
technische universität

dortmund r

Title

Maximilian Schlupp 
on behalf of the CMS and LHCb

collaborations

B0
(s)µ+µ- combination at the LHC

Discovery Physics at the LHC, Kruger 2014
1st – 5th December 2014



Name Autor | Ort und Datum

History in a nutshell

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 23rd December 2014
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History in a nutshell

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 33rd December 2014

CMS, B-Physics Summary, 2013

https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsBPH/b2ll-history_withInset.pdf
https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsBPH/b2ll-history_withInset.pdf
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Motivation – Why Bµµ in the first place

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 43rd December 2014

• Highly suppressed in the Standard Model (SM)

• Flavour Changing Neutral Current

• Helicity suppressed in SM weak interaction

• Low energy effective branching fraction



Name Autor | Ort und Datum

• Highly suppressed in the Standard Model (SM)

• Flavour Changing Neutral Current

• Helicity suppressed in SM weak interaction

• Low energy effective branching fraction

• “New Physics” (NP) with enlarged scalar/pseudoscalar sector

Motivation – Why Bµµ in the first place

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 53rd December 2014

e.g. 2HDM, SUSY
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Motivation – Why Bµµ in the first place

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 63rd December 2014

• Time integrated branching fraction predictions

• Ratio of branching fractions powerful to discriminate between NP models 

(Minimal Flavour Violation) & precisely predicted within the SM

Bobeth et al., PRL 112(2014) 101801*

arXiv:1403.4427 [hep-ex]

*updated with latest top quark mass 

measurement (Tevatron & LHC)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.101801
http://arxiv.org/abs/1403.4427
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Experiments & Dataset

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 73rd December 2014

• Single-arm forward spectrometer (2<η<5) designed to study b- & c-quarks

• 25% of b-quark pairs in acceptance

• Excellent B / muon trigger (~92%)                     -

• Good hadron / muon PID (~97% µµ and ~0.03-0.8% hµ)

• Di-muon mass resolution 25 MeV/c2

• Multipurpose 4π-detector (-2.4<η<2.4)           

-

• Single-arm forward spectrometer (2<η<5) 

designed to study b- & c-quarks
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Experiments & Dataset

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 83rd December 2014

• Multipurpose 4π-detector (-2.4<η<2.4)           

-

• Good B / muon trigger (39-85%)  

• Good muon PID                                     

(90% µµ and 0.04-0.2% hµ)

• No hadron PID                                         

• Di-muon mass resolution 32-75 MeV/c2

• Excellent (primary) vertex resolution

• Single-arm forward spectrometer (2<η<5) 

designed to study b- & c-quarks

• Excellent B / muon trigger (92%)                     

• Good muon PID                                     

(97% µµ and 0.03-0.8% hµ)

• Good hadron PID

• Di-muon mass resolution 25 MeV/c2

• Excellent (primary) vertex resolution
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• CMS runs at highest possible instantaneous 

luminosity 

• Much higher multiple pp interactions

<µ> = 21 

• Much higher integrated luminosity

5 fb-1 @ 7 TeV

20 fb-1 @ 8 TeV

Experiments & Dataset

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 93rd December 2014

CMS

LHCb

 Results in roughly equal sensitivity for B0
(s)µ+µ- in Run I

• LHCb “levels” luminosity to have stable 

conditions throughout a fill

• Less multiple pp interactions

<µ> = 1.79 

• Less integrated luminosity

1 fb-1 @ 7 TeV

2.1 fb-1 @ 8 TeV
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What is to be combined?

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 103rd December 2014

• Single experiment’s results were presented at EPS 2013

• Prelim. Combination

“[…], it is clear that the B0
sµ+µ- decay is observed (i.e. >5σ), while the yield of 

B0
µ+µ- decays is not statistically significant (i.e. <3σ)”

PRL 11 (2013) 101804 PRL 11 (2013) 101805
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.101804
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.101805
https://cds.cern.ch/record/1564324
https://cds.cern.ch/record/1564324
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Full combination

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 113rd December 2014

• Perform full likelihood combination

• Results extracted from the combined dataset 

• Branching fractions for B0
sµ+µ- and B0

µ+µ-

• Ratio of branching fractions

• Signal strength relative to the SM 

• Crucial: calculate combined significances

 Have one/two dimensional confidence regions for each result evaluated using 

Wilks’ Theorem

 Feldman-Cousins based method 

• Cross-check confidence intervals and significance for B0
µ+µ-

• Validate assumption that Wilks’ Theorem holds

directly from fit
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Full Combination

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 123rd December 2014

• Both collaborations used very similar analysis strategies 

• Soft preselection

• Multivariate classifier (BDT) for signal/background separation

• Fit invariant mass distribution (mµµ) in bins of the BDT

• Normalize with B+
J/ψK+ with J/ψµ+µ- (also B0

K+π- for LHCb)

• Necessary changes to harmonize the analyses

• Align Λ0
bpµ-ν background component

• Include in both fit models 

• Update branching fractions and Monte Carlo simulated events to have 

more realistic decay properties

• Calculate and apply lifetime bias correction

• Update to latest ratio of hadronization fractions fs/fd = 0.259±0.015
LHCb-CONF-2013-011

