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Why B(s)→μμ ?

Standard Model Prediction
: 

: 

Beneke, Bobeth, arXiv:1908.07011

Unique rare b→sℓℓ decays

Sensitive to New Physics effects

Non perturbative hadronic contributions enter via B(s) 
decay constant

Well known from Lattice QCD

Note
SM predictions scale as 

Difference between inclusive and exclusive measurements 
of  leads to additional uncertainty

Buras,  Venturini, arXiv:2203:11960

Bs → μμ (3.66 ± 0.14) × 10−9

B0 → μμ (1.03 ± 0.05) × 10−10

|Vcb |2

|Vcb |
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Current Results

Latest combination of ATLAS, CMS, LHCb results is based on  
Run1 and partial Run2 data - BPH-20-003

Full Run1+Run2 results by LHCb - PRL 128(2022) 041801
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Rare B decay Anomalies

Multiple discrepancies are observed in rare B decays
3.1σ Lepton Flavour Universality violation in R(K) and R(K*)

2-3σ discrepancies in branching fraction and angular observables

Global fits provide good description of data with the Wilson coefficients C9 and C10 
of the vector and pseudo-vector operators O9 and O10 in the effective 4-fermion 
interaction

Only O10 operator contributions to B(s)→μμ
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Altmannshofer, Stangl, arXiv:2103.13370
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Branching Fraction Measurement

Branching Fraction are normalized using and 
 decays

Most systematic effects cancel in the ratio

 provides nominal normalization
 - alternative normalization with different systematics that can 

benefit from independent BF measurement of 

B+ → J/ψK+

Bs → J/ψϕ

B+ → J/ψK+

Bs → J/ψϕ
Bs → J/ψϕ
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Event Preselection

Selection requirements are as loose as possible
Provide more data to MultiVariate Analysis (MVA)

Limited by trigger requirements

Normalization channel selection is optimized to match kinematics 
of signal 
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Combinatorial Background3-body and partial decays

Muons from the same  
B hadron

Muons originate from 
different B hadrons
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Muon Fakes

Double muon fakes from B→hh - non-trivial 
background

Looks like signal

Rate is comparable to B0→μμ
B→Kπ and Bs→KK are dominant contribution

Primary source of fakes
Pion and kaon decays in flight to muon and neutrino

Other contributions are negligible and easy to reject

Used MVA based muon identification
Detect minor imperfections in the muon candidate trajectory

Factor of 2-3 better rejection of fakes than the standard 
muon selection

Kaon decays are easier to reject

Fake rates are measured in Ks→ππ and ϕ→KK 
control samples

Simulated reasonably well: ~25% systematic per hadron

8

K+
<latexit sha1_base64="ewKqvX2qZOYScwANxc4+5rmD7uw=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEMpuK9hjwYvgpYL9gHYt2TTbhibZNckKZemf8OJBEa/+HW/+G9N2D9r6YODx3gwz84KYM21c99vJra1vbG7ltws7u3v7B8XDo5aOEkVok0Q8Up0Aa8qZpE3DDKedWFEsAk7bwfh65refqNIskvdmElNf4KFkISPYWKnTUyK9nT5c9Islt+zOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjq/d4rOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/XjcxYc1PmYwTQyVZLAoTjkyEZs+jAVOUGD6xBBPF7K2IjLDCxNiICjYEb/nlVdKqlL1quXJ3WarXsjjycAKncA4eXEEdbqABTSDA4Rle4c15dF6cd+dj0Zpzsplj+APn8wfTaI/L</latexit>

B0
<latexit sha1_base64="DEw9C/srHN8BV3KqSsq4Z2OENrU=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mtgj0WvXisYD+gXUs2zbahSXZNskJZ+ie8eFDEq3/Hm//GdLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcjP3O09UaRbJezONqS/wSLKQEWys1O0rkV7PHtxBueJW3QxolXg5qUCO5qD81R9GJBFUGsKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LJVYUO2n2b0zdGaVIQojZUsalKm/J1IstJ6KwHYKbMZ62ZuL/3m9xIR1P2UyTgyVZLEoTDgyEZo/j4ZMUWL41BJMFLO3IjLGChNjIyrZELzll1dJu1b1Lqq1u8tKo57HUYQTOIVz8OAKGnALTWgBAQ7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/zT2Pxw==</latexit>

µ�
<latexit sha1_base64="fWSB6mH+IjH9rdphQM9c68YmxEg=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRbILJnIk8eIRExdIYCXd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCye3c7zxRpVksH8w0oYHAI8kiRrCxkt8X6ePVoFxxq+4CaJ14OalAjtag/NUfxiQVVBrCsdY9z01MkGFlGOF0VuqnmiaYTPCI9iyVWFAdZItjZ+jCKkMUxcqWNGih/p7IsNB6KkLbKbAZ61VvLv7n9VITNYKMySQ1VJLloijlyMRo/jkaMkWJ4VNLMFHM3orIGCtMjM2nZEPwVl9eJ+1a1atXa/fXlWYjj6MIZ3AOl+DBDTThDlrgAwEGz/AKb450Xpx352PZWnDymVP4A+fzB3sRjm8=</latexit> µ+

