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Content
● CMS: Measurement of the Bs lifetime difference

CMS-PAS-BPH-11-006

● Flavor tagged time dependent angular analysis of the Bs → J/ψ Φ 
decay and extraction of ΔΓs and weak phase ϕs in ATLAS
(update of JHEP 12 (2012) 072)

Motivation
● Test predictions of the Standard Model

● Bs → J/ΨΦ is one of the channels that had the potential to show
larger CP violation than predicted by the SM

● Measurement of the decay width difference ΔΓs provides constraints 
on the ratio ΔΓs/Δm which is free of most theoretical uncertainties

NEW! 

https://cdsweb.cern.ch/record/1484686?ln=en
http://link.springer.com/article/10.1007/JHEP12(2012)072
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● CP violation occurs through the interference of mixing and decay

● SM describes CPV with a single complex 
phase in the CKM matrix

The neutral Bs system
● flavor eigenstates 

● This leads to two mass eigenstates (heavy and light) with
difference of lifetime of O(10%) expected

● mass difference Δm = mH – mL ≈ 2|M12|

● mixing phase ϕs = arg(- M12 / Γ12 ) ≈ - 0.0368

● decay width difference ΔΓs = ΓL – ΓH ≈ 2|Γ12|cos(ϕs)
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perform angular analysis  to disentangles CP states 
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The ATLAS and CMS Detectors

ATLAS

στ ~ 100 fs

CMS

στ ~ 70 fs

ATLAS and CMS provide good 
performance for B-physics: 

● good pT and vertex resolution

● high muon purity

Bs → J/ψ Φ analysis uses 
measurements provided by

●  inner tracking detectors

●  muon spectrometers 
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Analysis Overview

J/ψ Triggers

Reconstruction of Bs → J/ψ  → μϕ + μ- K+ K- candidates 

Selection Cuts

Simultaneous fit of mass, lifetime and angular distribution

Bs mass fit to 
separate signal and 
background

Time dependence of 
the decay

Angular separation 
of CP eigenstates
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● 5.0 ± 0.1 fb-1 collected in 2011 at √s = 7 TeV

● 19,200 Bs candidates in the mass range 5.24 - 
5.49 GeV with proper decay length between 
0.02 – 0.3 cm

● Mass, decay time and three decay angles of 
the selected Bs candidates enter the fit

● Five-dimensional unbinned maximum likelihood 
fit of ΔΓs, Γs, |A┴|², |A0|², δll 

● |All|² = 1 - |A┴|² - |A0|²

● Assumption of no CP violation: mixing phase Фs 
fixed to 0 in the fit

● Untagged analysis: all Bs candidates have 
equal probability to be particle or anti-particle

● S-wave component assumed to be negligible

CMS Analysis
J/ψ trigger: 

● μ+ μ- pair with pT(μ
+ μ-) > 6.9 GeV

● common decay vertex with transverse 
decay length significance Lxy/σLxy > 3

● invariant mass 2.8 – 3.35 GeV

● Distance of closest approach < 0.5 cm

J/ψ candidates:

● Each muon: pT(μ) > 4 GeV, |η| < 2.2

● Dimuon mass within 150 MeV of J/ψ

Event Selection / Reconstruction

Φ candidates:

● Pair of oppositely charged tracks with 
pT(K) > 0.7 GeV

● invariant mass with within 10 MeV of Φ

Bs candidates:

● Combination of J/ψ and Φ with invariant 
mass between 5.2 - 5.65 GeV

● χ² vertex fit probaility larger than 2 %



C. Heller, Beauty 2013, 12.04.2013 7

● Signal model

● time and angles: differential decay rates

● M(m): sum of two Gaussians

● proper decay time efficiency

● angular efficiency 

● Background model

● mass: exponential 

● proper time: two Gaussians and two 
exponentials

● angles: series of Legendre polynomials
for cos(θT) and cos(ψT) and a sinusoidal 
distribution for φT

Components of the Likelihood Function

Proper decay time efficiency is calculated from 
MC simulation as the ratio between selected 
signal events and generated events. Threshhold 
of ct(Bs) > 0.02 cm ensures stable and high 
efficiency.

Angular efficiency is determined from MC 
simulation. Angles are parametrized separately 
using Legendre polynomials. Correlations are 
neglected.
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Fit Technique
Fit is performed in several steps

● Mean and narrower width of the two Gaussians are 
determined in a mass fit and kept fix for further steps.

