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ATLAS RESULTS WITH BEAUTY MESONS

• 𝐵 physics in ATLAS

• 𝐵𝑐
± production and decays

• Relative 𝐵𝑐
±/𝐵± production xsec

• Rare decays 𝐵(𝑠)
0 → 𝜇𝜇

• ATLAS early Run 2 results

• ATLAS, CMS, LHCb combination

• CP violation in 𝐵𝑠
0 → 𝐽/𝜓𝜙

• CPV phase 𝜙𝑠 between 𝐵𝑠
0 − ത𝐵𝑠

0

mixing  and decay

𝐵𝑠
0 → 𝐽/𝜓𝜙

candidate
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𝐵 -PHYSICS PROGRAM IN THE ATLAS EXPERIMENT

• ATLAS collected 139fb−1 of 𝑝𝑝
collisions at 𝑠 = 13TeV in 2015-2018

• 𝐵𝑠, 𝐵𝑐 etc. accessible at the LHC

• ~2.5 million 𝑏ത𝑏 pairs/sec produced 

2015

• Typical 𝐵 physics trigger:

low 𝑝𝑇, very low mass di-muon trigger 

using inner tracker and muon detectors

• ~150-200 events with 𝑏ത𝑏 pairs/sec 

recorded
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Relative 

𝐵𝑐
±/𝐵±

production 

xsec
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RELATIVE 𝐵𝑐
±/𝐵± PRODUCTION XSEC

• 𝐵𝑐
+ is a ‘double-heavy’ meson

cതb

• Production gives insight on heavy-quark 

hadronisation

• Weak decays, here

𝐵𝑐
± → 𝐽/𝜓𝜋± with 𝐽/𝜓 → 𝜇+𝜇−

• 𝐵𝑐
± → 𝐽/𝜓𝐷𝑠

∗ +
also measured in ATLAS

arXiv:1912.02672, sub. PRD

https://arxiv.org/abs/1912.02672
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RELATIVE 𝐵𝑐
±/𝐵± PRODUCTION XSEC

• Double differential measurement of relative production 

xsec × ℬ of 𝐵(𝑐)
± in 2 bins of 𝑝T 𝐵 𝑐

± and 𝑦 𝐵 𝑐
±

• Using similar decay modes

𝜎(𝐵𝑐
±) ∙ ℬ(𝐵𝑐

± → 𝐽/𝜓(𝜇+𝜇−)𝜋±)

𝜎(𝐵±) ∙ ℬ(𝐵± → 𝐽/𝜓(𝜇+𝜇−)𝐾±)
=
𝑁reco (𝐵𝑐

±)

𝑁reco (𝐵±)
∙
𝜀(𝐵±)

𝜀(𝐵𝑐
±)

• ATLAS measurement of using 20.3 fb−1 of 𝑝𝑝 collision 

data at 𝑠 = 8TeV (2012)

• Di-muon trigger for 𝐽/𝜓 → 𝜇+𝜇−

arXiv:1912.02672, sub. PRD

https://arxiv.org/abs/1912.02672
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RELATIVE 𝐵𝑐
±/𝐵± PRODUCTION XSEC

• 𝐵(𝑐)
± candidates formed from vertex fit of 𝜇+𝜇−+one track

• Background from partially reco. 𝑏-hadron decays, 𝐵± → 𝐽/𝜓𝜋±, combinatorial

• Fiducial volume: 𝑝T 𝐵 𝑐
± > 13 GeV and 𝑦 𝐵 𝑐

± < 2.3

• Extract 𝑁reco (𝐵 𝑐
± ) in fit to 𝑚(𝐵(𝑐)

± ) in two bins of 𝑝T and 𝑦
arXiv:1912.02672, sub. PRD

𝐵± → 𝐽/𝜓𝐾±

𝐵𝑐
± → 𝐽/𝜓𝜋± Complete dataset

(𝑝T 𝐵 > 13 GeV,  𝑦 𝐵 < 2.3)

𝑁reco 𝐵± ~400k

𝑁reco (𝐵𝑐
±)~800

https://arxiv.org/abs/1912.02672
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RELATIVE 𝐵𝑐
±/𝐵± PRODUCTION XSEC

arXiv:1912.02672, sub. PRD

Binned in |𝑦 𝐵 |Binned in 𝑝T 𝐵

• No evident dependence on 

rapidity |𝑦(𝐵)|

• Results suggest that 𝜎(𝐵𝑐
±)

decreases faster with 𝑝T than 

𝜎(𝐵±)

• Complementary/compatible to 

CMS results (overlap in 

fiducial volume) and 

LHCb results (different fiducial 

volume)

https://arxiv.org/abs/1912.02672
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Rare Decays

𝐵0 → 𝜇+𝜇−

and

𝐵𝑠
0 → 𝜇+𝜇−
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RARE DECAYS 𝐵0 → 𝜇+𝜇− AND 𝐵𝑠
0 → 𝜇+𝜇−

• FCNC in the SM via loop and 

box diagrams 

• Helicity- and CKM-suppressed
• 𝐵0 → 𝜇+𝜇− at ℬ ~ 10−10 (𝑉𝑡𝑑 , 𝑉𝑡𝑏)
• 𝐵𝑠

0 → 𝜇+𝜇− at ℬ ~ 10−9 (𝑉𝑡𝑠, 𝑉𝑡𝑏)

• Enhancements might arise 

from BSM contributions
• Deviations from predicted ℬ?