<latexit sha1_base64="xTgqOkAoU1TPDuFIp18H+4ev/SE=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuK9hjwYvHCm5baNeSTbNtaJJdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53CxubW9k5xt7S3f3B4VD4+aes4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0serQbniVt0F0DrxclKBHK1B+as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztCFVYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmagQZk0lqqCTLRVHKkYnR/HM0ZIoSw6eWYKKYvRWRMVaYGJtPyYbgrb68Ttq1qlev1u6vK81GHkcRzuAcLsGDG2jCHbTABwIMnuEV3hzpvDjvzseyteDkM6fwB87nD3gJjm0=</latexit>

⇡�
<latexit sha1_base64="g0pAyocMCUBweTqeAe3doBA94FU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyWpgj0WvHisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv5vyx4teueJW3TnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzNRPZhwmWYGJVssijJBTEJmn5M+V8iMGFtCmeL2VsKGVFFmbD4lG4K3/PIqadWq3mW1dndVadTzOIpwAqdwDh5cQwNuoQk+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AG1ejmY=</latexit>

⌫̄µ
<latexit sha1_base64="s3bvq8zsRqFg7oZ8/Z4iBm1q7IA=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd0omGPAi8cI5gHZJcxOJsmQmdl1HoGw5Du8eFDEqx/jzb9xkuxBEwsaiqpuurvilDNtfP/b29jc2t7ZLewV9w8Oj45LJ6ctnVhFaJMkPFGdGGvKmaRNwwynnVRRLGJO2/H4bu63J1RplshHM01pJPBQsgEj2DgpCmOsslDaXijsrFcq+xV/AbROgpyUIUejV/oK+wmxgkpDONa6G/ipiTKsDCOczoqh1TTFZIyHtOuoxILqKFscPUOXTumjQaJcSYMW6u+JDAutpyJ2nQKbkV715uJ/XteaQS3KmEytoZIsFw0sRyZB8wRQnylKDJ86goli7lZERlhhYlxORRdCsPryOmlVK8F1pfpwU67X8jgKcA4XcAUB3EId7qEBTSDwBM/wCm/exHvx3r2PZeuGl8+cwR94nz827ZJb</latexit>

⌫µ
<latexit sha1_base64="U3fdopub0uaZImp1kld98FAF9Ho=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0omGPAi8cI5gHZJcxOZpMhM7PLPISw5CO8eFDEq9/jzb9xkuxBEwsaiqpuurvijDNtfP/b29jc2t7ZLe2V9w8Oj44rJ6cdnVpFaJukPFW9GGvKmaRtwwynvUxRLGJOu/Hkbu53n6jSLJWPZprRSOCRZAkj2DipG0o7CIUdVKp+zV8ArZOgIFUo0BpUvsJhSqyg0hCOte4HfmaiHCvDCKezcmg1zTCZ4BHtOyqxoDrKF+fO0KVThihJlStp0EL9PZFjofVUxK5TYDPWq95c/M/rW5M0opzJzBoqyXJRYjkyKZr/joZMUWL41BFMFHO3IjLGChPjEiq7EILVl9dJp14Lrmv1h5tqs1HEUYJzuIArCOAWmnAPLWgDgQk8wyu8eZn34r17H8vWDa+YOYM/8D5/AGo6j5Y=</latexit>

4.9 5 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9
 [GeV]−µ+µm

0

50

100

150

200

250

300

350

400

En
tri

es
 / 

0.
02

 G
eV

−h+ h→s
0B

−h+ h→0B

CMS Simulation Preliminary



Multivariate Analysis



D.Kovalskyi   /   B(s)→μμ measurements   /   CERNJuly 26, 2022

Multivariate Analysis

New multivariate analysis (MVAB) used to suppress the dominant backgrounds
Trained with signal MC and mass sideband data with the XGBoost package (advanced gradient 
boosting algorithm)

Most discriminating variables
Pointing angles: α2D, α3D

Impact parameter and its significance: δ3D, δ3D/σ(δ3D)

Flight length and its significance: ℓ3D/σ(ℓ3D)

Isolation for B candidate and muons

Dimuon vertex quality

10

PV

μ–δ3D

ℓ3D α3D

Pμμμ+
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MVA in Data

MVA mismodeling can be a major 
source of systematics

Need a data control sample

 is the best candidate 

MVA is trained to rejected μμK 
events

Extra track, wrong pointing angle etc

Need to use correct input to get 
signal-like response 
μμK: pointing angle, impact parameter

