcc :  

 

1GeV2 <q2<6 GeV2 

low recoil region 
C9,10 (Z, t, NP) 

 

q2>14.2 GeV2 

dΓ(B→Κ∗ll)/dq2 

 J/ψ Resonances: 
(non-local) γ effects  

 

 γ pole C7: 
chiral loops 
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Β →Κ∗µµ: Angular  analysis 

b→s  transitions: Β →Κ∗µµ 

 large recoil range 
C9,10(Z, t, NP) + LD γcc :  

 

1GeV2 <q2<6 GeV2 

low recoil region 
C9,10 (Z, t, NP) 

 

q2>14.2 GeV2 

dΓ(B→Κ∗ll)/dq2 

 J/ψ Resonances: 
(non-local) γ effects  

 

 γ pole C7: 
chiral loops 
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Form Factors. 
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Hadronic uncertainties: 



Β →Κ∗µµ: Angular  analysis 

b→s  transitions: Β →Κ∗µµ 

 large recoil range 
C9,10(Z, t, NP) + LD γcc :  

 

1GeV2 <q2<6 GeV2 

low recoil region 
C9,10 (Z, t, NP) 

 

q2>14.2 GeV2 

dΓ(B→Κ∗ll)/dq2 

 J/ψ Resonances: 
(non-local) γ effects  

 

 γ pole C7: 
chiral loops 

2: q2~mb 
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Non-Local operators: charm and chiral loops 

b) Tough contractions: Non-factorizable power corrections (spectator effects) 

2 

const 

,c u
,c uB0 

K∗ 

1 6
1

1 6( ) ( )b
B

e bff QC m mH ∆
−

=
−=

b 

s 

µ+ 

µ− ( )9 Lb sO µ µγ γ=  

* 1
2 ( ( ) (0))Be

ff
emm

eT xH JK
q

Bγ
∆ =γ

α

Khodjamirian et al,2010:  q2<1 GeV2  



Non-Local operators: charm and chiral loops 
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TOUGH!! 

b) Tough contractions: Non-factorizable power corrections (spectator effects) 
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Β →Κ∗µµ: Angular  analysis 

b→s  transitions: Β →Κ∗µµ 

dΓ(B→Κ∗ll)/dq2 

NO PANIC 

To large extent, 
uncertainties cancel out 

in the ratio. 
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B Anomalies: LFU on b → s  

At q2=[0:045; 1:1] GeV2 

At q2=[1.1; 6.0]GeV2 

= 0.91 +0.03 

= 1.00 +0.01 

At q2=[1; 6] GeV2 

-  Clean observables Form Factors and Non-Factorizable 
 effects are lepton universal 

LHcb 2.6σ  less than the SM  



B Anomalies: LFU on b → s  

= 0.91 +0.03 

= 1.00 +0.01 

LHcb 2.6σ  less than the SM  

-  Clean observables Form Factors and Non-Factorizable 
 effects are lepton universal 



LHcb 

B Anomalies: LFU on b → s  

GOING STRAIGHT 
~3.7σ 

by Pitagora Theorem  

LHcb 2.6σ 

2.6σ 
~3.7σ 

At q2=[1; 6] GeV2 

Destructive 
 interference with SM 

 



LHcb 

B Anomalies: LFU on b → s  
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→ new V-A operators 



B Anomalies: LFU on b → s  

D’Amico et al. 
B. Capdevila et al. 
J. Camalich et al. 
A. Celis, J. Fuentes-Martin. 
D. Straub et. al 
M. Ciuchini et. al 

RR and scalar current 
disfavoured! 



B Anomalies: LFU on b → s  

Hints: 
Fit suggests nonzero CL = (C9-C10)/2 

J. Camalich et al. 
D’Amico et al. 
B. Capdevila et al. 
A. Celis, J. Fuentes-Martin. 
D. Straub et. Al 
M. Ciuchini et. 

Only from Clean observables: 



B Anomalies: Β →Κ∗ (→ Κπ)µµ:    P5  ang. obs 
, 



B Anomalies: Β →Κ∗ (→ Κπ)µµ:    P5  ang. obs 
, 

2 2
9 9 9 9( ) ( )tot SD cc fac ccNoFC C C q C q−= + +

 Still plagued by non-factorizable power corrections: 