● Parameters of the background angular model are 
fitted on data sideband distributions and kept fix for 
further steps.

● Mass lifetime fit on data with no selection on decay 
length significance is performed to determine a 
calibration scale factor for the proper decay time 
resolution

● Extended likelihood fit is performed taking into 
account signal and background PDFs 
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Result and Systematic Uncertainties

14456 ± 140 signal events

Mean Bs Mass 5366.8 ± 0.1 MeV
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ATLAS Analysis with Flavor Tagging
● Update of untagged Bs → J/ψ Φ analysis published last year

JHEP 12 (2012) 072

● 4.9 fb-1 collected with the ATLAS detector in 2011 at √s = 7 TeV

● No cut on Bs proper lifetime

● S-wave component included

● non-resonant decay Bs → J/ψ K+K- & decay Bs → J/ψ f0(K
+K-) have same final 

state

● S-wave state is CP odd and is described by an additional amplitude AS and 
related strong phase δs

● Normalization |All|² + |A┴|² + |A0|² + |As|² = 1

● Bd reflections: final state pion is mis-reconstructed as a kaon

● B0
d → J/ψ K* (6.5 ± 2.4) % & non-resonant B0

d → J/ψ K+ π- (4.5 ± 1.7) %

● fractions, mass and angular shapes are determined from MC and fixed in the fit

● Initial state flavor tagging: muon & jet charge tag

http://link.springer.com/article/10.1007/JHEP12(2012)072
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Flavor Tagging
● Analysis benefits from knowledge of initial flavor of signal 

decay

● Opposite side tagging: initial flavor of Bs is inferred from using 
information from the other B-meson that is typically produced
from the bb pair

● Flavor tagging methods are studied and calibrated 
on B+→ J/ψ K+ and B-→ J/ψ K-

● Tagging enters the fit as tag probability for Bs / Bs 

Muon Cone Charge Tagger

● additional muon (pT > 2.5 GeV, |η| < 2.5) 
from semi-leptonic B-decay originating near 
the primary interaction (Δz < 5 mm) 

● Muon cone charge variable of Inner Detector 
tracks (pT > 0.5 GeV, |η| < 2.5) within a cone 
of ΔR < 0.5 around muon momentum axis is 
used to derive tag probability

● К = 1.1 (tuned to optimize tagging power)

Jet Charge Tagger

● b-tagged anti-kT jet with tracks associated to 
the same primary interaction as signal decay

● Veto signal decay tracks and jets within 
ΔR < 0.5 around signal momentum axis

● tag probability is derived from jet charge of 
tracks in the jet with ΔR < 1.0 around the jet 
momentum axis

● К = 1.1 (tuned to optimize tagging power)
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Flavor Tagging

● Combined muon: combination of Inner Detector track and Muon spectrometer track

● Segment Tagged muon: full Inner Detector track matched to track segment in the muon 
spectrometer

Tag probabilities
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Unbinned Maximum Likelihood Fit

Measured variables

● Bs mass m & uncertainty σm 

● 3 angles Ω (θ, φ, ψ)

● Bs lifetime t & uncertainty σt 

Fit parameters describing signal decay

● ϕs  , ΔΓs, Γs

● Δm fixed in the fit

● |A0(0)|2, |Alll(0)|2 , δll, δ⊥  (δ0 set to 0)

● S-wave AS, δS 

signal Bd reflections

background

● Signal model

● time and angles: differential decay rates
convoluted with Gaussian resolution with per
event proper decay time errors

● Mass modeled by Gaussian with event by 
event mass resolution

● angular efficiency 

● Background model

● Mass described by linear function

● proper time: sum of a Gaussian, two 
positive exponentials and a negative 
exponential

● Angles: described by empirical 
determined
functions

25 free parameters

● N number of 
selected candidates

● fS signal fraction

● fB0 fraction of 
specific Bd BG
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Results

● 22670 ± 150 signal Bs events

● consistent with untagged analysis

● Φs consistent with Standard Model

● S-wave amplitude is consistent with 0

● δ|| and δ┴ - δS are given as 1σ 
confidence level

Correlation Table

Result of untagged measurement
Φs = 0.21 ± 0.41 (stat.) ± 0.10 (syst.) rad
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Systematic Uncertainties

Uncertainties of fit model 
derived in pseudo-experiment

studies

Uncertainty in trigger 
selection efficiency

Effect of residual 
misalignment

studied in signal MC

Uncertainty in the relative 
fraction of Bd background

Uncertainty in the calibration 
of the tag probability
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Likelihood Contour in ϕs - ΔΓ plane