μμ: vertex probability, displacement, 
isolation (ignore kaon)

B+ → J/ψK+

11
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) > 3.0 GeV+ (K
T

p

 Event SelectionB+ → J/ψK+

The pointing angle is one of the most powerful discriminators

The distribution has a non-trivial dependence on the decay kinematics
Need to match  phase space to 

The agreement between α(μμ) and α(μμK) is getting better when the kaon is soft
Leads to larger background, but it’s manageable thanks to large number of events 

Use sPlot technique to extract distributions in Data

B+ → J/ψK+ Bs → μμ

12

Kaon PT > 1GeV Kaon PT > 3GeV Kaon PT < 1.5GeV
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Flight length significance

Soft kaon requirement gives matching distributions for all input variables 
but the flight length significance

It correlates with the dimuon mass
Smaller mass → smaller opening angle → larger uncertainty on vertex position along 
the trajectory → smaller significance

Scaling flight length significance by 1.6 provides a decent matching

13
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XGBoost Reweighting

With the special  control sample we can correct for 
mismodeling in MC simulation

Trained XGBoost classifier on MC vs Data with sWeights
Capture the difference between MC and Data

Use  as a weight to reweight B(s)→μμ MC samples

B+ → J/ψK+

w =
ProbData

ProbMC

14
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Unbinned ML Fit

2D unbinned ML fit in mass and its 
uncertainty

16 categories
rapidity of forward muon: [0,0.7] and [0.7,1.4]

data taking period: 2016a, 2016b, 2017, 2018

MVA: loose and tight

Shapes
Signal - fixed CrystalBall with mass scale and 
resolution corrected using J/ψ and ϒ(1S)

Combinatorial - 1st order polynomial with free 
floating parameters

Semileptonic - Gaussian with floating parameters
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Postfit Event Yields

Postfit event yields by categories
Channel 0 and 1 refer to forward muon rapidity ranges of [0.0,0.7] and [0.7,1.4]

Expected number of B0 events is still very small

17
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Efficiency Correction

Use  events to model 
 decays in Data and MC

Additional selection requirements
Kaon PT < 1.5 GeV

Rescaled flight length significance

Data/MC correction factors
Ratio method: efficiency ratio between  
sWeighted data/MC

XGBoost: train a XGBoost classifier to 
reweight MC to match to the data

B+ → J/ψK+

B(s) → μμ

18
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MVAB>0.9 MVAB>0.99

2016 2017 2018 2016 2017 2018

Ratio 1.011±0.013 0.939±0.007 0.903±0.008 1.058±0.019 0.891±0.008 0.885±0.010

XGBoost 0.991±0.008 0.949±0.003 0.917±0.002 1.008±0.011 0.905±0.004 0.908±0.002
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 Yield Fits𝐵+ → 𝐽/𝜓𝐾+

Two different signal models are used to extract signal normalization in 
unbinned maximum likelihood fits

Nominal model is built using analytical functions

Alternative one is using non-parametric signal model convolved with a resolution model

The difference between the two estimates is taken as systematics (1%)

19

5.2 5.25 5.3 5.35 5.4 5.45 5.5
 [GeV]+ KψJ/m

0

50

100

150

200

250

300

350

400

310×

En
tri

es
 / 

5 
M

eV
 

 

Data

Full PDF
+Kψ J/→ +B
+π ψ J/→+B

Combinatorial

CMS Preliminary (13 TeV)-16.1 fb
 

5.2 5.25 5.3 5.35 5.4 5.45 5.5
 [GeV]+ KψJ/m

0

50

100

150

200

250

300

350

400

450
310×

En
tri

es
 / 

5 
M

eV
 

 

Data

Full PDF
+Kψ J/→ +B
+π ψ J/→+B

Combinatorial

CMS Preliminary (13 TeV)-16.1 fb
 

Central Forward



D.Kovalskyi   /   B(s)→μμ measurements   /   CERNJuly 26, 2022

  Yield Fits𝐵𝑠 → 𝐽/𝜓φ

 is used as an alternative normalization for Bs BF
At the moment it's primarily a cross-check

Data is fitted to two different signal models, taking the difference 
as systematics

𝐵𝑠 → 𝐽/𝜓φ

20
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BF Systematics

Signal efficiency is correlated with the Bs lifetime
Bs→μμ branching fractions are measured assuming the SM lifetime value

