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The LHCb experiment
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The LHCb experiment
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The LHCb experiment
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The LHCb experiment

Key features to identify b-hadron decays 

- Secondary Vertex resolution (20um IP resoltuion)  
- Particle identification capabilities (1-3% pi->mu misID) 
- Momentum Resolution (Dp/p about 0.5%) 
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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
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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 (2.7 sigmas from SM) 
- QCD uncertainties cancel out in the ratio 
- Still statistically limited… need confirmation

[Descotes-Genon/Hofer/Matias/Virto]
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Future Measurements

- Measurement of LU for RK* = BR(B->K*ee)/BR(B->K*mm) 

- We can build asymmetries of angular observables, e.g. RP5’ 
and RAFB these are sensitive to C9 and C10 

- Since we are studying LFU no reason to restrict to the 
K*(892), so we should test LFU in B->Kpi ll and B+ -> K+pipi ll 

- We can test LFU in Lb -> pK ll
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Lepton Flavour 
Universality (tau/mu)
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Semileptonic decays

- B-factories measure tau->e,mu 2v 
- LHCb measures tau->mu 2v

- Since the D-meson is a scalar H+,- vanish  
- Amplitudes depend on 4 universal FFs extracted from data 
- Four free parameters in the fit  
- In the case of the e/mu HS is suppressed by the mass, so this 

is only present in the channel with the tau (from HQET)
42



B-factory strategy

- Hadronic tag analyses: 
- Reconstruct tag B meson in all hadronic mode 
- Precise knowledge of kinematic of missing system 
- Kill background, but efficiency about 10-3 

- Semileptonic analyses: 
- Tag B-meson in semileptonic channel 
- Selection: ET, missing mass and angle between D*l and B
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LHCb Strategy

- B-direction given by PV-SV  
- Full fit of the MM, E*, q2  

- Muon, tau modes and bkg fit 
simultaneously
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Results
From HFAG webpage
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Deviation of about 4sigmas 
wrt SM predictions!
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http://www.slac.stanford.edu/xorg/hfag/semi/winter16/winter16_dtaunu.html


Experimental challenges

- Large contribution from excited D** states 
- Narrow states (D1(‘) and D2*) fit directly from data B->D*pi lv 

used as a control sample 
- Higher D** excited states also fit from data and B->D pipi lv 

used as a control channel

example B->D*pipi lv
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Double Charm Bkg

- As usual charm is a background for tau 
- Bkg from Ds->tau nu, D ->K lv fit directly from data 
- Control sample obtained reconstructing B->D* K lv
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Future (LHCb) Prospects
- R(D*) measurement using tau -> 3pi, advantage of knowing 

the decay vertex of the tau 

- Lb -> Lc(*) tau v, cleaner because of the proton in the final 
state allows to constrain the double charm bkg 

- R(D+) less feed down and large statistics 

- Interesting to measure muon/tau universality for b->u 
transitions, e.g. using Lb ->p tau nu
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Conclusions
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Conclusions
- There are intriguing anomalies in the flavour physics, maybe 

a coherent pattern 

- Measurements of b->smumu transitions at LHCb show 
discrepancies wrt SM (modulo ccbar contributions, possibile 
to determine this measuring ccbar resonances + open 
charm?) 

- LFU deviations in RK shows a discrepancy of 2.7sigmas, many 
other measurements can confirm/disprove this deviation 

- Significant deviations (about 4 sigmas) in tree level decays 
with taus in the final state (BaBar, Belle, LHCb), interesting to 
test LFU (mu/tau) in other tree decays
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Backup slides



B+->K+mm

P. Owen - Rare decays Workshop (Barcelona)



B+->K+mm
Effect of interference between the B->JpsiK and the rare 
mode B->Kmm on DC9 

