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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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pseudoscalar (Bs) → 2 vector mesons (J/ψ Φ) 
perform angular analysis  to disentangles CP states 

pseudoscalar (Bs) → 2 vector mesons (J/ψ Φ) 
angular analysis is performed to disentangles CP states 
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CP Violation in Bs System
!
!
!

• Mixing between the flavour states give rise to heavy and light  
mass eigenstates 

• Mass difference now well-measured;                                                ,   , 
• Decay width difference (sign established to be Positive):                             =  8.7 ± 2.1 %  

• CP violation in Bs → J/ψ φ occurs through “interference of mixing and direct decay”  
(same final state) 

• Experimentally clean decay channel 
• The CP-violating weak phase angle ϕs in Bs → J/ψ φ relates to  

the CKM matrix  elements with                    ; ϕs = -0.0368 ± 0.0018 in SM.  

!
!
!
!

• If New Physics, contributions most likely to appear through the phase ϕs,  
hence any non-zero observation of this quantity should indicate NP. 

• Measurements of the other observable quantities (e.g. ∆Γ) also test theoretical predictions.
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2.4 Mixing in the B0
d,s meson system 12
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where |p|2 + |q|2 = 1, and noting that in general, |BL⟩ and |BH⟩ are not

orthogonal.

The time evolution of the mass eigenstates is then given as:

|BH,L(t)⟩ = e−(iMH,L+ΓH,L/2)t |BH,L⟩ (2.14)

and using Eq. 2.13, the time evolution of the flavour states can be expressed

as:

∣

∣B0(t)
〉

=
1

2p

{

e−iωLt |BL⟩ + e−iωH t |BH⟩
}

,

∣

∣B̄0(t)
〉

=
1

2q

{

e−iωLt |BL⟩ − e−iωH t |BH⟩
}

, (2.15)

where the following definitions have and will be used:

M =
MH + ML

2
= M11, (2.16)

∆M = MH − ML, (2.17)

Γ =
ΓH + ΓL

2
= Γ11, (2.18)

∆Γ = ΓL − ΓH , (2.19)

ωL,H = ML,H − iΓL,H/2 (2.20)

ω =
ωL + ωH

2
(2.21)

∆ω = ωH − ωL, (2.22)

noting that ∆M is positive by definition, and the SM prediction of ∆Γ is

positive for the convention adopted in Eq. 2.19.

By substituting the expressions found in Eq. 2.14 into Eq.2.15, the ex-
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Angular Analysis
• Bs → J/ψ φ – pseudo-scalar to vector-vector meson decay 

• CP-even (L=0,2) and CP-odd (L=1) final states  

• Statistically distinguishable through time-dependent angular analysis 

• Results presented here define the 3 angles between final state particles in 
Transversity basis 

• From the multi-dimensional fit to the data, the three amplitudes and strong phases 
are able to be extracted, alongside with the phase  
ϕs and the light (ΓL) and heavy (ΓH) decay rates 

• Amplitudes: 

!
!

• Strong Phases: 
 
 

3

A0 � longitudinal CP-even final state

Ak � transverse CP-even

A? � transverse CP-odd

�0 = 0

�k = arg[Ak(0)A
⇤
0(0)]

�? = arg[A?(0)A
⇤
0(0)]

6

Tθ

φ
T

y

T

y
rest frame rest frame

x

z

x

xy−plane
K

K

K

K

µµ+

µµ

J/ψψ

+

φφ φφ
ψψ

ψψJ/ φφ

+

B
S

0

B
S

0ψψJ/

FIG. 3. Illustration of definition of transversity angles θT , φT ,
and ψT .
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where the ambiguity of the angle φT is resolved using
signs of p⃗ (µ+)J/ψ · x̂ and p⃗ (µ+)J/ψ · ŷ. The definitions
of the transversity angles are illustrated in Fig. 3.
The decay is further described in terms of the polar-

