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Effective Hamiltonian 
Introduction
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New Physics can contribute to 
different WCs depending on its 
Lorentz structure



3

b→sμμ
di-lepton structure of B→Xs ll decays



Experimentally easy VS Theory clean
Introduction
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b→sμμ LFU b→sll
- Higher efficiency
- Better resolution
- Less background
- Less theory clean

- Smaller efficiency
- Worse resolution
- More background
- Theory clean



LFU tests in rare decays 
b→sμμ/b→see
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- Test of LFU are sensitive to those models that have a hierarchical coupling with lepton families

- LFU R-ratios have small theory uncertainty (<1%) 

=
SM

Bordone et al., Eur.Phys.J.C 76 (2016) 8, 440
Isidori, Zwicky JHEP 12 (2020) 104
Isidori, Lancierini, Nabeebaccus, Zwicky JHEP 10 (2022) 146 

https://link.springer.com/article/10.1140/epjc/s10052-016-4274-7
https://link.springer.com/article/10.1007/JHEP12(2020)104
https://link.springer.com/article/10.1007/JHEP10%282022%29146
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- Test of LFU are sensitive to those models that have a hierarchical coupling with lepton families

- LFU R-ratios have small theory uncertainty (<1%)

= possible NP

Bordone et al., Eur.Phys.J.C 76 (2016) 8, 440
Isidori, Zwicky JHEP 12 (2020) 104
Isidori, Lancierini, Nabeebaccus, Zwicky JHEP 10 (2022) 146 

https://link.springer.com/article/10.1140/epjc/s10052-016-4274-7
https://link.springer.com/article/10.1007/JHEP12(2020)104
https://link.springer.com/article/10.1007/JHEP10%282022%29146


Past Results
b→sμμ/b→see
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- Electron mode more challenging at LHCb 
- Double ratio partially mitigate this (for the efficiency)
- Past measurements at LHCb hinted to a coherent discrepancy



Analysis strategy
b→sμμ/b→see
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- Selection based on BDT

- Chain of MC corrections using control modes 

- Combination of kinematic criteria and PID to remove specific backgrounds
 

- Vetoes for double semileptonic decays 

- Check results with the charmonia control mode

LHCb-PAPER-2022-045
LHCb-PAPER-2022-046

https://arxiv.org/abs/2212.09153
https://arxiv.org/abs/2212.09152


Mis-ID backgrounds
b→sμμ/b→see
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- PID criteria based on likelihood and neural network showed discrepancy depending on runs
- Scanning with respect to PID showed trend of the R-ratios
- Various B→K(*)hh’ X  misID backgrounds (previously underestimated):

- B→D( →K(*) h)h’  with triple misID that passes double semileptonic background veto
- B→KKK(*) background
- B→K(*)ππ
- …

LHCb-PAPER-2022-045
LHCb-PAPER-2022-046

https://arxiv.org/abs/2212.09153
https://arxiv.org/abs/2212.09152


The pass-fail method
b→sμμ/b→see
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- Invert PID criteria on one and both electrons (control regions) 
- Subtract residual di-electron signal
- Classify pion- or kaon-like samples based on probNN kaonID 
- Calculate weight on an event-by-event basis 

LHCb-PAPER-2022-045
LHCb-PAPER-2022-046

https://arxiv.org/abs/2212.09153
https://arxiv.org/abs/2212.09152


New Mis-ID bkg strategy
b→sμμ/b→see

11

- Analytical model for the misID 
background 

- Normalization with gaussian constraint

- Systematics:
- Alternative control region
- Different kaon/pion ID tagging in 

control region
- Kernel density estimation 

(alternative to the analytical model)

LHCb-PAPER-2022-045
LHCb-PAPER-2022-046

https://arxiv.org/abs/2212.09153
https://arxiv.org/abs/2212.09152


Mass fits
b→sμμ/b→see
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LHCb-PAPER-2022-045
LHCb-PAPER-2022-046

https://arxiv.org/abs/2212.09153
https://arxiv.org/abs/2212.09152


Effective Hamiltonian 
Introduction
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LHCb-PAPER-2022-045
LHCb-PAPER-2022-046

https://arxiv.org/abs/2212.09153
https://arxiv.org/abs/2212.09152


b→sμμ
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- Differential decay rate described by 3 angles (θl , θK , Φ) 
and the di-muon invariant mass squared (q2)