For alternative hypothesis scale BF using the following scale factor

τ is in ps
Example: ,   αBF(1.61) = 1.0 αBF(1.43) = 1.065

21

Effect BF(Bs→μ+μ–) BF(B0→μ+μ–)
Trigger efficiency 2–4%

Pileup 1%
Vertex quality 1%

MVAB correction 2–3%
Tracking efficiency 2.3%

J/ψK+ shape 1%
Fit bias 2.2% 4.5%

fs/fu ratio 3.5% -

↵BF = 1.577� 0.358 ⌧
<latexit sha1_base64="Su2OQcGWCDI6dBFYEkuAHfOGq2g=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4cZhpLS2IUBTEZQX7gM5Q7qRpG5p5kGSEMvQD3Pgrblwo4tYPcOffmLaz0NYDgcM553JzjxdxJpVlfRuZldW19Y3sZm5re2d3L79/0JRhLAhtkJCHou2BpJwFtKGY4rQdCQq+x2nLG11P/dYDFZKFwb0aR9T1YRCwPiOgtNTNFxzg0RC6iSN8fHUzubTNcqWCz7BllspV58JREOuUZVoz4GVip6SAUtS7+S+nF5LYp4EiHKTs2Fak3ASEYoTTSc6JJY2AjGBAO5oG4FPpJrNjJvhEKz3cD4V+gcIz9fdEAr6UY9/TSR/UUC56U/E/rxOrftVNWBDFigZkvqgfc6xCPG0G95igRPGxJkAE03/FZAgCiNL95XQJ9uLJy6RZNO2SWbw7L9SqaR1ZdISO0SmyUQXV0C2qowYi6BE9o1f0ZjwZL8a78TGPZox05hD9gfH5A0L1mIY=</latexit>
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fs/fu ratio in BF fit

fs/fu = 0.231±0.008 
Based on PT-dependent results from LHCb

PRD 104 (2021) 032005
Integrate with the effective PT distribution 

Previous measurement used 0.252±0.032

Resulting BF can be rescaled:

One can use a different fs/fu value

Treated as an external uncertainty
not as a constrained nuisance parameter
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CMS
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Bs→μμ BF Result
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Alternative using Bs→J/ψϕ: 
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B0→μμ Search
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median: 1.64, mean: 1.71, rms: 1.03

Sensitivity to B0→μμ

The main challenge with B0→μμ is the combinatorial background

It will require more data and analysis improvements to reach 
discovery level
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Effective Lifetime Measurement

In the absence of CP violation only 
the heavy Bs state decays into 
dimuon

Different composition of states may be 
allowed by New Physics. 

Plot shows decay time projection

Efficiency correction
Decay time efficiency derived from MC

Corrected by  data to 
mitigate the bias from tight MVAB 
requirement.

The residual bias and the difference between 
 and  are considered 

as a systematic uncertainty.

B+ → J/ψK+

Bs → μμ B+ → J/ψK+

28



D.Kovalskyi   /   B(s)→μμ measurements   /   CERNJuly 26, 2022

2 4 6 8 10 12 14
Decay time [ps]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 >
 0

.9
0

B
 M

VA
∈/

 >
 0

.9
9

B
 M

VA
∈

Data

MC

CMS Preliminary (13 TeV)-161.3 fb

Lifetime Systematics

Dominant systematics comes from a strong correlation between 
MVAB and decay time, which are hard to model well

Corrections can be derived in data and uncertainty is mostly limited by the size 
of the control sample
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Effect 2016a 2016b 2017 2018
 Efficiency modeling 0.01 ps
 Scanning over different gen lifetime sample 0.01 ps
 Decay time mis-modeling 0.10 ps 0.06 ps 0.02 ps 0.02 ps
 Lifetime bias 0.04 ps 0.04 ps 0.05 ps 0.04 ps

Total 0.11 ps 0.07 ps 0.05 ps 0.04 ps

2 4 6 8 10 12 14
Decay time [ps]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 >
 0

.9
0

B
 M

VA
∈/

 >
 0

.9
9

B
 M

VA
∈

Data

MC

CMS Preliminary (13 TeV)-120.0 fb

2 4 6 8 10 12 14
Decay time [ps]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 >
 0

.9
0

B
 M

VA
∈/

 >
 0

.9
9

B
 M

VA
∈

Data

MC

CMS Preliminary (13 TeV)-116.6 fb



July 26, 2022 D.Kovalskyi   /   B(s)→μμ measurements   /   CERN

Effective Lifetime

30
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Summary

Studies of rare B(s)→μ+μ– decays provides a unique tool to explore 
and understand rare B decay anomalies

Theoretically clean

Sensitive to the same processes

CMS finalized analysis of 140 fb–1 data collected during LHC Run-2
All results are consistent with SM predictions

Relative uncertainty on BF(Bs→μ+μ–) has been reduced to 11%
The best single measurement to date

Statistical uncertainties dominate in all measurements
Good perspectives for further improvements with Run-3 data

A conference note and other materials are available at
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/
BPH-21-006/index.html
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-006/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-006/index.html
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Analysis Overview
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Event Display
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