ization states of the vector mesons, either longitudinal
(0), or transverse to their directions of motion, and in
the latter case, parallel (∥) or perpendicular (⊥) to each
other. The corresponding amplitudes, which depend on
time t, are called A0, A∥ and A⊥, respectively. The trans-
verse linear polarization amplitudes A∥ and A⊥ corre-
spond to CP -even and CP -odd final states at decay time
t = 0, respectively. The longitudinal polarization am-
plitude A0 corresponds to a CP -even final state. The
three states in the transversity basis are easily expressed
as linear combinations of states in either the helicity ba-
sis (++, 00, −−) or the orbital angular momentum basis
(S, P , D). In the helicity basis, A∥ and A⊥ are linear
combinations of the states with helicities ++ and −−,
while the state corresponding to A0 is the same in both
transversity and helicity bases. In terms of the S, P and
D-waves, the states described by A0 and A∥ are linear
combinations of S and D waves, while A⊥ corresponds
to the P -wave state. Since only differences between the
strong phases of these amplitudes are observable, we de-
fine the strong phases relative to A0(0) at time t = 0:
δ0 = 0, δ∥ = arg[A∥(0)A

∗
0(0)] and δ⊥ = arg[A⊥(0)A∗

0(0)].
We note that the strong phases δ∥ and δ⊥ are either 0 or
π in the absence of final state J/ψφ interactions. Devi-
ations of these phases from 0 or π indicate breaking of
the factorization hypothesis which assumes no interac-
tion between the J/ψ and φ in the final state [9, 13].
If the decay width difference between the B0

s mass
eigenstates ∆Γs is different from zero, a time-dependent
angular analysis without flavor tagging is sensitive to

βJ/ψφ
s because of the interference between CP -odd and

CP -even components [22]. The sensitivity to βJ/ψφ
s can

be improved by separating mesons produced as B0
s from

those produced as B̄0
s in order to detect CP asymmetries

in the fast B0
s -B̄

0
s flavor oscillations given sufficient de-

cay time resolution. The process of separatingB0
s mesons

from B̄0
s mesons at production is called flavor tagging.

The angular-dependence and flavor tagged (see Sec. V)
time-dependence are combined in an unbinned maxi-

mum likelihood fit. The fit is used to extract βJ/ψφ
s ,

the B0
s decay width difference ∆Γs, the average B0

s life-
time, the transversity amplitudes and the strong phases.
Since a contamination from K+K− final states that
do not originate from a φ decay can contribute to the
K+K− mass window used to identify φ candidates in this
analysis, we consider potential contributions from other
B0

s → J/ψK+K− decays in our B0
s → J/ψφ candidate

sample. In such decays the relative angular momentum of
the two kaons is assumed to be zero (S-wave) as expected,
for example, from f0(980) → K+K− decays. Continuum
B0

s → J/ψK+K− decays with angular momentum higher
than zero are expected to be suppressed. In all such cases
the K+K− system is assumed to be in a partial S-wave
whose angular momentum combined with that of the J/ψ
leads to a CP -odd final state [23]. The S-wave contribu-
tion is included in the time-dependent angular analysis
and the S-wave fraction together with its corresponding
phase δSW are determined as parameters in the maxi-
mum likelihood fit. The inclusion of the S-wave in the
likelihood function constitutes a significant improvement
with respect to earlier measurements [15, 16].
Due to the non-Gaussian behavior of the likelihood

function with respect to the parameters βJ/ψφ
s and

∆Γs [15, 16], we use a frequentist analysis to obtain con-
fidence regions for both parameters. We also determine
point estimates for other parameters of interest, like the
polarization fractions and the B0

s lifetime. In addition,
we perform an alternative Bayesian approach, through
the use of priors, applied to probability densities deter-
mined with Markov chain Monte Carlo.

III. CDF II DETECTOR AND TRIGGER

The CDF II detector employs a cylindrical geometry
around the pp̄ interaction region with the proton direc-
tion defining the positive z-direction. Most of the quan-
tities used for candidate selection are measured in the
plane transverse to the z-axis. In the CDF coordinate
system, ϕ is the azimuthal angle, θ is the polar angle
measured from the proton direction, and r is the radius
perpendicular to the beam axis. The pseudorapidity η
is defined as η = − ln[ tan(θ/2) ]. The transverse mo-
mentum, pT , is the component of the particle momen-
tum, p, transverse to the z-axis (pT = p · sin θ), while
ET = E · sin θ, with E being the energy measured in the
calorimeter.
The CDF II detector features excellent lepton identi-

fication and charged particle tracking and is described

FERMILAB-PUB-11-646-E

θ is the angle between p(µ+) and the x-y plane in the J/ψ meson rest frame	



Φ is the angle between the x-axis and p
xy
(µ+), the projection of the μ+  

 momentum in the x-y 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	





• Muons are identified using combined information  
from Muon Spectrometer and Inner Detector  
tracking. 

