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RARE 
DECAYS



What rare decays are we speaking about?

‣ Processes with decays of a b or a c quark, rare or forbidden in the SM 

‣ Today, focus on decays with a b quark 
but many LHCb analyses with rare c decays 
(some of them coming soon)
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Motivation for rare b-decays

‣ Typically flavour changing neutral currents suppressed (or forbidden) 
in the Standard Model 

‣ b → s(d) transitions occur through loops (penguin diagram or box 
diagram)
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Motivation for rare b-decays

‣ These processes can receive contributions from NP, hence changing the 
value of some observables (branching ratio, angular distributions…)

�5



Motivation for rare b-decays

‣ Parametrized in terms of an effective hamiltonian
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▸ Variables of interest (Wilson coefficients): 
 
C7(‘): Strength of the couplings to photons 
C9(‘) and C10(‘): Strength of the couplings to leptons 

▸ Looking for deviations of the values of the Wilson coefficients with 
respect to the standard model (SM) predictions

▸ Also look for processes that don’t exist in the SM:  
Lepton flavour violating decays



Experimental status �7

BS → φµµ

JHEP 09 (2015) 179

B0 → K*0µµ

JHEP 11 (2016) 047

 

Λb → Λµµ
JHEP 06 (2015) 115

JHEP 06 (2014) 133

‣ Observables (from more to less dependent on 
form factors): 
- Branching ratios 
- Angular variables 
- Lepton universality tests (see talk by P. Alvarez)

Deviations in several decay 
channels with a b → s(d)ll 

transition

https://arxiv.org/pdf/1506.08777.pdf
https://arxiv.org/abs/1606.04731
https://arxiv.org/pdf/1509.00414.pdf


Experimental status

‣ See also Phys. Rev. D 99, 075017,  
Eur.Phys.J.C(2017)77:377,  
Phys. J. C (2015) 75: 382,  
Nucl Phys B 909 (2016) 737-777, 
JHEP 06 (2016) 092, 
Phys. Rev. D 96, 093006 (2017), 
JHEP 1801 (2018) 093, etc.
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arXiv:1903.09578

‣ Global fits tend to prefer scenarios with new physics (NP) in C9 or in C9 and C10

‣ Several scenarios of NP proposed: 
- Leptoquarks (e.g. 
Phys.Rev.D94,115005) 
- Z’ (e.g. Phys.Rev.D93,074003) 

‣ Need to update measurements 
and add new modes

Tension > 3𝛔

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.075017
https://arxiv.org/abs/1703.09189
http://dx.doi.org/10.1140/epjc/s10052-015-3602-7
http://dx.doi.org/10.1016/j.nuclphysb.2016.05.022
http://dx.doi.org/10.1007/JHEP06(2016)092
http://Phys.%20Rev.%20D%2096,%20093006%20(2017)
https://arxiv.org/abs/1704.05340
https://arxiv.org/abs/1903.09578
https://doi.org/10.1103/PhysRevD.94.115005
https://doi.org/10.1103/PhysRevD.93.074003


�9

RARE 
DECAYS

VERY RARE 
DECAYS

ELECTRO-
WEAK 

PENGUINS RADIATIVE 
DECAYS
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d𝛤
dq2

C7(‘)

C7(‘) - C9(‘) 
interference

J/𝜓(1S)

𝜓(2S)

C9(‘) and C10(‘) 
Long distance 
contributions 
from cc above 
open charm 
threshold

q2

‣ Measurement of 
b → s(d)ll transitions

‣ Different regions in dilepton mass 
invariant q2 give different 
sensitivity to C9 and C10

ELECTRO-
WEAK 

PENGUINS



Angular moments of the decay 𝜦b → 𝜦𝜇𝜇 �11

b → sll transition, complementary to B → K*𝜇𝜇 

Baryon spin and polarisation: richer angular distributions 

Analysis performed in 2011-2016 data (5fb-1) 

Integration over the dimuon invariant mass squared region  
15 < q2 < 20 GeV2/c4 

Uses method of moments to measure angular observables K1-K34 

(fi are functions of the angles 𝜃, 𝜃1, 𝜃2, 𝜑1, 𝜑2)

  
JHEP 09 (2018) 146

Phys. Lett. B724 (2013) 27

https://link.springer.com/content/pdf/10.1007/JHEP09(2018)146.pdf
https://link.springer.com/content/pdf/10.1007/JHEP09(2018)146.pdf
https://www.sciencedirect.com/science/article/pii/S0370269313004231?via=ihub
http://www.apple.com