- Angular observables bilinear combinations of the 6 complex 
amplitudes

- P5’ is the best known due to the measured discrepancy 

Angular analysis of B→K*(→ Kπ)μμ
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b→sμμ
LHCb Coll, Phys.Rev.Lett. 125 (2020) 1, 011802Angular analysis of B→K*(→ Kπ)μμ

https://journals.aps.org/prl/references/10.1103/PhysRevLett.125.011802
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- Deviations from SM predictions observed by LHCb in P5’ (and other angular observables) in 
the decay B→K*μμ (2013, 1fb-1 )

- Confirmed by followed up analyses of B→K*μμ (2015, 3fb-1 and 2019, 5fb-1)
 

b→sμμ
Angular analysis of B→K*(→ Kπ)μμ

 Phys.Lett.B 781 (2018) 517-541Phys.Rev.Lett. 111 (2013) 191801 JHEP 10 (2018) 047Phys.Rev.Lett. 125 (2020) 1, 011802

https://arxiv.org/abs/1710.02846
https://link.aps.org/doi/10.1103/PhysRevLett.111.191801
https://arxiv.org/abs/1805.04000
https://journals.aps.org/prl/references/10.1103/PhysRevLett.125.011802


Angular analysιs of B+→K*+μμ 
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b→sμμ

- Angular analysis of B+ →K*+μμ in very good agreement with the tension observed in B→K*μμ
- Different systematics and background wrt B→K*μμ

 LHCb Coll, Phys.Rev.Lett. 126 (2021) 16, 161802

~700 events

https://link.aps.org/doi/10.1103/PhysRevLett.126.161802


Angular analysis of Bs→Φμμ  
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b→sμμ

- Angular analyses of the decay Bs →Φμμ also shows discrepancies wrt SM predictions
- No access to P5’ or AFB since Bs →Φμμ is not self-tagging

LHCb Coll, JHEP 09 (2015) 179

https://link.springer.com/article/10.1007/JHEP09(2015)179
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Theory explanations of the B→K*μμ anomaly
b→sμμ

- Discrepancies in the angular distribution of B→K*μμ can be explained by shift in C9

Capdevilla et al., JHEP 01 (2018) 093

See also Altmannshofer, Straub 
Eur.Phys.J.C 73 (2013) 2646, Beaujean et 
al., Eur.Phys.J.C 74 (2014) 2897, Hurth et 
al., JHEP 04 (2014) 097

Lyon, Zwicky arXiv:1406.0566

Ciuchini et al., JHEP 06 (2016) 116

https://link.springer.com/article/10.1007/JHEP01(2018)093
https://arxiv.org/abs/1308.1501
https://arxiv.org/abs/1308.1501
https://link.springer.com/article/10.1140/epjc/s10052-014-2897-0
https://link.springer.com/article/10.1140/epjc/s10052-014-2897-0
https://link.springer.com/article/10.1007/JHEP04(2014)097
https://link.springer.com/article/10.1007/JHEP04(2014)097
https://arxiv.org/abs/1406.0566
https://link.springer.com/article/10.1007/JHEP06(2016)116


Branching ratio measurements of b→sμμ
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b→sμμ

- LHCb observes low values of branching ratios for b→sμμ transitions 
- Can be explained by shift in C9 or C9 / 10 simultaneously 

JHEP 06 (2014) 133

JHEP 11 (2016) 047

Phys.Rev.Lett. 127 (2021) 15, 151801

- Constraints on C10 from Bs → μμ

https://link.springer.com/article/10.1007/JHEP06(2014)133
https://docs.google.com/document/u/0/d/1VvyndSgkG06GKxxr8DTst4oBTVglM1o1PMrg4Jv0o4U/edit
https://link.aps.org/doi/10.1103/PhysRevLett.127.151801