• Only Inner Detector track parameters are  
used in fits; provides precision  
momentum and lifetime measurements

The ATLAS Detector
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•Inner Detector 
•|η|<2.5, 	


•Solenoid B=2T	


•Si Pixels, 	


•Si strips, 	


•Transition Radiation Tracker (TRT)	


•σ/pT ~ 3.4x10-4 pT + 0.015  for (|η|<1.5)	


•Used for Tracking and Vertexing:

•Muon Spectrometer 
•|η|<2.7	


•Toroid B-Field, average ~0.5T	


•Muon Momentum resolution  
σ/p< 10% up to  ~ 1 TeV



Data Taking
• Data selection begins with optimised  

suite of single and di-muon triggers: 
• 3-level system (1 Hardware, 2 Software):  

Rate reduction of 40 MHz to O(200) Hz 
• No decay length requirements applied 

• Over 90% data recording efficiency. 
!

• For the final data sample, <µ> ~ 5.6  
interactions, requiring a choice of  
Primary Vertex

5

2011 Data



Flavour Tagging
• If initial flavour of Bs meson is known, additional terms appear in the likelihood 

description of the time-dependent amplitudes: 
• Information on initial state therefore leads to 

• Increased sensitivity on φs, and removal of one of the  
sign ambiguities in the model. 

• Opposite side tagging, use                 pair correlation to  
infer initial signal flavour from the other B meson. 

• Muon Tagging: 
• b→µ transitions are clean tagging method,  

but diluted from b→c→µ decays and neutral B-meson  
oscillations. 

• Jet-charge Tagging: 
• Search for jet corresponding to opposite-side decay. 

• Use momentum-weighted track-charge as discriminating  
variable.
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Tagging Calibration Sample
• Calibration of tagging method from  

self-tagging sample: 

!

!

!

!

!

• Signal sample selected 
using sideband subtraction  
from mass distributions to  
form the calibration data:
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•Signal Region: 
• |m(J/𝜓K±) - µ| < 2σ	


•Sidebands: 
•  3σ <|m(J/𝜓) - µ| < 5σ

B± ! J/ K±

•µµ 
•pT(µ)> 4 GeV	


•|η(µ)|<2.5	


• 2.8 < m(µµ) < 3.4 GeV

•J/𝜓K± 
•pT(K) > 1 GeV	


•|η(K)| < 2.5	


•Lxy > 0.1mm



Tagging Variables
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•Muon Tagging: 
•Additional Muon pT(µ)>2.5 GeV, |η| <2.5	


•Originating near the signal primary interaction  
 |∆z| < 5mm 
!
•Use muon and tracks within cone ∆R<0.5 
around muon to construct momentum-weighted 
muon-cone charge	


!
!

•Jet charge Tagging: 
•In absence of muon use b-tagged jet  
(Anti-Kt, 0.6 cone size)	


•Use tracks from ∆R<1.0 around jet, originating 
near signal primary interaction.	


•Construct jet-charge from momentum-
weighted charge of the selected tracks	


!
!
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Figure 1: The invariant mass distribution for B± ! J/yK± candidates. Included in this plot are all events
passing the selection criteria. The data are shown by points, the overall result of the fit is given by the
blue curve. The combinatorial background component is given by the dashed line, and the contribution
of the background from partially reconstructed decays is shown in the dotted curve. The red vertical
dashed lines indicate the left and right sidebands while the blue vertical dashed lines indicate the signal
region.

4.2 Tagging methods

Several methods are available to infer the flavour of the opposite-side meson, with varying efficiencies
and discriminating powers. Identifying the charge of a muon through the semi-leptonic decay of the B
meson provides strong power of separation, however the b ! µ transitions are diluted through neutral B
meson oscillations, as well as by cascade decays b ! c ! µ which can alter the sign of the muon relative
to the one coming from direct semi-leptonic decays b ! µ . The separation power of tag muons can be
enhanced by considering a weighted sum of the charge of the tracks in a cone around the muon. If no
muon is present, a weighted sum of the charge of tracks associated to the opposite side B meson decay
will also provide some separation. The tagging methods are described in detail below.