Angular moments of the decay 𝜦b → 𝜦𝜇𝜇 �12

First measurement of the full basis of 
observables K1-K34 

All compatible with SM prediction and null 
initial polarisation for the 𝜦b

JHEP 09 (2018) 146 

Lepton-side, hadron-side and 
combined forward-backward 
asymmetries obtained from K3-K6 
and compatible with SM

https://link.springer.com/content/pdf/10.1007/JHEP09(2018)146.pdf
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RADIATIVE 
DECAYS

▸ Rare decays with a 
b→sγ transition

▸ Mostly sensitive 
to C7 and C7’



‣ Search for Λ0b → Λγ decay using 2016 data (1.7 fb-1) 
 
 

‣ SM prediction for BR(Λ0b → Λγ): (0.06 − 1) × 10−5 

[Eur. Phys. J. C59 (2009) 861, Journal of High Energy Physics 2011 (2011) 67,  
Commun. Theor. Phys. 58 (2012) 872, Phys. Rev. D 96 (2017) 053006] 

‣ Sensitivity to the C7 and C7’ coefficients through angular distributions

Search for Λ0b → Λγ using 2016 data �14

Dependence 
on C7 and C7’

J.Phys.G24 (1998) 979 

arXiv:1904.06697

http://arxiv.org/abs/hep-ph/9701399
https://arxiv.org/abs/1904.06697


Search for Λ0b → Λγ using 2016 data �15

▸ Challenge: no secondary vertex because Λ is long-lived and no direction from γ 
cluster

▸ Use B0 → K*γ as a control channel

arXiv:1904.06697

https://arxiv.org/abs/1904.06697


Search for Λ0b → Λγ using 2016 data �16

▸ Challenge: no secondary vertex because Λ is long-lived and no direction from γ 
cluster

▸ Signal excess with 5.6𝜎 significance:  
First observation!

Statistical
Systematic

Systematic from external measurements 
dominated by the ratio of fragmentation 
fractions

arXiv:1904.06697

https://arxiv.org/abs/1904.06697
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Access to the photon polarisation through the time-dependent decay 
rates for                and                :  

Phys.	Le).	B664	(2008)	174	

▸ With: 
-    : the direct CP asymmetry 
-    : the asymmetry associated with      -       mixing 
-        and         , the decay width and mass differences between the      
CP eigenstates

Depend on C7 and C7’

Time-dependent analysis of Bs0 → φγ decays in Run 1
arXiv:1905.06284

https://arxiv.org/abs/1905.06284
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Previous analysis using Bs0 → φγ was untagged 
(no separation between       and      ): 

Time-dependent analysis of Bs0 → φγ decays in Run 1
 

Phys.	Le).	B664	(2008)	174	

Phys.	Rev.	Le).	118	(2017),	021801	

Measurement using LHCb Run1 data

In agreement with SM

Phys.	Le).	 
B664	(2008)	174	

Next step: 
Separate the       from 
(flavour tagging)

https:https://arxiv.org/abs/1609.02032


Time-dependent analysis of Bs0 → φγ decays in Run 1 �19

▸ Strategy of the analysis: 
- B0 → K*γ used as control channel for decay time acceptance 
- Use fit to the B(s) mass to obtain background subtracted time dependent decay 
rate 
- Simultaneous proper-time fit of the signal and normalization channels with 
per-event mistag probability and decay time uncertainty

Compatible with SM at 1.3𝜎, 0.3𝜎 and 1.7𝜎 
First measurement of S and C in a Bs system 
Competitive with measurements in B systems

arXiv:1905.06284

https://arxiv.org/abs/1905.06284
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VERY RARE 
DECAYS

▸ Very suppressed or forbidden in the SM 

▸ Branching ratios O(10-8) or lower 

▸ Sensitive to CS, CP, C10 or completely new operators



Search for the lepton flavour violating decays B(s) → τμ �21
LHCB-PAPER-2019-016

‣ In some NP models, LFUV implies lepton flavour violating decays 
[PRL 114 (2014) 091801, PL B750 (2015) 367, JHEP 06 (2015) 072, PL B760 (2016) 442, JHEP 12 (2016) 027]  

‣ In some theoretical predictions, the BR can reach O(10-8) 
[PRD 97 (2018) 015019, PRD 92 (2015) 054013] 
 
 
 
 

‣ Use LHCb Run 1 data (3fb-1) 

‣ Look for three prongs τ decays 
- Reconstruction optimized for τ− →π−π+π−ντ (BR ~9%) 
- τ−→ π−π+π−π0ντ (BR ~7%) also contributes to some level 