P. Owen - Rare decays Workshop (Barcelona)



B+->K+mm

P. Owen - Rare decays Workshop (Barcelona)



B+->K+mm

P. Owen - Rare decays Workshop (Barcelona)



B+->K+mm

P. Owen - Rare decays Workshop (Barcelona)



B->K*mm

K. Petridis- Rare decays Workshop (Barcelona)



B->K*mm

K. Petridis- Rare decays Workshop (Barcelona)



ccbar loop

J. Virto - Rare decays Workshop (Barcelona)



ccbar loop

Fedele - Rare decays Workshop (Barcelona)



ccbar loop



ccbar loop



ccbar loop



Amplitude analysis



LHCb



B->D* tau v



B->D* tau v



- Fit to the control sample “D*pi l” 

B->D* tau v

- Fit to the control sample “D*pipi l” 



- Similar simulated sample for B->DDs with Ds->tau v

- Fit to the control sample “D*K l” 

B->D* tau v



B->D* tau v



B->D* tau v



B->D* tau v



B->D* tau v

hA1(1) drops out in the ratio and R0 affects only Hs so must be 
determined from lattice 



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

Folding for all other 
observables in the backup
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Introduction
- The number of degrees of freedom are 3x2x2 = 12 
- However there are 4 symmetries of the angular distributions, 
so there are 8 independent observables 
- The maximum number of “clean” observables is 6 
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Result of 1fb-1 analysis 

3.7 sigmas

-  Evident local discrepancy in the low q2 region of P5’ 
-  Other observables visually in agreement with SM predictions

small tension

 LHCb  Collaboration JHEP 08 (2013) 131 
LHCb  Collaboration Phys. Rev. Lett. 111 (2013) 191801

76

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


Invariant Mass fit
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Amplitudes
The lepton system can be in a RH or LH state

78



AL,R
|| / [(Ceff

9 � Ceff 0
9 )⌥ (Ceff

10 � Ceff 0
10 )

A1(q2)

mB +mK⇤
+

2mb

q2
(Ceff

7 � Ceff 0
7 )T2(q

2)]

AL,R
? / [(Ceff

9 + Ceff 0
9 )⌥ (Ceff

10 + Ceff 0
10 )

V (q2)

mB +mK⇤
+

2mb

q2
(Ceff

7 + Ceff 0
7 )T1(q

2)]

AL,R
0 / [(Ceff

9 � Ceff 0
9 )⌥ (Ceff

10 � Ceff 0
10 )]⇥ [(m2

B �m2
K⇤ � q2)(mB +mK⇤A1(q

2)� �
A2(q2)

mB +mK⇤
)]+

2mb(C
eff
7 + Ceff 0

7 )[(m2
B + 3m2

K⇤ � q2)T2(q
2)� �

m2
B �m2

K⇤T3(q2)
]

Amplitudes
The quark current can be either V-A or V+A 
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Amplitudes
We have six different form factors
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Amplitudes
And six (complex) Wilson coefficients: C7(‘), C9(‘) and C10(‘)
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Control Channel
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Control Channel
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First theory reactions



First theory reactions



Charm loop effects?

Resonance structure at high q2 failure of factorisation

Extrapolation from BESII 
assuming QCD factorisation

Lyons and Zwicky arXiv:1406.0566



Charm loop effects?

q2 dependence different in NP and hadronic effects 

- Charm loop photon mediated can give an effect similar to C9 
- P5’ anomaly close to J/psi 
- Possibility to explained with anomalously large charm loop
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First theory reactions
D. Straub, Moriond EW D. Straub, Moriond EW



Selection



Peaking Backgrounds



Angular 
acceptance 
corrections



Corrections of angular acceptance



Acceptance Correction
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Systematics



Systematics



Cross checks



Magnet Polarity



Cross check with control channel



Check using higher order acceptance



S wave 
contribution



S-wave



S-wave



0.1<q2<0.98 GeV2/c4



1.1<q2<2.5 GeV2/c4



2.5<q2<4.0 GeV2/c4



4.0<q2<6.0 GeV2/c4



6.0<q2<8.0 GeV2/c4



11.0<q2<12.5 GeV2/c4



15.0<q2<19.0 GeV2/c4