After harmonization you can start combining…

https://cds.cern.ch/record/1559262/
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Combine the dataset

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 133rd December 2014
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Combine the fit models

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 143rd December 2014

LHCb CMS

Use complete dataset

Fit in 8 bins of BDT

Categorize dataset

• Energy (7/8 TeV)

• Detector region (central-, 

forward region)

Fit in 2/4 bins of BDT (12 in total)

Common parameters

• Branching ratios

• Br(B+
J/ψK+)

• fs/fd
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Full mass fit
• Simultaneous unbinned

maximum likelihood fit

• 20 bins of BDT  ]2c [GeV/-m+m
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Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 153rd December 2014

LHCb

CMS

CMS & LHCb, arXiv:1411.4413 [hep-ex]

http://arxiv.org/abs/1411.4413
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Simultaneous fit result

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 163rd December 2014

• Branching fractions
CMS & LHCb, arXiv:1411.4413 [hep-ex]

Six bins with highest exp. sensitivity

http://arxiv.org/abs/1411.4413
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Simultaneous fit result

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 173rd December 2014

• Branching fractions
CMS & LHCb, arXiv:1411.4413 [hep-ex]

Six bins with highest exp. sensitivity

http://arxiv.org/abs/1411.4413
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Simultaneous fit result

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 183rd December 2014

• Branching fractions

• Using Wilks’ theorem 

6.2σ for B0
sµ+µ-

First obervation
(exp. SM 7.6σ)

3.2σ for B0
µ+µ-

First evidence
(exp. SM 0.8σ)

CMS & LHCb, arXiv:1411.4413 [hep-ex]

Six bins with highest exp. sensitivity

• B0 signal close to 3σ

• Possible effect of physical boundary of

non-negative branching fractions

 Cross-check B0 signal with more

sophisticated statistical method

http://arxiv.org/abs/1411.4413
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Cross-check I: Significance  

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 193rd December 2014

3σ significance

1σ 2σ

Interpolation

Feldman-Cousins

Wilks‘ Theorem

• Feldman-Cousins: perform 

many hypothesis tests based 

on pseudo experiments

• Avoids boundary problem

• Better coverage

Corresponds to 3.0σ

 Confirms significance from 

Wilks’ Theorem

• p-Value wrt. the no B0 signal hypothesis 

p = (1.34 ± 0.05) × 10-3
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http://arxiv.org/abs/1411.4413
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Cross-check II: Confidence Intervals

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 203rd December 2014

• Confidence intervals from Feldman-Cousins procedure

 Excellent agreement between FC and Wilks’ theorem
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http://arxiv.org/abs/1411.4413
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Cross-check II: Confidence Intervals

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 213rd December 2014

• Confidence intervals from Feldman-Cousins procedure

 Excellent agreement between FC and Wilks’ theorem
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• Confidence intervals for B0
s (Wilks‘)

http://arxiv.org/abs/1411.4413
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 Compatible with the SM within 1.2σ for B0
s

and 2.2σ for B0

Signal strength

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 223rd December 2014

• Signal strength

• Theoretical uncertainties 

included in the fits 
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Ratio of branching fractions

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 233rd December 2014

• Ratio of branching fractions as 

test for MVF models 

Compatible with the SM within 2.3σ 

(including theoretical uncertainties)

• RunI CMS+LHCb result 
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http://arxiv.org/abs/1411.4413
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Summary

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 243rd December 2014

• Combined CMS+LHCb analysis of B0
sµ+µ- and B0

µ+µ- decays with the 

full Run I dataset

• The decay B0
sµ+µ- is observed with a significance of 6.2σ

• Compatible with the SM within 1.2σ

• First evidence for the decay B0
µ+µ- with an excess of 3.2σ over the 

background-only hypothesis

• Compatible with the SM within 2.2σ

• The ratio of the branching fractions is measured to be consistent with the 

SM within 2.3σ
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Outlook

Maximilian Schlupp, Bµµ @ the LHC, Kruger 2014 253rd December 2014

• This is just the beginning

• Precision of 25% for B0
s and 38% for B0 leaves room for surprises  

• Is the excess in B0 a lucky/unlucky fluctuation?

• B0
µ+µ- plays crucial role in future studies

• If central values are correct, ratio of branching fractions provides inside of 

the flavour structure of “new physics”

• First measurements of the effective lifetime of B0
sµµ as orthorgonal

observable in Run II 
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Reading the tea leaves

Maximilian Schlupp, B µµ @ the LHC, Kruger 2014 263rd December 2014

• Standard Model overwhelmingly successful in LHC Run I

• But interesting anomalies started to show up(?)

• B0
K*0µ+µ- depends on parametrization

• In very clean decays

• LHC Run II is eagerly awaited

B0
K*0µ+µ- (P5’ anomaly) RK = 

B+
K+µ+µ-

B+
K+e+e-

2.6σ

~3.7σ
2.3σ

B0
(s)µ+µ-
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2D condifence contours