An additional muon is searched for in the event, having originated near the original interaction point.
Muons are separated into their two reconstruction classes: combined and segment tagged. In the case of
multiple muons, the one with the highest transverse momentum is selected. A muon cone charge variable
is constructed, defined as

Qµ =
ÂN tracks

i qi · (pi
T )

k

ÂN tracks
i (pi

T )
k , (1)

where the value of the parameter k = 1.1, which was tuned to optimise the tagging power, and the sum
is performed over the reconstructed ID tracks within a cone of DR < 0.5 around the muon momentum
axis, with pT > 0.5 GeV and |h |< 2.5. The value of parameter k has been determined in the process of
optimisation of the tagging performance. Tracks associated to the signal-side of the decay are explicitly
excluded from the sum. In Fig. 2 the distribution of muon cone charge is shown for candidates from B±

signal decays, for each class of muon.
In the absence of a muon, a b-tagged jet [16] is required in the event, with tracks associated to the

same primary interaction vertex as the signal decay, excluding those from the signal candidate. The jet is
reconstucted using the Anti-kt algorithm with a cone size of 0.6. In the case of multiple jets, the jet with
the highest value of the b-tag weight reference is used.
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Figure 2: Muon cone charge distribution for B± signal candidates for segment tagged (left) and combined
(right) muons.

A jet charge is defined

Qjet =
ÂN tracks

i qi · (pi
T )

k

ÂN tracks
i (pi

T )
k , (2)

where k = 1.1, and the sum is over the tracks associated to the jet, using the method described in [17].
Figure 3 shows the distribution of charges for jet-charge from B± signal-side candidates.
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Figure 3: Jet-charge distribution for B± signal candidates.

The efficiency e of an individual tagger is defined as the ratio of the number of tagged events to the
total number of candidates. A probability that a specific event has a signal decay containing a b̄ given the
value of the discriminating variable P(B|Q) is constructed from the calibration samples for each of the
B+ and B� samples, defining P(Q|B+) and P(Q|B�) respectively. The probability to tag a signal event
as a b̄ is therefore P(B|Q) = P(Q|B+)/(P(Q|B+)+P(Q|B�)) and P(B̄|Q) = 1�P(B|Q). The tagging
power is defined as eD2 = Âi ei · (2Pi(B|Qi)� 1)2, where the sum is over the bins of the probability
distribution as a function of the charge variable. An effective dilution D is calculated from the tagging
power and the efficiency.

The combination of the tagging methods is applied according to the hierarchy of performance. The
single best performing tagging measurement is taken, according to the order: combined muon cone
charge, segment tagged muon cone charge, jet charge. If it is not possible to provide a tagging response
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Tagging Performance
• Tagging performance estimated to be: 

• Tagging performance estimated to be: 
• (1.45 ± 0.05 (stat.))% from  
!
!
!
!

!
• In likelihood fit to Bs data, the per-candidate probability and probability distributions 

(Punzi terms) are considered. 
• Punzi terms are parameterised from fit to sideband-subtracted (signal), and sideband 

(background) Bs data;  P=0.5 in absence of tagging information.
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Tagger E�ciency [%] Dilution [%] Tagging Power [%]

Combined µ 3.37± 0.04 50.6± 0.5 0.86± 0.04

Segment Tagged µ 1.08± 0.02 36.7± 0.7 0.15± 0.02

Jet charge 27.7± 0.1 12.68± 0.06 0.45± 0.03

Total 32.1± 0.1 21.3± 0.08 1.45± 0.05

TABLE I. Summary of tagging performance for the di↵erent tagging methods described in the text. Uncertainties shown are
statistical only. The e�ciency and tagging power are each determined by summing over the individual bins of the charge dis-
tribution. The e↵ective dilution is obtained from the measured e�ciency and tagging power. The uncertainties are determined
by combining the appropriate uncertainties on the individual bins of each charge distribution.

V. MAXIMUM LIKELIHOOD FIT

An unbinned maximum likelihood fit is performed on
the selected events to extract the parameters of the
B

0
s ! J/ (µ+

µ

�)�(K+
K

�) decay. The fit uses informa-
tion about the reconstructed mass m and its uncertainty
�m, the measured proper decay time t and its uncer-
tainty �t, the tag probability, and the transversity angles
⌦ of each B

0
s ! J/ � decay candidate. There are three

transversity angles; ⌦ = (✓T , T ,�T ) and these are de-
fined in section VA.

