
Rare decays



Weak Hamiltonian
d

b

d

s

- FCNC suppressed in the SM 
- New heavy particle can contribute with competing diagrams 
 

- Ci are short distance Wilson coefficients 
- <f |Oi |i> long distance hadronization (form-factors) 
 

b

d d

s
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Weak Hamiltonian

- Allows to separate short and long distance contributions 
- Allows to classify the NP contributions  
- Combine information from different decays 
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Angular analysis of B->K*mm
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Amplitudes
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“Clean” observables

P 0
5 / <(A0A?)p

|A0|2 ⇥ |A?|2

We now build ratios such that the same combination of 
FF appears in the numerator and in the denominator
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At low q2 and first order



the q2 distribution
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x

Analysis of 1fb-1
In the analysis of 1fb-1 we did not have enough data to fit the 
full Pdf, so we used “folding” of angles to simplify the Pdf
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 LHCb  Collaboration JHEP 08 (2013) 131 
LHCb  Collaboration PRL 111 (2013) 191801

http://arxiv.org/abs/1304.6325
http://arxiv.org/abs/1308.1707


Analysis of B0—
>K*mm  (3fb-1)
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Signal region
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Invariant Mass fit
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Likelihood Fit
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Use orthogonality of spherical harmonics to determine the 
coefficients

We sample the angular distribution with our data, so the 
integral becomes a sum over data

The weights we accounts for the efficiency

Method of Moments
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The K*mm anomaly persists
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The K*mm anomaly persists
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The K*mm anomaly persists
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LHCb Run 1 analysis
LHCb 2011 analysis
Belle arXiv:1604.04042

Very good agreement with the recent Belle 
measurement of P5’
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A coherent 
pattern?
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A coherent pattern?

LHCb Collaboration JHEP 06 (2014) 133
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http://arxiv.org/abs/1403.8044


A coherent pattern?

Larger than expected 
deviations (even in NP 
scenarios)
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A coherent pattern?
A reduced C9 Wilson coefficient would be visible in a number of 
other observables, like branching ratios 

Wingate et al. Phys. Rev. Lett. 112 (2014) 212003    
(high q2 form factors from lattice QCD)
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http://arxiv.org/abs/1310.3887


Theory 
Interpretation
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Tension with SM prediction 
when theory combine this 
measurements with many 
others

If it is a New Particle the best 
candidate seem to be a Z’

[Descotes-Genon/Hofer/Matias/Virto 1510.04239]

[Altmannshofer/Straub 1411.3161 & 1503.06199]
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Charm loop effects?

- Non factorizable contribution could be large 
(Van Dyk 2013, Zwicky 2015, Silvestrini,Ciuchini 2016, …) 
- Charm loop photon mediated can give a C9-effect 
- Possibility to explained with “large” charm loop contribution 

- S. Jaeger pointed to possible (soft) form factors effects

uncertainties from Jaeger2013
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Charm loop effects?
Hadronic picture: 
- Large effect from the tails of the 
ccbar resonances + open charm

Partonic picture: 
- Large effect from ccbar loop 
- Adding an hadronic parameter to the fit 

it is possible to describe the anomaly
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Silvestrini, Ciuchini et  al., 2016

Zwicky-Lyons 2015



NP or hadronic effect?
- NP is expected to be universal for all b->smumu transitions 
- NP is expected to be q2 independent

- For now we do not have evidence for process dependency or 
q2 dependence 

- Need more statistics

[Descotes-Genon/Hofer/Matias/Virto] [Descotes-Genon/Hofer/Matias/Virto]
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Trying to handle the ccbar-loop

- Add all the resonances with BW and the try to fit for C9

91



Trying to handle the ccbar-loop

- Used SM predictions for B0->K*mm with no charm loop 
- Taking publish measurements for the resonances 
- Assuming the penguin pollution having small effect on the 

resonances 
- Contribution from open charm missing 
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Lepton Flavour 
Universality (e/mu)
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RK Anomaly

- Difficult bremsstrahlung recovery affects invariant mass 
resolution 
- More complicate J/psi veto 
- Harder trigger, reconstruction, PID
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RK Anomaly

- Need to correct for q2 migration, due to bremsstrahlung 
- Total signal yield 264 events  
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RK Anomaly

- Intriguing deficit in muon branching ratio compatible with the 
effect in b->smumu analyses (2.6 sigmas from SM) 
- QCD uncertainties cancel out in the ratio 
- Still statistically limited… need confirmation

[Descotes-Genon/Hofer/Matias/Virto]
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Leptonic B-decays

- These decays can be predicted very cleanly since you have 
only one known hadronic parameter that is FB and can be 
computed by lattice QCD 

- In the SM the only operator which contributes is the axial-
vector operator (C10) 

- They have two suppression, one is because it is FCNC and the 
other is the helicity suppression



Leptonic B-decays

- Because of Lepton Universality, the only difference between 
the different leptons is the mass 

