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High precision SM test
CP violating phase

Weak phase difference between the B0
s − B̄0

s mixing amplitude and the b → cc̄s decay
amplitude

Very sensitive to the New Physics

Can be related to the CKM matrix: φs = −2βs , βs = arg
(
− VtsV ∗

tb
VcsV ∗

cb

)
Theoretical prediction assuming no NP contribution:

φs = −0.0363+0.0016
−0.0015
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High precision SM test

B0
s → J/ψ(µ+µ−) + φ(K +K−) physics parameters:

Γs = 1
2 (ΓL

s + ΓH
s ), ∆Γ = ΓL

s − ΓH
s

Not sensitive to New Physics, however measurement is interesting to test a theory
ΓL

s , ΓH
s are decay widths of the different mass eigenstates

|A0|2, |A‖|2, |A⊥|2, δ‖, δ⊥, δ0 = 0
CP odd (‖, 0) and even (⊥) amplitudes and strong phases

|AS |2, δS
S-wave contribution, B0

s → J/ψK +K− and B0
s → J/ψf0

can significantly bias measurement of φs

Differential decay rate with combination of time-dependent and angular terms

d4Γ
dtdΩ =

10∑
k=1
Ok(t)gk(θT , ψT , φT )
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High precision SM test
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ATLAS Detector

Inner Detector: PIX, SCT and TRT, pT > 0.4 GeV, |η| < 2.5
In Run2: IBL
Run1 resolution in b-hadron proper decay time was ∼100 fs (30% improvement with IBL)

Muon Spectrometer: triggering (|η| < 2.4), precision tracking (|η| < 2.7)
Lukáš Novotný (FNSPE CTU) PIC 2019 18. 09. 2019 5 / 16



Data Analysis
Data:

Using 80.5 fb−1 of pp 2015-17 data, 13 TeV
Statistically combined with Run1 ATLAS results:

4.9 fb−1 (7 TeV, pp 2011)
14.3 fb−1 (8 TeV, pp 2012) - statistically combined with 7 TeV

Collected by trigger based on identification of J/ψ with pT(µ) threshold (mainly 4 and 6
GeV)
Including MC samples for B0

s → J/ψφ and dedicated backgrounds B0
d → J/ψK ∗,

B0
d → K ∗π and Λb → J/ψpK

No lifetime cut - signal-background separation done by the fit

Final state
Admixture of CP-odd (L = 1) and CP-even (L = 0, 2) states distinguishable through
time-dependent angular analysis

Initial state
Flavour tagging
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Flavour Tagging Overview

Opposite side tagging
Use b − b̄ pair correlation to infer initial signal flavour from
the other B meson
Provide the probability of signal candidate to be B0

s or B0
s

Punzi terms (conditional probability):

Fs(mi , ti ,σti ,Ωi , P(B|Q) , pTi ) =

Ps(mi ) · Ps(Ωi , ti , P(B|Q) , σti ) · Ps(σti )

· Ps( P(B|Q) ) · A(Ωi , pTi ) · Ps(pTi ).
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Flavour Tagging Overview

Opposite side tagging (Tight muons, Electrons, Low-pT muons and Jets),
Events tagged by the method with the highest statistical power

B candidate
has  

tight muon 
tag 

has  
electron tag 

has  
low-pT muon 

tag 

has  
jet tag  

Tight muon tag
probability

Electron tag
probability

Low-pT muon tag
probability Jet tag probability

Untagged 
P = 0.5 

Muon and Electron Tagging
b → l transitions are clean tagging method
b → c → l and neutral B-meson oscillations dilute the tagging

Jet-Charge
information from tracks in b-tagged Jet, when no lepton is found

Calibration using B± → J/ψK±
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B± Calibration Channel

Opposite side lepton or jet, with tracks in cone ∆R < 0.5

Q =
∑Ntracks

i qi (pi
T)κ∑Ntracks

i (pi
T)κ

→ P(Q|B±) Q ∈< −1; 1 >

Events separated - discrete contribution (cone charge +1 or -1)
and continuous contribution