The likelihood function is defined as a combination of
the signal and background probability density functions
as follows:

ln L =
NX

i=1

{wi · ln(fs · Fs(mi, ti,⌦i, P (B|Q)) (1)

+fs · fB0 · FB0(mi, ti,⌦i, P (B|Q))

+(1� fs · (1 + fB0)) · Fbkg(mi, ti,⌦i, P (B|Q))}

where N is the number of selected candidates, wi is a
weighting factor to account for the trigger e�ciency, fs
is the fraction of signal candidates, fB0 is the fraction
of B

0 (B0 ! J/ K

0⇤ and B

0 ! J/ K

±
⇡

⌥) mesons
mis-identified as B0

s candidates calculated relative to the
number of signal events; this parameter is fixed in the
likelihood fit. The mass mi, the proper decay time ti

and the decay angles ⌦i are the values measured from
the data for each event i. Fs, FB0 and Fbkg are the prob-
ability density functions (PDF) modelling the signal, the
specific B

0 background and the other background distri-
butions, respectively. A detailed description of the signal
PDF terms in equation (1) is given in section VA. The
two background functions are, with the exception of new
terms dependent on P (B|Q) which are explained in sec-
tion VB, unchanged from the previous analysis [6]. They
are each described by the product of eight terms which
describe the distribution of each measured parameter.
With the exception of the lifetime and its uncertainty
the background parameters are assumed uncorrelated.

A. Signal PDF

The PDF describing the signal events, Fs, has the form
of a product of PDFs for each quantity measured from
the data:

Fs(mi , ti ,⌦i, P (B|Q)) = Ps(mi,�mi) · Ps(�mi)

·Ps(⌦i, ti, P (B|Q),�ti) · Ps(�ti)

·Ps(P (B|Q))

·A(⌦i, pTi) · Ps(pTi)

The terms Ps(mi,�mi), Ps(⌦i, ti, P (B|Q),�ti) and
A(⌦i, pTi) are explained in the current section. The tag-
ging probability term Ps(P (B|Q)) is described in section
VB. The remaining probability terms Ps(�mi), Ps(�ti)
and Ps(pTi) are described by Gamma functions. They
are unchanged from the previous analysis and explained
in detail in ref. [6]. Ignoring detector e↵ects, the joint
distribution for the decay time t and the transversity an-
gles ⌦ for the B0

s ! J/ (µ+
µ

�)�(K+
K

�) decay is given
by the di↵erential decay rate [22]:

d

4�

dt d⌦
=

10X

k=1

O(k)(t)g(k)(✓T , T ,�T ),

where O(k)(t) are the time-dependent amplitudes and
g

(k)(✓T , T ,�T ) are the angular functions, given in table
II. The formulae for the time-dependent amplitudes have

the same structure for B0
s and B

0
s but with a sign rever-

sal in the terms containing �ms. The addition of flavour
tagging to the analysis means that these terms no longer
cancel, so there are more terms in the fit that contain �s.
In addition to this, the strong phase variable �? becomes
accessible and one of the symmetries in the untagged fit
is removed. A?(t) describes a CP odd final-state con-
figuration while both A0(t) and Ak(t) correspond to CP

even final-state configurations. AS(t) describes the con-
tribution of the CP odd non-resonant B0

s ! J/ K

+
K

�

S-wave state as well as the B

0
s ! J/ f0 decays. The

corresponding amplitudes are given in the last four lines
of table II (k = 7–10) and follow the convention used in
the previous analysis [23]. The likelihood is independent
of the K

+
K

� mass distribution.
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Consequence of Tagging in Decay Rate
• Complex combination of time-dependent and angular terms define 

the differential decay rate: 
• Without tagging, many terms cancel in the differential decay rate

10

6

k O(k)(t) g

(k)(✓T , T ,�T )

1 1
2 |A0(0)|2

h
(1 + cos�s) e

��
(s)
L t + (1� cos�s) e

��
(s)
H t ± 2e��st sin(�mst) sin�s

i
2 cos2  T (1� sin2

✓T cos2 �T )

2 1
2 |Ak(0)|2

h
(1 + cos�s) e

��
(s)
L t + (1� cos�s) e

��
(s)
H t ± 2e��st sin(�mst) sin�s

i
sin2

 T (1� sin2
✓T sin2

�T )