- The decay of taus is about 250 times more abundant than 
the decays into muons, but it is experimentally challenging 
because the taus decays before we track it  

- LFU holds in the SM but not in general in other NP scenarios 

BR(B0
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BR(B0
(d) ! µ+µ�)

BR(B0
(s) ! µ+µ� =

⌧B0
d

⌧B0
s

mB0
d

mB0
s

FB0
d

FB0
s

(
Vtd

Vts
)2

Leptonic B-decays

- The ratio of Bs and Bd decays into leptons depends the ratio of 
Vtd and Vts , of B-masses, of B-lifetime and the ratio of the 
bag parameters 

- This is true in all Minimal Flavour Violation theories, so we 
can test non-MFV models
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Leptonic B-decays

- In general NP theories the operators that contribute are 
O10(‘), Cs(‘) and CP(‘)  

- Models with an extended Higgs or in general (psudo)-scalar 
contributions, since they do not have an helicity suppression 



Measurements at LHCb



B->mm branching ratio

CMS + LHCb ATLAS

- If there is NP in C10 this will have to be confirmed in Bs->mm



Measurements at LHC



Radiative decays



Photon polarisation

very low q2 sensitive to photon polarization

Results with 1fb-1



Photon polarisation
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Photon polarisation

[PRL	112,	161801	(2014)	]	



Photon polarisation



- Compatible with SM 
predictions 

- Best sensitivity to C7’ up to 
date

Photon polarisation



Inclusive 
Measurement by CLEO, BELLE and BaBar

NLLO predictions

- Radiative decays allow to probe the operator O7 and O7’  

- Inclusive decays are cleaner from experimental point of view, 
but are more difficult experimentally 

- The sum of O7 and O7’ is constrained from the b—>s gamma 
measurement, but to probe O7 and O7’ separately need to an 
angular analysis (probing the photon polarization) 



Other rare decays



FCNC in D-meson decays are more suppressed 
than in B-mesons

Predictions:

Rare D-decays



Still more precision might give us surprises (e.g. NA62 experiment)

Rare K-decays



Conclusions and outlook



- Indirect searches allow to probe very high energy scales, 
much higher than those reachable at central colliders 

- Study of b-hadrons strongly constraint BSM and test the 
CKM paradigm (which seems to hold… but room for NP is still 
left —> more precision)  

- There are some intriguing discrepancies in B-physics: test of 
lepton universality in semileptonic and B-decays and b—>sll 
transitions —> more statistics, better theory 
understanding 

- In the next few years we will know if these discrepancies 
wrt SM predictions are genuine sign of NP

Conclusions



Backup slides



Searches for LFV decays



LFV due to neutrino oscillations

Neutrino masses induce LFV at loop level, e.g. mu—>e gamma

S.L. Glashow



see arXiv:0801.1826

Mu—> e transitions



Model in dependent transition

Contrinbute to µ ! e� does not contrinbute to µ ! e�



m—>e gamma
• Signal: Nsig = Rµ ⇥ B(µ ! e�)

• Physic Bkg: NRD / Rµ ⇥ B(µ ! e�2⌫)

• Accidental Bkg: NAcc / R2
µ ⇥ (�⇥)2 ⇥ (�E�)2 ⇥�T ⇥�E

µ
e�

Signal Background
µ

e�

⌫

⌫

µ
e

⌫

⌫

�

Physical

Accidental

• E� = Ee = 52.8MeV

• ⇥e� = ⇡

• T� = Te

µ+ ! e+�

µ+ ! e+⌫µ⌫e�

µ+ ! e+⌫µ⌫e + �



Signal and background

Michel spectrum

• Signal: Nsig = Rµ ⇥ B(µ ! e�)

• Physic Bkg: NRD / Rµ ⇥ B(µ ! e�2⌫)

• Accidental Bkg: NAcc / R2
µ ⇥ (�⇥)2 ⇥ (�E�)2 ⇥�T ⇥�E

Signal region



Tau LFV decays
In general one expects ⌧ LFV more sensitive to NP

e.g. ⌧ ! 3µ predicted at the level of 10

�8
in some NP scenarios

LHCb limit with 1fb�1 B(⌧ ! 3µ) < 6.3⇥ 10�8 @90% C.L.

World’s best limit set by BELLE (< 2.1 x 10-8 at 95% CL )



Meson LFV decays
Decays of the type H ! eµh are sensitive to ”contact models”

(e.g. leptoquarks)

History of KL ! eµ

Limits of B+ ! h+eµ, B0
(s) ! eµ at the level of 10

�8





CPV in Mixing



CPV in the decay



CPV in the interference



CP Violation in decay
Consider             decaying into the final state
Defining 

We have CP violation in the decay if 

Then the probability of the decay of the CP conjugate



CP Violation in mixing
CP violation in mixing occurs when the oscillation from meson to 
anti-meson is different than that of anti-meson to meson

These probabilities are given by

So this occurs when 



CPV in interference
Let’s consider a CP eigenstate f to which P and anti-P can decay

We have CPV if
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