ε = Ntagged
Ntotal

D = 1− 2 Nwrong
Ntagged

TP = εD2
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Using Tag Information in B0
s Fit
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The probability to tag a B0
s meson as containing a b̄-quark:

P(B|Q) = P(Q|B+)
P(Q|B+) + P(Q|B−)

By using calibration curves: we get the B0
s tag probability
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B0
s Decay Rate Fit Model

Unbinned maximum likelihood fit performed:
Determine 9 physics variables to describe Bs → J/ψφ and S-wave:
∆Γs , φs , Γs , |A0(0)|2, |A||(0)|2, |AS(0)|2, δ||, δ⊥, δS

ln L =
N∑

i=1

{wi · ln(fs · Fs(mi , ti , σt ,Ωi ,P(B|Q))+

+ fs · fB0 · FB0 (mi , ti , σt ,Ωi )+
+ (1− fs · (1 + fB0 )) · Fbkg(mi , ti ,Ωi ))}

Signal PDF:
Fs(mi , ti ,σti ,Ωi ,P(B|Q), pTi ) =Ps(mi ) · Ps(Ωi , ti ,P(B|Q), σti )

· Ps(σti ) · Ps(P(B|Q)) · A(Ωi , pTi ) · Ps(pTi ).

Differential decay rate with combination of time-dependent and angular terms

Ps(Ωi , ti ,P(B|Q), σti ) = d4Γ
dtdΩ =

10∑
k=1
Ok(t)gk(θT , ψT , φT )
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B0
s Decay Rate Fit Model

Signal PDF consists of:
Mass PDF: gaussian with per-candidate error and scale factor
Time-angular PDF convolved with time resolution function G(t, σ(ti ))
Angular acceptance (from MC, in bins of pT)
Punzi terms: empirical distributions of σmi , σti , pT, and P(B|Q)

Background PDF:
Mass PDF: exponential + const.
Time PDF: delta-function + 3 exponentials convolved with time resolution function
G(t, σ(ti ))
Angular PDF: Legendre polynomial functions
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ATLAS 2015-2017 Results

Fit projection to all data passing selection: 3 210 429 B0
s candidates ( 477240± 760

signal events)
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ATLAS 2015-2017 Results

2015-2017 results combined with Run1

The combination makes use of a Best
Linear Unbiased Estimate (BLUE)

) [rads]
s
0(B

s
φ

0.15− 0.1− 0.05− 0

HFLAV Combination
  0.031 (stat.) ±-0.021 

ATLAS RUN1
 0.041 (syst) ±  0.078 (stat.)  ±-0.090 

* 2015-2017

ATLAS RUN2 *
 0.018 (syst) ±  0.038 (stat.)  ±-0.068 

** BLUE Combination

ATLAS RUN1+2 **
 0.019 (syst) ±  0.034 (stat.)  ±-0.076 

LHCb RUN1
 0.006 (syst) ±  0.041 (stat.)  ±-0.083 

*** 2015-2016

LHCb RUN2 ***
 0.006 (syst) ±  0.049 (stat.)  ±-0.058 

LHCb RUN1+2
  0.032 (stat.) ±-0.080 
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Comparison of Results
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Summary

Analysis of the 2015+2016+2017 ATLAS data performed
Results combined with Run1 results
Very impressive and competitive results
Compatible with LHCb and CMS and the SM prediction
Complete Run2 analysis ongoing (60 fb−1 more data)
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Back-up Slides
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B± Mass
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Using Tag Information in B0
s Fit - Discrete Part

Fractions of events f+1 and f−1 with charges +1 and -1, respectively, are determined
separately for signal and background
Remaining fraction of events, 1− f+1 − f−1, constitute the continuous part
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Fraction of Tagged Events
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Correlation Table
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Systematic Table
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