3 1
2 |A?(0)|2

h
(1� cos�s) e

��
(s)
L t + (1 + cos�s) e

��
(s)
H t ⌥ 2e��st sin(�mst) sin�s

i
sin2

 T sin2
✓T

4 1
2 |A0(0)||Ak(0)| cos �|| � 1p

2
sin 2 T sin2

✓T sin 2�Th
(1 + cos�s) e

��
(s)
L t + (1� cos�s) e

��
(s)
H t ± 2e��st sin(�mst) sin�s

i

5 |Ak(0)||A?(0)|[ 12 (e��
(s)
L t � e

��
(s)
H t) cos(�? � �||) sin�s sin2

 T sin 2✓T sin�T

±e

��st(sin(�? � �k) cos(�mst)� cos(�? � �k) cos�s sin(�mst))]

6 |A0(0)||A?(0)|[ 12 (e��
(s)
L t � e

��
(s)
H t) cos �? sin�s

1p
2
sin 2 T sin 2✓T cos�T

±e

��st(sin �? cos(�mst)� cos �? cos�s sin(�mst))]

7 1
2 |AS(0)|2

h
(1� cos�s) e

��
(s)
L t + (1 + cos�s) e

��
(s)
H t ⌥ 2e��st sin(�mst) sin�s

i
2
3

�
1� sin2

✓T cos2 �T

�

8 |AS(0)||Ak(0)|[ 12 (e��
(s)
L t � e

��
(s)
H t) sin(�k � �S) sin�s

1
3

p
6 sin T sin2

✓T sin 2�T

±e

��st(cos(�k � �S) cos(�mst)� sin(�k � �S) cos�s sin(�mst))]

9 1
2 |AS(0)||A?(0)| sin(�? � �S) 1

3

p
6 sin T sin 2✓T cos�Th

(1� cos�s) e
��

(s)
L t + (1 + cos�s) e

��
(s)
H t ⌥ 2e��st sin(�mst) sin�s

i

10 |A0(0)||AS(0)|[ 12 (e��
(s)
H t � e

��
(s)
L t) sin �S sin�s

4
3

p
3 cos T

�
1� sin2

✓T cos2 �T

�

±e

��st(cos �S cos(�mst) + sin �S cos�s sin(�mst))]

TABLE II. Table showing the ten time-dependent amplitudes, O(k)(t) and the functions of the transversity angles
g

(k)(✓T , T ,�T ). The amplitudes |A0(0)|2 and |Ak(0)|2 are for the CP even components of the B

0
s ! J/ � decay, |A?(0)|2 is

the CP odd amplitude; they have corresponding strong phases �0, �k and �?, by convention �0 is set to be zero. The S-wave
amplitude |AS(0)|2 gives the fraction of B0

s ! J/ K

+
K

�(f0) and has a related strong phase �S . The ± and ⌥ terms denote
two cases: the upper sign describes the decay of a meson that was initially a B

0
s , while the lower sign describes the decays of a

meson that was initially B

0
s.

The equations are normalized, such that the squares of
the amplitudes sum to unity; three of the four amplitudes
are fit parameters and |A?(0)|2 is determined according
to this constraint.

The angles (✓T , T ,�T ), are defined in the rest frames
of the final-state particles. The x-axis is determined by
the direction of the � meson in the J/ rest frame,
and the K

+
K

� system defines the x–y plane, where
py(K+) > 0. The three angles are defined as follows:

• ✓T , the angle between ~p(µ+) and the normal to the
x–y plane, in the J/ meson rest frame

• �T , the angle between the x-axis and ~pxy(µ+), the
projection of the µ

+ momentum in the x–y plane,
in the J/ meson rest frame

•  T , the angle between ~p(K+) and �~p(J/ ) in the
� meson rest frame

The signal PDF, Ps(⌦, t, P (B|Q),�t), needs to take
into account lifetime resolution, so each time element in
table II is smeared with a Gaussian function. This smear-
ing is done numerically on an event-by-event basis where
the width of the Gaussian function is the proper decay
time uncertainty, measured for each event, multiplied by
a scale factor to account for any mis-measurements.

The angular sculpting of the detector and kinematic
cuts on the angular distributions are included in the like-
lihood function through A(⌦i, pTi). This is calculated
using a 4D binned acceptance method, applying an event-
by-event e�ciency according to the transversity angles
(✓T , T ,�T ) and the pT of the candidate. The pT binning
is necessary, because the angular sculpting is influenced
by the pT of the B0

s . The acceptance was calculated from
the B

0
s ! J/ � MC events. In the likelihood function,

the acceptance is treated as an angular sculpting PDF,
which is multiplied with the time- and angular-dependent
PDF describing the B0

s ! J/ (µ+
µ

�)�(K+
K

�) decays.
As both the acceptance and time-angular decay PDFs de-
pend on the transversity angles they must be normalized
together. This normalization is done numerically during
the likelihood fit.