General idea
Measuring the charm loop in Experiment
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- Q2 spectrum has theory uncertainties from form-factors and hadronic long-distance contributions
- Form-factors well described by lattice QCD (Parrott et al., PRD 107 (2023) 1, ailey et al., Phys.Rev.D 93 (2016) 2, 025026) 

and LC sum rules (Gubernari et al., JHEP 01 (2019) 150) 
- Far from resonances, estimation using perturbative bounds (Beneke et al., Nucl.Phys.B 612 (2001) 25-58, 

Khodjamirian et al., JHEP 09 (2010) 089)
- Reliable description of the whole spectrum needs a hybrid data-driven theory approach 

https://link.springer.com/article/10.1007/JHEP01(2019)150
https://link.aps.org/doi/10.1103/PhysRevD.93.025026
https://link.springer.com/article/10.1007/JHEP01(2019)150
https://arxiv.org/abs/hep-ph/0106067
https://arxiv.org/abs/1006.4945


22

Measuring the charm loop in Experiment

Khodjamirian, Mannel, 
Wang JHEP 02 (2013) 010

Short distance (in the C9
SM ~ 4.23)

Cornella et al., Eur.Phys.J.C 80 (2020) 12, 1095The structure of C9

https://link.springer.com/article/10.1007/JHEP02(2013)010
https://link.springer.com/article/10.1007/JHEP02(2013)010
https://arxiv.org/abs/2001.04470
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Measuring the charm loop in Experiment
Cornella et al., Eur.Phys.J.C 80 (2020) 12, 1095The structure of C9

https://arxiv.org/abs/2001.04470
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Measuring the charm loop in Experiment

Crivellin et al., Phys.Rev.Lett. 122 (2019) 1, 011805:
Connection between RD/RD* and b→sμμ 

Alguero et al., Phys.Rev.D 99 (2019) 7, 075017
Lepton Universal NP contribution to C9

Cornella et al., Eur.Phys.J.C 80 (2020) 12, 1095The structure of C9

Cornella et al., Eur.Phys.J.C 80 (2020) 12, 1095:
Dependence on q2 

https://link.aps.org/doi/10.1103/PhysRevLett.122.011805
https://link.aps.org/doi/10.1103/PhysRevD.99.075017
https://arxiv.org/abs/2001.04470
https://arxiv.org/abs/2001.04470


FPCP 2022
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B+ → K+μμ 
Courtesy of Lakshan Ram Madhan Mohan

*b→sττ contribution set to zero!

- Constraint on C9
τ competitive with direct searches 

- Allows to explore possible correlations between b→sμμ and b→cτν anomalies (Crivellin et al., Phys.Rev.Lett. 122 

(2019) 1, 011805, Alguero et al., Phys.Rev.D 99 (2019) 7, 075017)

Cornella et al., Eur.Phys.J.C 80 (2020) 12, 1095

https://link.aps.org/doi/10.1103/PhysRevLett.122.011805
https://link.aps.org/doi/10.1103/PhysRevLett.122.011805
https://link.aps.org/doi/10.1103/PhysRevD.99.075017
https://arxiv.org/abs/2001.04470
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- Resonances added as relativistic BW 
- Branching ratios of B+→VK+ constrained from the PDG (assuming factorization)
- Form-factors constrained from lattice QCD ( Bailey et al., Phys.Rev.D 93 (2016) 2, 025026) 
- Contribution of D(*)D(*) ignored

Measuring the charm loop in Experiment
B+ → K+μμ 

Courtesy of Patrick Owen

LHCb Coll., Eur.Phys.J.C 77 (2017) 3, 161

https://link.aps.org/doi/10.1103/PhysRevD.93.025026
https://cds.cern.ch/record/2239806/files/epjc%202017%2077%20161.pdf
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- Results show minimal interference between rare mode and J/Ψ and Ψ(2S)
- Allow to fit for C9 and C10 leading to tension with respect to prediction (model dependent)
- Improved uncertainty of the form-factors
- Analysis including all contribution based on Cornella et al., EPJC 80 (2020) 12, 1095 ongoing 
- Extension to B→K*μμ discussed in Egede et al., EPJC 78 (2018) 6, 453  

Measuring the charm loop in Experiment
B+ → K+μμ LHCb Coll., Eur.Phys.J.C 77 (2017) 3, 161

https://arxiv.org/abs/2001.04470
https://inspirehep.net/literature/1623024
https://cds.cern.ch/record/2239806/files/epjc%202017%2077%20161.pdf
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Measuring the charm loop in Experiment
Extension to B → K*μμ 

