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Introduction

● Flavour changing neutral currents (FCNC) forbidden at tree level in the Standard Model (SM)
● b → sll transition can only occur via loop → rare decays

● Process could be mediated by new virtual particles → probe for New Physics (NP)
○ Z’ gauge boson, leptoquarks, non-SM Higgs 
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Indirect searches for NP using precision measurements of FCNC processes.

SM non-SM



B0
(s) → 𝜇+𝜇-  Decay

● B0
(s) decays to 2 muons: loop and helicity suppressed

● Effective field theory (EFT) gives SM prediction for branching ratios (BR)

● Previous measurement:
○ LHCb + ATLAS + CMS combined measurement at 95% CL, consistent with the SM within 2σ
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Penguin Box

B0
(s) (S = 0)

𝜇-𝜇+
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Analysis Goals and B0
s → 𝜇+𝜇-𝛾

● Measure BRs for
○ B0 → 𝜇+𝜇-

○ B0
s → 𝜇+𝜇-  *

○ B0
s → 𝜇+𝜇-𝛾

● B0
s decays to 2 muons can be accompanied by the emission of photon**

○ Not helicity suppressed
● Sensitivity to initial-state radiation (ISR) from the valence quarks at high dimuon mass

○ SM BR prediction O(10-10)
○ Final-state radiation (FSR) included in B0

s  BR

4
*The paper also reports the measurement of the effective lifetime for B0

s → 𝜇+𝜇-  which is not included in this talk.
**Note that B0 ISR is negligible due to additional CKM suppression.



LHCb Detector

● Forward-spectrometer specialized on b and c 
decays, located at the LHC interaction point 8

● Vertex Locator at interaction region
○ Only 7 mm distance to beam
○ Excellent impact parameter resolution to identify 

secondary vertices
○ Decay-time resolution < 50 fs (decay-time 

measurement)
● Ring-Imaging-Cherenkov detectors for particle 

identification (relevant for normalization channels)
● Tracking system with momentum resolution < 1.0% 

→ good mass resolution
● Muon system to identify and trigger muons
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Signal Selection
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Signal Region
Control Region

(For normalization)

Trigger: Number of muon > 0

Muon Selection
● 0.25 < pT < 40 GeV
● p < 500 GeV
● Inconsistent with PV
● Muon identification

B0
S Selection

● Decay time < 13.25ps
● pT> 0.5 GeV
● Originated at least one PV
● J/ψ veto[1]

● 4900 ≤ M(μμ) ≤ 6000 MeV

Replacing 
muon selection 
to hadron 
selection

Same but no 
J/ψ veto 

• Same but M(μμ) 
close to J/ψ mass

• Kaon inconsistent 
with PV

B0
s → hh[2] B+ → J/ψ[3] K+(φ)

Selection using
boosted decision tree (BDT)

Triggered 
independently

Same muon 
selection as signal

# of muon > 0

[1] J/ψ veto : |M(μμ) - M(J/ψ)|  > 30 MeV [2] h = K or π [3] J/ψ  decays to muon pair

SELECTED

*Additional loose BDT based cut is applied to all regions

● Discriminating combinatorial 
background: bbbar →μμ

● Optimized using MC samples 
(B0

S→μμ vs bbbar →μμX)
● Input features: topological 

variables*
*Phys. Rev. Lett. 128 (2022) 041801

B0
(s) → 𝜇+𝜇-(𝛾)



● Signal described with a double-sided Crystal-Ball function
● Mean of B0

s → µ+µ− and B0→µ+µ− signal peaks calibrated with B0
s→K+K− and B0→ K+π− data

● Resolution interpolated from mass fits to cc and bb resonances
● Tail parameters extracted from simulation
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Signal Calibration: Mass Shape



● BR based on
○ Total number of events
○ Signal yield 
○ Selection efficiency 
○ Hadronization probability 

● Large uncertainties cancel out in the ratio, e.g., 𝜎(pp→bb) and luminosity 
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Relative BR Measurement



● BRs measured relative to well known normalization channels 
with similar selections

○ B+ → J/ψ(→𝜇+𝜇-) K+ 
○ B0 → K+ 𝜋-               

● Extraction of normalization channel yields via maximum likelihood fit
● Efficiencies calculated for signal and normalization channels
● External input for hadronization ratios fs/fd (fs/fu) → large systematic
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⍺sig → single event sensitivity
Y

IE
LD

Normalization



Physical
● One or more misidentified final state particles 

(protons, pions, and kaons)
● Use stringent PID requirement to suppress it

● One particle is not reconstructed

○ B(0)+→π(0)+μ+μ-

● One hadron is misidentified as muon

○ Xb→hμ𝜈μ

● Two hadrons are misidentified as muons

○ B0
(S) → h+ h′- 

● Dominant in low-mass region

Backgrounds
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Combinatorial
● Random combination of two muons not 

originating from a common decay
● Suppress by forming B candidate using topology 

differences and relative isolation of the muon 
tracks

● Dominant in high-mass region
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Signal yields extracted by unbinned extended maximum-likelihood fit with constraint background components