The signal mass function, Ps(m), is modelled using a
single Gaussian function smeared with an event-by-event
mass resolution. The PDF is normalized over the range
5.15 < m(B0

s ) < 5.65 GeV.

B. Using tag information in the fit

The tag probability for each B

0
s candidate is deter-

mined from a weighted sum of charged-particle tracks

5

Tagger E�ciency [%] Dilution [%] Tagging Power [%]

Combined µ 3.37± 0.04 50.6± 0.5 0.86± 0.04

Segment Tagged µ 1.08± 0.02 36.7± 0.7 0.15± 0.02

Jet charge 27.7± 0.1 12.68± 0.06 0.45± 0.03

Total 32.1± 0.1 21.3± 0.08 1.45± 0.05

TABLE I. Summary of tagging performance for the di↵erent tagging methods described in the text. Uncertainties shown are
statistical only. The e�ciency and tagging power are each determined by summing over the individual bins of the charge dis-
tribution. The e↵ective dilution is obtained from the measured e�ciency and tagging power. The uncertainties are determined
by combining the appropriate uncertainties on the individual bins of each charge distribution.

V. MAXIMUM LIKELIHOOD FIT

An unbinned maximum likelihood fit is performed on
the selected events to extract the parameters of the
B

0
s ! J/ (µ+

µ

�)�(K+
K

�) decay. The fit uses informa-
tion about the reconstructed mass m and its uncertainty
�m, the measured proper decay time t and its uncer-
tainty �t, the tag probability, and the transversity angles
⌦ of each B

0
s ! J/ � decay candidate. There are three

transversity angles; ⌦ = (✓T , T ,�T ) and these are de-
fined in section VA.

The likelihood function is defined as a combination of
the signal and background probability density functions
as follows:

ln L =
NX

i=1

{wi · ln(fs · Fs(mi, ti,⌦i, P (B|Q)) (1)

+fs · fB0 · FB0(mi, ti,⌦i, P (B|Q))

+(1� fs · (1 + fB0)) · Fbkg(mi, ti,⌦i, P (B|Q))}

where N is the number of selected candidates, wi is a
weighting factor to account for the trigger e�ciency, fs
is the fraction of signal candidates, fB0 is the fraction
of B

0 (B0 ! J/ K

0⇤ and B

0 ! J/ K

±
⇡

⌥) mesons
mis-identified as B0

s candidates calculated relative to the
number of signal events; this parameter is fixed in the
likelihood fit. The mass mi, the proper decay time ti

and the decay angles ⌦i are the values measured from
the data for each event i. Fs, FB0 and Fbkg are the prob-
ability density functions (PDF) modelling the signal, the
specific B

0 background and the other background distri-
butions, respectively. A detailed description of the signal
PDF terms in equation (1) is given in section VA. The
two background functions are, with the exception of new
terms dependent on P (B|Q) which are explained in sec-
tion VB, unchanged from the previous analysis [6]. They
are each described by the product of eight terms which
describe the distribution of each measured parameter.
With the exception of the lifetime and its uncertainty
the background parameters are assumed uncorrelated.

A. Signal PDF

The PDF describing the signal events, Fs, has the form
of a product of PDFs for each quantity measured from
the data:

Fs(mi , ti ,⌦i, P (B|Q)) = Ps(mi,�mi) · Ps(�mi)

·Ps(⌦i, ti, P (B|Q),�ti) · Ps(�ti)

·Ps(P (B|Q))

·A(⌦i, pTi) · Ps(pTi)