Ciuchini et al. 2015 

 Reduced sensitivity to Form factors uncertainties 



B Anomalies: Β →Κ(∗) Brs:    going to dirty obs 

Various measurements of branching ratios are low compared 
to the SM prediction 

 Potentially large hadronic uncertainties 



B Anomalies: b → s observables together 

 Overall fit with 

still points out  
a nonzero V-A coupling for µ:  

C9= -C10 =-0.61 
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clean LFU observables 
+ the less clean P5 
+ the dirty obs such as Br, …, FL 



B Anomalies:  LFU - b → cτν  

RD : SM < EXP at 2.2σ 

RD* : SM < EXP at 3.3σ 

 HFAG 2017 

 3.3σ tension from BaBar (2012) 

 next confirmed from Belle 

 and recently from LHCb for RD* 

 Combining the two observables, excess of about 4σ 



B Anomalies:  LFU - b → cτν   HFAG 2017 

 The two channels are well consistent with a new V-A 
coupling  

 RH or scalar amplitudes disfavored. 

( )
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 Combining the two observables, excess of about 4σ 

 3.3σ tension from BaBar (2012) 

 next confirmed from Belle 

 and recently from LHCb for RD* 



 Hadronic uncertainties?  

B Anomalies 

- SM predictions of RD* and RD* are well under control  

- Form Factors are lepton universal:     
 → uncertainties largely cancel in RD and RD* 

20% enhancement of the SM amplitude 

 Excess observed at more than ~4σ 

Only from V-A coupling  

 Tension observed by three Experiments 
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bL 

sL µL 

µL bL 

cL τL 

νL 

-15% +15% 

How to explain the two effects simultaneously? 
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Below  
EW scale 

 b → s µµ, b → c τν  
by SU(2)L triplet 
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Above EW scale 
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EFT above EW 
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I. SU(2)L triplet elegant solution 

 b → c τν  by Vcb=CKM23 mixing 
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EFT above EW 
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sL 

I. SU(2)L triplet elegant solution 

( )
2

L L

T

Lq
bs

Lbs µ µ

µµ

µ γ µγ
λ λ

Λ


0.7 TeV

1( )q
b

q
b

T

ττλ λ

Λ =

= =

 b → c τν  by Vcb=CKM23 mixing 
 b → s µµ by λbs= λ23  & λ22 mixing  q,NP q l,NP 
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EFT above EW 
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I. SU(2)L triplet elegant solution 

0.7 TeVTΛ = However, 
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tensions with high pT searches, B → K*νν , LEP 
constraints, LFV τ decays. 

pp → ττ b → sνν 

0.6 TeVTΛ ≥ 0.01q
bsλ ≤

 b → c τν  by Vcb=CKM23 mixing 
 b → s µµ by λbs= λ23  & λ22 mixing  q,NP q 
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EFT above EW 
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I. SU(2)L triplet elegant solution 
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 from LEP radiative 
constraints, LFV τ decays  

Only 
Triplet 

Feruglio, Paradisi and Pattori ‘17 



EFT above EW 
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I. SU(2)L triplet elegant solution 

 Triplet operator mandatory to explain b → c τν 

 However, b → s µµ by SU(2) Triplet and Singlet 
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EFT above EW 

0.01q
bsλ ≤

0.01TC ≤

2.5 TeVTΛ ≥

I.  SU(2)L triplet + singlet 
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EFT above EW 

II.  SU(2)L triplet + singlet 
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EFT above EW 

2 2/T TC v= Λ 2 2/S SC v= Λ

0.7 TeV 2 TeVT TΛ = → Λ =

 Larger NP scale 
 

 from LEP constraints 
 
 T SΛ ≈ Λ

II.  SU(2)L triplet + singlet 
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Buttazzo, Greljo, Isidori, Marzocca ‘17 



EFT above EW 

 Small mixing between 3rd and 2nd families of Q, L 

II.  SU(2)L triplet + singlet 
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Buttazzo, Greljo, Isidori, Marzocca ‘17 



EFT above EW 
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 Large coupling to third Q, L families to explain 
the tree-level enhancement of b → c τν 

1qq
bb ττλλ = =

 Small mixing among 3rd and 2nd families of Q, L to 
solve the loop-suppression of b → s µµ 

nd rt + small corrections for 2  (1 ) generationsq
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From EFT to UV models 
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II.  SU(2)L triplet 
+ singlet 
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Lepton Quark 

Vector LQ Scalar LQ 



From EFT to UV models 

by a single  
mediator 1 (3,1, 2 / 3)U µ



Vector LQ 

Buttazzo, Greljo, Isidori, Marzocca ‘17 



From EFT to UV completion: 1 (3,1, 2 / 3)U µ


1 (3,1, 2 / 3)U µ


from extended SU(4)xSU(3)xSU(2)xU(1)  
gauge group. 