- Combining the approaches of Egede et al., Eur.Phys.J.C 78 (2018) 6, 453 and  Cornella et al., Eur.Phys.J.C 80 (2020) 12, 
1095 to include all known contributions to C9

- Approach of Chrzaszcz et al., JHEP 10 (2019) 236 and Bobeth et al., Eur.Phys.J.C 78 (2018) 6, 451 consists of 
expanding H(q2) as polynomial in z(q2) fitting simultaneously with pseudo-observables coming from 
J/Ψ and Ψ(2S) and theory points at negative q2 

- Both approaches have their own merits and both are pursued at LHCb

Interesting theory development
Gubernari et al., JHEP 09 (2022) 133

https://inspirehep.net/literature/1623024
https://arxiv.org/abs/2001.04470
https://arxiv.org/abs/2001.04470
https://link.springer.com/article/10.1007/JHEP10(2019)236
https://link.springer.com/article/10.1140/epjc/s10052-018-5918-6
https://inspirehep.net/literature/2093023
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Measuring the charm loop in Experiment
Extension to B → K*μμ 

- Sensitivity studies with pseudo-experiment
- To be understood the tradeoff between model dependence and uncertainty

Chrzaszcz et al., JHEP 10 (2019) 236 Egede et al., Eur.Phys.J.C 78 (2018) 6, 453

https://link.springer.com/article/10.1007/JHEP10(2019)236
https://inspirehep.net/literature/1623024


Conclusions
Future Prospects
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- Problem in the mis-identified background of electron channels found:
- Results compatible with SM
- Still some room for LFUV models → more precision
- More LFUV analyses in b→sll are ongoing 

- b→sμμ anomaly limited by theory uncertainty (charm loop) 

- Several ideas to improve our understanding of non-local contributions → 
Needed cooperation between experimentalists and theorists 



Thanks for the attention
KEK Flavour Factory Workshop
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The door of my office in my house in Sardinia… I promised that when NP is 
finally discovered I will break it and replace it with the SM extension 



B+ → K+μμ 
Measuring the charm loop in Experiment
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B+ → K+μμ 
Measuring the charm loop in Experiment
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phase space

lepton mass



B+ → K+μμ 
Measuring the charm loop in Experiment
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form-factors



B+ → K+μμ 
Measuring the charm loop in Experiment
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Wilson Coefficients



B+ → K+μμ 
Measuring the charm loop in Experiment
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Long distance hadronic contribution (including resonances) goes here:
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Measuring the charm loop in Experiment
Cornella et al., Eur.Phys.J.C 80 (2020) 12, 1095The structure of C9

https://arxiv.org/abs/2001.04470
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P-basis (P1,...,P8) FF appears in the numerator and in the denominator
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A.Mauri ICHEP2018
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A.Mauri ICHEP2018
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A.Mauri ICHEP2018
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Determination of ΔC9 and ΔC10 is 
model-independent

A.Mauri ICHEP2018
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- Non-exclusive R-ratios affected by larger theory uncertainty, but can still be rigorously combined
- Neglecting lepton masses (q2 >> ml

2 ) (very good approximation) no interference between left and right 
handed lepton currents

After integrating on anything apart for q2 

FPCP 2022
Backup slides
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VELO: new 
silicon pixel

UT: new silicon 
strip detector

SciFi: new 
Scintillating Fiber

RICH: new 
photodetectors

All detectors:  
replaced electronics 

Brand New Detector (almost 
independent experiment):

- 40MHz redout
- Fully software trigger
- Instantaneous luminosity 

2x1033  cm-2s-1

FPCP 2022
Backup slides



53

VELO Pixel 
with timing

UT Microstrips

Magnet Side 
Stations

RICH

Muon μRwell

TORCH
Timing/PID

ECAL spatial 
resolution & timing 

Hybrid Modules
SciFi/MightyPix

- Plan running at 
instantaneous luminosity up 
to 1034 cm-2s-1

- Require excellent spatial 
resolution and timing 

FPCP 2022
Backup slides