Example 𝐵𝑠
0 → 𝜇+𝜇−

SM

BSM
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BRANCHING FRACTIONS OF 𝐵(𝑠)
0 → 𝜇+𝜇−

• ATLAS measurement of ℬ(𝐵(𝑠)
0 → 𝜇+𝜇−) using 26.3 fb−1 of 𝑝𝑝 collision data at 

𝑠 = 13 TeV (2015+2016) 

• Using di-muon trigger

• Simultaneous fit of ℬ 𝐵0 → 𝜇+𝜇− and ℬ 𝐵𝑠
0 → 𝜇+𝜇−

• Measurement relative to reference channel 𝐵+ → 𝐽/𝜓(𝜇𝜇) 𝐾+

• Separate signal from background using boosted decision tree (BDT) JHEP 04(2019) 098

Signal 

𝐵(𝑠)
0 → 𝜇𝜇

Reference 

𝐵+ → 𝐽/𝜓𝐾+

https://link.springer.com/article/10.1007/JHEP04(2019)098
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BRANCHING FRACTIONS OF 𝐵(𝑠)
0 → 𝜇+𝜇−

• Partially reconstructed 

𝑏–hadron decays 

mostly at lower di-

muon mass

• Peaking background: 

𝐵(𝑠)
0 decays to 𝜋 and 𝐾

which are mis-identified 

as 𝜇

• Continuum background: 

combinatorial background 

from 𝜇 of uncorrelated 

hadron decays;

reduced with BDT

JHEP 04(2019) 098

https://link.springer.com/article/10.1007/JHEP04(2019)098
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BRANCHING FRACTIONS OF 𝐵(𝑠)
0 → 𝜇+𝜇−

• Signal region divided in 4 BDT 

intervals with constant signal 

efficiency

 Fit extracts simultaneously the 

yields of 𝐵𝑠
0 → 𝜇𝜇 and 𝐵0 → 𝜇𝜇

JHEP 04(2019) 098

https://link.springer.com/article/10.1007/JHEP04(2019)098


Standard Model        JHEP 10(2019)232

ℬ 𝐵𝑠
0 → 𝜇𝜇 = (3.66 ± 0.14) × 10−9

ℬ(𝐵0 → 𝜇𝜇) = (1.03 ± 0.05) × 10−10

Run 2 

ℬ 𝐵𝑠
0 → 𝜇𝜇 = (3.2−1.0

+1.1) × 10−9

ℬ(𝐵0 → 𝜇𝜇) < 4.3 × 10−10 at 95% CL

Run 1 + Run 2 (2015-2016)

ℬ 𝐵𝑠
0 → 𝜇𝜇 = (2.8−0.7

+0.8) × 10−9 Significance: 4.6σ

ℬ(𝐵0 → 𝜇𝜇) < 2.1 × 10−10 at 95% CL
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BRANCHING FRACTIONS OF 𝐵(𝑠)
0 → 𝜇+𝜇−

JHEP 04(2019) 098

Deviation from

SM: 2.4σ

https://link.springer.com/article/10.1007/JHEP10(2019)232
https://link.springer.com/article/10.1007/JHEP04(2019)098
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BRANCHING FRACTIONS OF 𝐵(𝑠)
0 → 𝜇+𝜇−

Combination ATLAS, CMS, LHCb for Run 1 + Run 2 ((2015 +) 2016)
(latest LHCb results not included)

ℬ 𝐵𝑠
0 → 𝜇𝜇 = (2.69−0.35

+0.37) × 10−9

ℬ(𝐵0 → 𝜇𝜇) < 1.9 × 10−10 at 95% CL
BPH 20 003

Deviation from

SM: 2.1σ

http://cds.cern.ch/record/2727216/files/BPH-20-003-pas.pdf


Extrapolation of Run 1 results to full Run 2 and HL-LHC
• Increase in luminosity from 25 fb−1 to 130 fb−1/3 ab−1

• Increase in 𝑠 from 7/8TeV to 13TeV

• Adaptions for detector performance and trigger efficiencies
In HL-LHC:

• Conservative: 2MU10 trigger x15 Run 1 statistics

• Intermediate: MU6MU10 trigger x60 Run 1 statistics

• High yield: 2MU6 trigger x75 Run 1 statistics
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ATL PHYS PUB 2018-005

Intermediate:

Assuming MU6MU10 trigger

Uncertainty on ℬ

Full Run 2

prediction

HL-LHC

prediction

BRANCHING FRACTIONS OF 𝐵(𝑠)
0 → 𝜇+𝜇−

http://cdsweb.cern.ch/record/2317211/files/ATL-PHYS-PUB-2018-005.pdf
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CP Violation 

in

𝐵𝑠
0 → 𝐽/𝜓𝜙
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CP VIOLATION IN 𝐵𝑠
0 → 𝐽/𝜓(𝜇+𝜇−)𝜙(𝐾+𝐾−)

• CP violating phase 𝜙𝑠 is weak phase 

difference between 𝐵𝑠
0 − ത𝐵𝑠

0 mixing 

amplitude and 𝑏 → 𝑐 ҧ𝑐𝑠 decay amplitude

𝜙𝑠
SM = −36.5−1.2

+1.3 mrad

• ATLAS measurement of 𝜙𝑠 and ΔΓ𝑠 in 

𝐵𝑠
0 → 𝐽/𝜓𝜙 using 80.5 fb−1 (2015-2017)

• Di-muon triggers for 𝐽/𝜓 → 𝜇+𝜇−

• Opposite side flavour tagging

• Time-dependent angular analysis arXiv:2001.07115, acc. EPJC

https://arxiv.org/abs/2001.07115
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CP VIOLATION IN 𝐵𝑠
0 → 𝐽/𝜓(𝜇+𝜇−)𝜙(𝐾+𝐾−)

Opposite-side tagging

• 𝑏ത𝑏 pair production:

Identify flavour of signal 𝐵 candidate 

from other 𝑏-hadron

• Tag charge from leptons/jets with 

tracks in cone of Δ𝑅 < 0.5

𝑄 =
Σ
𝑖

𝑁𝑡𝑟𝑘𝑞𝑖(𝑝𝑇
𝑖 )𝜅

Σ
𝑖

𝑁𝑡𝑟𝑘(𝑝𝑇
𝑖 )𝜅

• Calibration channel 𝐵± → 𝐽/𝜓 𝐾±

arXiv:2001.07115, acc. EPJC

https://arxiv.org/abs/2001.07115
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CP VIOLATION IN 𝐵𝑠
0 → 𝐽/𝜓(𝜇+𝜇−)𝜙(𝐾+𝐾−)

Time-dependent angular analysis

• 𝐵𝑠
0 → 𝐽/𝜓𝜙: 𝐽𝑃 = 0− → 1− + 1−

• CP-odd (L=1) and CP-even (L=0,2) states in final state can be distinguished in 

time-dependent angular analysis

• Interference from non-resonant 𝐵𝑠
0 → 𝐽/𝜓 𝐾+𝐾−

• Unbinned maximum likelihood fit for 𝐵𝑠
0 mass, decay time and decay angles

arXiv:2001.07115, acc. EPJC

https://arxiv.org/abs/2001.07115
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CP VIOLATION IN 𝐵𝑠
0 → 𝐽/𝜓(𝜇+𝜇−)𝜙(𝐾+𝐾−)

arXiv:2001.07115, acc. EPJC

https://arxiv.org/abs/2001.07115
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CP VIOLATION IN 𝐵𝑠
0 → 𝐽/𝜓(𝜇+𝜇−)𝜙(𝐾+𝐾−)

Results combined with Run 1 (19.2 + 80.5fb−1)

• Consistent with SM predictions

• Measurement of decay width Γ𝑠 at 13TeV deviates by ~3𝜎 arXiv:2001.07115, acc. EPJC

https://arxiv.org/abs/2001.07115
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SUMMARY

ATLAS has a rich 𝐵-physics program

• Relative 𝐵𝑐
±/𝐵± production xsec × ℬ (2012 data)

• Branching fractions of 𝐵(𝑠)
0 → 𝜇+𝜇− (2015-2016 data)

• CP violating phase 𝜙𝑠 in 𝐵𝑠
0→ 𝐽/𝜓𝜙 (2015-2017)

• Results consistent with SM predictions

• Precision will improve with full Run 2 dataset and future data
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RELATIVE 𝐵𝑐
±/𝐵± PRODUCTION XSEC arXiv:1912.02672, sub. PRD

https://arxiv.org/abs/1912.02672
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RELATIVE 𝐵𝑐
±/𝐵± PRODUCTION XSEC

arXiv:1912.02672, sub. PRD

𝑁reco (𝐵(𝑐)
± ) are corrected for trigger, reconstruction and selection efficiencies