Resulting BRs

● Stat. by repeating the fit with all nuisance parameters fixed

● Syst. by subtracting in quadrature the stat. uncertainties from the total

Main contribution to the systematic uncertainties

               :  fs/fd (3%)

               : B0
s → h+h’- and semileptonic b-hadron background (9%)

Measurement of Signal BR 



Limit Setting of Signal BR
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No evidence → “Limit”

Significance
● More than 10σ for 

● 1.7σ for

● 1.5σ for

CLs method with a one-sided test statistic is used for 

determining upper limits.

at 90% (95%) CL.

Limit on the BRs



Significance 
● More than 10σ for 

● 1.7σ for

● 1.5σ for

CLs method with a one-sided test statistic is used for 

determining upper limits.

Limit Setting of Signal BR
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In agreement with the SM predictions

No evidence → “Limit”

at 90% (95%) CL.

Limit on the BRs



● Rare decays of B0
(s) to two muons → powerful probe for NP

● Most precise single experiment measurement

○ BR of B0
s → 𝜇+𝜇- measured (> 10σ significance)

○

○ Improved limits set for B0 → 𝜇+𝜇- and B0
s → 𝜇+𝜇-𝛾

○

Conclusion
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Back-up
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BR Calculation
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where

Time integrated BR:

For the SM,           = 1 as only CP odd eigenstate of B0
(s) decays two muons → 

In presence of NP, it can assume any value from -1 to +1.



Final-State Radiation (FSR)
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● Included experimentally in B0
s → 𝜇+𝜇- in the description of the radiative tail in its mass 

distribution



Detector
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LHCb at IP8



Detector
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● Events categorised into 6 BDT bins
● Calibration of signal BDT output done using data-corrected 

simulation*
● Corrections applied to:  

○ B meson kinematics and detector occupancy
○ PID and trigger efficiency
○ BDT-lifetime correlations in B0

s→µ+µ− 
● Fraction of signal decays in each BDT region:

● Cross-checked on B0→K+π− and B0
s→K+K− data

○ Same selection as for the signal, except for trigger 
and PID requirements

* Reweighting method based on BDT: Extracting w = data/MC using BDT (arXiv:1608.05806)

Signal Calibration: BDT



BDT Calibration
● Correction to  B meson kinematics:

○ Boosted decision tree classifier trained to align the data and the simulation
○ pT, η, and the χ2

IP of the B candidate used as input variables
○ Weights obtained applied to all simulation samples used for calibration and normalisation

● Correction from event occupancy (measured as the number of tracks in the event):
○ Weights determined by comparing the relative number of B+ → J/ψK+ decays in background-subtracted data 

and simulated samples
● Corrections to BDT-lifetime correlation for B0

s → µ+µ − decays:
○ Simulation generated using the mean B0

s lifetime; but effective lifetime may vary between that of light and the 
heavy mass eigenstates. 

○ Correction evaluated for Aµµ
∆Γs = −1, 0 and 1

○ Simulated candidates weighted according to:

 

● Correction factor applied to each BDT region: 

22



● Branching ratios measured relative to well known normalization 
channels

○ B+ → Jpsi(→𝜇+𝜇-) K+ [  Br. frc. = (6.02 ± 0.17) × 10-5  ]
○ B0 → K+ 𝜋-                 [  Br. frc. = (1.96 ± 0.05) × 10-5  ]

● Similar selections, slightly modified (Do we want to give details?)
● Extraction of normalization channel yields via maximum likelihood fit
● External input for hadronization ratios fs/fd (fs/fu) -> large systematic
● Carefully estimated reconstruction and selection efficiencies
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● ⍺sig → single event sensitivity

Y
IE

LD

Normalization



● Acceptance and reconstruction efficiency 
○ Obtained from MC simulation with correction factors applied for simulation 

modelling 
● PID: Particle Identification Efficiency

○ Obtained from high purity sample from data
■ 𝜇 from J/𝜓→𝜇𝜇
■ K± from D0 → K∓ π± 
■ p from Λ0 → pπ− and Λ+

c → p K π 
● Trigger efficiency
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Efficiencies For signal only



Efficiencies 
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Cross-Check on the Fragmentation Fraction 
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Reweighting with BDT
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Basic weighting method
● Counting histogram
● Limitation: reweighting of one 

variable often bring 
disagreement in others

Reweighting with ML
● Define loss function χ2 as a 

difference of Data-MC
● Find the region that has 

maximum χ2 and minimize 
the difference 
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Measurement of Signal BR 