‣ Final state with a neutrino: use the corrected B invariant mass which has two 
solutions: chose solution with largest signal -vs- background separation 

‣ Branching fractions normalised to B0 → D−(→K+π−π−)π+  

https://cds.cern.ch/record/2671553?ln=en


Search for the lepton flavour violating decays B(s) → τμ �22
LHCB-PAPER-2019-016

‣ Simultaneous fit in bins of a boosted decision tree classifier 
16 variables for training, amongst which the most discriminant: 
- m(π−π+π−) and m(π−π+) 
- B meson IP and vertex distance significances 
- isolation variables 

‣ As very little separation between B → 𝜇𝜏 and Bs → 𝜇𝜏, the fit for B → 𝜇𝜏 assumes no 
Bs → 𝜇𝜏 and respectively

First limit

World best 
limit

https://cds.cern.ch/record/2671553?ln=en


Conclusion and outlook �23

‣ Rare decays provide many sensitive/powerful tests of the SM 

‣ They are extensively studied at LHCb 

‣ Multiple tensions on which Run 2 data  
will bring a new light! 

‣ Rare c-decays are also heavily studied 

‣ Exciting times ahead!
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Back-up



Angular moments of the decay 𝜦b → 𝜦𝜇𝜇 �25

Sources of systematic uncertainties

  
JHEP 09 (2018) 146

Sources of systematic uncertainty on the Ki angular observables, together with the mean and the range of 
uncertainty values assigned to the 34 Ki parameters in each case. The variation of each source of systematic 
uncertainty between the different observables depends on the structure of the weighting functions used to 
extract the observable and its correlation with the angular efficiency. 

https://link.springer.com/content/pdf/10.1007/JHEP09(2018)146.pdf
https://link.springer.com/content/pdf/10.1007/JHEP09(2018)146.pdf


Search for Λ0b → Λγ using 2016 data �26

▸ Sources of systematic uncertainties

arXiv:1904.06697

https://arxiv.org/abs/1904.06697


Time-dependent analysis of Bs0 → φγ decays in Run 1 �27

▸ Fits to the B mass:

arXiv:1905.06284

Signal Bs0 → φγ : 5110 ± 90 events Normalization B0 → K*γ : 
33 860 ± 250  events

https://arxiv.org/abs/1905.06284


Time-dependent analysis of Bs0 → φγ decays in Run 1 �28

▸ B tagging: Total effective efficiency ~ 5% 

▸ Proper-time fit of the normalisation channel:

arXiv:1905.06284

▸ Main sources of uncertainty: 
C and S: differences between data and simulation in the decay-time resolution 
parameters (0.08)  
Mixing induced asymmetry A𝜟: determination of the decay-time-dependent 
efficiency function (in particular contribution from the partially reconstructed 
background in B0 → K*γ decays)

https://arxiv.org/abs/1905.06284


Time-dependent analysis of Bs0 → φγ decays in Run 1 �29

▸ Very competitive measurement of C and S

arXiv:1905.06284

https://arxiv.org/abs/1905.06284


Search for the lepton flavour violating decays B(s) → τμ �30
LHCB-PAPER-2019-016

Distributions of the MB mass in data in the four final BDT bins with the projections of the fit in the Bs0 case 
overlaid 

https://cds.cern.ch/record/2671553?ln=en


Search for the lepton flavour violating decays B(s) → τμ �31
LHCB-PAPER-2019-016

▸ Impact of systematic uncertainties on the final limits: ~35% (dominated by the 
uncertainty on the background model)

▸ Determination of the branching fractions

with

where the normalisation factors are determined to be:

https://cds.cern.ch/record/2671553?ln=en


Search for the very rare decay B+ → μ+μ-μ+𝛎μ

‣ Suppressed decay with BR ∝ |Vub|2 

‣ Using Run 1 and 2016 data (4.7 fb-1) 

‣ Exploit the corrected mass: 
 

‣ Veto charmonium resonances and selects the region 

‣ Normalize to B+ → J/𝜓K+ 

‣ Theoretical estimate from only one model 
(vector-meson dominance PAN (2018) 81:347): 
BR(B+ → μ+μ-μ+𝛎μ) ~ 1.3 × 10−7 

‣ No signal is found, a limit is set to: 
BR(B+ → μ+μ-μ+𝛎μ) < 1.6 × 10−8 at 95% C.L.

�32arXiv:1812.06004 

http://dx.doi.org/10.1134/S1063778818030092
https://arxiv.org/abs/1812.06004