Efficiency ratios excluding minimal 

selection criteria 𝜀selection

Corrections due to

minimal selection criteria

Analysis bin Efficiency ratio 𝛔(𝐵𝑐
±)/𝛔(𝐵±)

𝑝T 𝐵 > 13 GeV, 𝑦 𝐵 < 2.3 1.75±0.03

13 < 𝑝T 𝐵 < 22 GeV, 𝑦 𝐵 < 2.3 2.19±0.05

𝑝T 𝐵 > 22 GeV, 𝑦 𝐵 < 2.3 1.22±0.03

𝑝T 𝐵 > 13 GeV, 𝑦 𝐵 < 0.75 1.74±0.05

𝑝T 𝐵 > 13 GeV,0.75 < 𝑦 𝐵 < 2.3 1.76±0.04

https://arxiv.org/abs/1912.02672
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BRANCHING FRACTIONS OF 𝐵(𝑠)
0 → 𝜇+𝜇−

• Measurement of ℬ(𝐵(𝑠)
0 → 𝜇+𝜇−) relative to reference channel 𝐵+ → 𝐽/𝜓(𝜇𝜇) 𝐾+

ℬ 𝐵(𝑠)
0 → 𝜇+𝜇− =

𝑁𝑑(𝑠)

𝜀𝜇+𝜇−
ℬ 𝐵+ → 𝐽/𝜓 𝐾+ ∙ ℬ 𝐽/𝜓 → 𝜇+𝜇−

𝜀𝐽/𝜓𝐾+

𝑁𝐽/𝜓𝐾+

𝑓𝑢
𝑓𝑑(𝑠)

•
𝑓𝑢

𝑓𝑑(𝑠)
is ratio of hadronisation probabilities of a 𝑏-quark into 𝐵+ and 𝐵(𝑠)

0

JHEP 04(2019) 098

https://link.springer.com/article/10.1007/JHEP04(2019)098


iv ATLAS Results with Beauty Mesons A. Perrevoort

BRANCHING FRACTIONS OF 𝐵(𝑠)
0 → 𝜇+𝜇−

JHEP 04(2019) 098

Expected systematic

uncertainties on ℬ 𝐵(𝑠)
0 → 𝜇𝜇

Uncertainties on 𝑅𝜀

https://link.springer.com/article/10.1007/JHEP04(2019)098
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BRANCHING FRACTIONS OF 𝐵(𝑠)
0 → 𝜇+𝜇−

Combination ATLAS, CMS, LHCb for Run 1 + Run 2 ((2015 +) 2016)

ℬ 𝐵𝑠
0 → 𝜇𝜇 = (2.69−0.35

+0.37) × 10−9

ℬ(𝐵0 → 𝜇𝜇) < 1.9 × 10−10 at 95% CL
BPH 20 003

http://cds.cern.ch/record/2727216/files/BPH-20-003-pas.pdf


Extrapolation of Run 1 results to HL-LHC
• Conservative: 2MU10 trigger x15 Run 1 statistics

• Intermediate: MU6MU10 trigger x60 Run 1 statistics

• High yield: 2MU6 trigger x75 Run 1 statistics
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BRANCHING FRACTIONS OF 𝐵(𝑠)
0 → 𝜇+𝜇−

ATL PHYS PUB 2018-005

http://cdsweb.cern.ch/record/2317211/files/ATL-PHYS-PUB-2018-005.pdf
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CP VIOLATION IN 𝐵𝑠
0 → 𝐽/𝜓(𝜇+𝜇−)𝜙(𝐾+𝐾−)

Opposite-side tagging

• Tag charge from leptons/jets with 

tracks in cone of Δ𝑅 < 0.5

𝑄 =
Σ
𝑖

𝑁𝑡𝑟𝑘𝑞𝑖(𝑝𝑇
𝑖 )𝜅

Σ
𝑖

𝑁𝑡𝑟𝑘(𝑝𝑇
𝑖 )𝜅

• Calibration channel 𝐵± → 𝐽/𝜓 𝐾±

arXiv:2001.07115, acc. EPJC

https://arxiv.org/abs/2001.07115
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CP VIOLATION IN 𝐵𝑠
0 → 𝐽/𝜓(𝜇+𝜇−)𝜙(𝐾+𝐾−)

Summary of 

systematic 

uncertainties

arXiv:2001.07115, acc. EPJC

https://arxiv.org/abs/2001.07115
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CP VIOLATION IN 𝐵𝑠
0 → 𝐽/𝜓(𝜇+𝜇−)𝜙(𝐾+𝐾−)

• Approximate symmetry in signal pdf gives 2 minima for the strong phases (𝛿∥, 𝛿⊥) in the fit

• No significant difference in 𝜙𝑠 and ΔΓ𝑠 for the two solutions

arXiv:2001.07115, acc. EPJC

https://arxiv.org/abs/2001.07115