Flavour Anomalies: What Next? 

 Many tensions at <3 σ :  Thanks GOD! 

- LHCb:  Electron/Muons efficiencies?  
 
- Hadronic Uncertainties: no way! 

 Intriguing correlation is emerging. 



Flavour Anomalies: What Next? 

- New Physics? 

 Many tensions at <3 σ :  Thanks GOD! 

- LHCb:  Electron/Muons efficiencies?  
 
- Hadronic Uncertainties: no way! 

 Intriguing correlation is emerging. 

 Large effects expected on many modes  
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(*)
dB K νν→

K πνν→

Belle II 

NA48 

0
sB µ µ+ −→ LHCb 



b→s  transitions: Βs→µµ 

v

v

+ W box 

µ+ 
 

µ − 
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b 

u,c,t 
: 0CVC qµ µγ = 

1) No γ interactions: no C9,7 

2) Only Z interactions: C10 
      mc, mu GIM suppressed 

To large extent, pure local interaction:  
C10  - short-distance couplings: 

3) Only t,W,Z contributions 
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0
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Only one hadronic parameter: fBs 



b→s  transitions: Βs→µµ 

v

v

+ W box 
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u,c,t 

To large extent, pure local interaction:  
C10  - short-distance couplings:  q2-independent! 

 

( ) 2 2
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64

F
s B tbs ss tB V VGB m m Cf µ

αµ µ
π

+ −Γ →

0
50 | | s BsB ib s q fµµγ γ〈 〉 =

Only one hadronic parameter: fBs 

( )228 4 MeVBsf = ±

2% hadronic uncertainty 

hadronic uncertainties under control 

Lattice: ETMC, MILC, HPQCD 

Practically  
a Miracle! 

1) Continuum limit 
 

2) different lattice approaches: 
  NRQCD and Relativ. b  



b→s  transitions: Βs→µµ 

( ) 2 2
2 2 20 2

103~ 2
64

F
s B tbs ss tB V VGB m m Cf µ

αµ µ
π

+ −Γ →Z 

W 

( )10 5LO b sµ µγ γ γ=  

2% hadronic uncertainty 

Brexp(Βs→µµ) = (2.8 ± 0.7)10−9 (25%)    

BrSM(Βs→µµ) = (3.65 ± 0.23)10-9  (6%) 
EXP 1.2 σ  below SM 

(small significance but ...) 

C10  : short-distance coupling – no charm loops. 



Flavour Anomalies: What Next? 

- New Physics? 

 Many tensions at <3 σ :  Thanks GOD! 

- LHCb:  Electron/Muons efficiencies?  
 
- Hadronic Uncertainties: no way! 

 Intriguing correlation is emerging. 

*,K K
R R

0
sB µ µ+ −→

?DR

 Still large NP potential from LHCb: improving  



Flavour Anomalies: What Next? 

- New Physics? 

 Many tensions at <3 σ :  Thanks GOD! 

- LHCb:  Electron/Muons efficiencies?  
 
- Hadronic Uncertainties: no way! 

 Intriguing correlation is emerging. 

Pi  observables  
still important 

?DR

LHCb 
SM 

10% 
Impossible to reduce 
QCD uncertainties 

from now on. 

*,K K
R R

0
sB µ µ+ −→

?DR

 Still large NP potential from LHCb: improving  



Flavour Anomalies: Conclusions 

Thanks 



B Anomalies: Β →Κ∗ (→ Κπ)µµ:    P5  ang. obs 
, 

No fact. effects induce 
q2-dependence of C9. 

2 2
9 9 9 9( ) ( )tot SD cc fac ccNoFC C C q C q−= + + Ciuchini et al. 2015 

 The P5 tension compatible to a fit by a q2-independent C9 coefficient 

More precise data are 
needed to disentangle 
q2-dependence of C9  

 Still plagued by non-factorizable power corrections: 
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