● Uncertainty of Φs 
improved by ~40 % 
compared to untagged 
analysis

● ΔΓs central value and 
uncertainty unchanged

      Untagged Measurement

Statistical errors only!
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Summary

● CMS has measured average lifetime and decay width difference in an untagged 
angular analysis of Bs → J/ψ Φ of 2011 data assuming Φs  = 0

● ATLAS updated the Bs → J/ψ Φ analysis of 2011 data using muon and jet charge 
tagging improving the precision of the Φs measurement

Derived from τBs
 :    Γs = 0.655 ± 0.008 (stat.) ± 0.003 (syst.) ps-1

ΔГ
s
 = 0.048 ± 0.024 (stat.) ± 0.003 (syst.) 

τBs
= 0.04580 ± 0.00059 (stat.) ± 0.00022 (syst.) 
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Backup
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Differential Decay Rate in CMS Analysis

● With the assumption fo no CPV (Фs =0) 
terms O4·g4 and O6·g6 are zero.

● S-wave component is assumed to be 
negligible

● Untagged: equal probability for Bs / Bs 

angular part

time-dependent part
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Differential Decay Rate in ATLAS Analysis

angular parttime-dependent part
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Mass Projection Comparison With Cut

CMS

ct(Bs) > 0.02 cm τ > 0.3 ps

ATLAS
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Measurement of CPV in the Bs→ J/ψ  Decayϕ

● Bs (pseudoscalar with spin 0) decays into 2 vector mesons with spin 1

● Conservation of total angular momentum leads
to three different values of relative orbital angular momentum between J/ψ and ϕ

● L = 0 & L = 2: even CP eigenstates (~75 %)

● L = 1: odd CP eigenstate (~25 %)

● Final state J/ψ  is a mixture of CP even and CP odd eigenstatesϕ

● An angular analysis is used to 
determine 3 transversity amplitudes 
and 3 strong phases that define the 
three states

● CP state is determined from the 
angular distribution of the
final state particles μ+ μ- K+ K- in the 
transversity basis
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Coordinate system in the transversity basis

The x−axis is determined 
by the direction of the Φ 
meson in the J/ψ rest 
frame. The K+K−-plane 
defines the xy-plane, 
where py(K+) > 0.

● θ is the angle between p(μ+) and the xy plane in the J/ψ meson 
rest frame

● Φ is the angle between the x− axis and pxy(μ
+), the projection of 

the μ+ momentum in the xy plane, in the J/ψ meson rest frame

● ψ is the angle between p(K+) and −p(J/ψ) in the Φ meson rest 
frame
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Event Selection / Reconstruction

ID tracks: ≥ 1 hits in Pixel and ≥ 4 hits in SCT detector

Muon tracks: both combined (ID+muon track) and tagged (ID only), no explicit pT
 cut applied; muon track parameters taken from ID alone (ID precision
 dominates at low pT)
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Trigger Bias
● the muon trigger biases the transverse impact parameter of muons toward 

smaller values

● trigger selection efficiency was measured in data and MC simulation using a tag-
and-probe method

● re-weighting of the events with a factor depending on the measured Bs lifetime 
before the correction

● ε = 0.013 ± 0.004 ps

● ε is determined using MC events by comparing the Bs lifetime of an unbiased 
sample with the lifetime obtained after including the dependence of the trigger 
efficiency on the muon transverse impact parameter as measured from the data

● uncertainty reflects the precision of the tag-and-probe method and is used to 
assign a systematic
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Acceptance
● four dimensional binned acceptance method

● event-by-event efficiency according to the transversity angles (θT , ψT , ϕT) and 
the pT of the Bs

● Takes into account

● detector sculpting

● trigger efficiency

● reconstruction

● selection cuts

● acceptance maps are calculated from Bs → J/ψ  MC eventsϕ

● is treated as an angular sculpting PDF

● Multiplied to signal time- and angular-dependent PDF

● Taken into account in the normalization

● Effect of variation of the bins is negligible (systematic check)
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Tag Probability

● P(B|Q): Probability to identify the flavor of the signal B meson as BS 

● P(B|Q) = 1 – P(B|Q): probability for BS 

● Q is discriminating variable

● The samples of B+ and B- are used to extract and calibrate the probability 
distribution

● For comparison of the different tagging methods the following quantities are 
defined:

● Efficiency

● Tagging Power

● Effective Dilution
Di = 2P(B|Q) - 1
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