The terms Ps(mi,�mi), Ps(⌦i, ti, P (B|Q),�ti) and
A(⌦i, pTi) are explained in the current section. The tag-
ging probability term Ps(P (B|Q)) is described in section
VB. The remaining probability terms Ps(�mi), Ps(�ti)
and Ps(pTi) are described by Gamma functions. They
are unchanged from the previous analysis and explained
in detail in ref. [6]. Ignoring detector e↵ects, the joint
distribution for the decay time t and the transversity an-
gles ⌦ for the B0

s ! J/ (µ+
µ

�)�(K+
K

�) decay is given
by the di↵erential decay rate [22]:

d

4�

dt d⌦
=

10X

k=1

O(k)(t)g(k)(✓T , T ,�T ),

where O(k)(t) are the time-dependent amplitudes and
g

(k)(✓T , T ,�T ) are the angular functions, given in table
II. The formulae for the time-dependent amplitudes have

the same structure for B0
s and B

0
s but with a sign rever-

sal in the terms containing �ms. The addition of flavour
tagging to the analysis means that these terms no longer
cancel, so there are more terms in the fit that contain �s.
In addition to this, the strong phase variable �? becomes
accessible and one of the symmetries in the untagged fit
is removed. A?(t) describes a CP odd final-state con-
figuration while both A0(t) and Ak(t) correspond to CP

even final-state configurations. AS(t) describes the con-
tribution of the CP odd non-resonant B0

s ! J/ K

+
K

�

S-wave state as well as the B

0
s ! J/ f0 decays. The

corresponding amplitudes are given in the last four lines
of table II (k = 7–10) and follow the convention used in
the previous analysis [23]. The likelihood is independent
of the K

+
K

� mass distribution.



Consequence of Tagging in Decay Rate
• Without tagging, many terms cancel in the differential decay rate 

• With Tagging, φs (and δ⊥) gain sensitivity.
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6

k O(k)(t) g

(k)(✓T , T ,�T )

1 1
2 |A0(0)|2

h
(1 + cos�s) e

��
(s)
L t + (1� cos�s) e

��
(s)
H t ± 2e��st sin(�mst) sin�s

i
2 cos2  T (1� sin2

✓T cos2 �T )

2 1
2 |Ak(0)|2

h
(1 + cos�s) e

��
(s)
L t + (1� cos�s) e

��
(s)
H t ± 2e��st sin(�mst) sin�s

i
sin2

 T (1� sin2
✓T sin2

�T )

3 1
2 |A?(0)|2

h
(1� cos�s) e

��
(s)
L t + (1 + cos�s) e

��
(s)
H t ⌥ 2e��st sin(�mst) sin�s

i
sin2

 T sin2
✓T

4 1
2 |A0(0)||Ak(0)| cos �|| � 1p

2
sin 2 T sin2

✓T sin 2�Th
(1 + cos�s) e

��
(s)
L t + (1� cos�s) e

��
(s)
H t ± 2e��st sin(�mst) sin�s

i

5 |Ak(0)||A?(0)|[ 12 (e��
(s)
L t � e

��
(s)
H t) cos(�? � �||) sin�s sin2

 T sin 2✓T sin�T

±e

��st(sin(�? � �k) cos(�mst)� cos(�? � �k) cos�s sin(�mst))]

6 |A0(0)||A?(0)|[ 12 (e��
(s)
L t � e

��
(s)
H t) cos �? sin�s

1p
2
sin 2 T sin 2✓T cos�T

±e

��st(sin �? cos(�mst)� cos �? cos�s sin(�mst))]

7 1
2 |AS(0)|2

h
(1� cos�s) e

��
(s)
L t + (1 + cos�s) e

��
(s)
H t ⌥ 2e��st sin(�mst) sin�s

i
2
3

�
1� sin2

✓T cos2 �T

�

8 |AS(0)||Ak(0)|[ 12 (e��
(s)
L t � e

��
(s)
H t) sin(�k � �S) sin�s

1
3

p
6 sin T sin2

✓T sin 2�T

±e

��st(cos(�k � �S) cos(�mst)� sin(�k � �S) cos�s sin(�mst))]

9 1
2 |AS(0)||A?(0)| sin(�? � �S) 1

3

p
6 sin T sin 2✓T cos�Th

(1� cos�s) e
��

(s)
L t + (1 + cos�s) e

��
(s)
H t ⌥ 2e��st sin(�mst) sin�s

i

10 |A0(0)||AS(0)|[ 12 (e��
(s)
H t � e

��
(s)
L t) sin �S sin�s

4
3

p
3 cos T

�
1� sin2

✓T cos2 �T

�

±e

��st(cos �S cos(�mst) + sin �S cos�s sin(�mst))]

TABLE II. Table showing the ten time-dependent amplitudes, O(k)(t) and the functions of the transversity angles
g

(k)(✓T , T ,�T ). The amplitudes |A0(0)|2 and |Ak(0)|2 are for the CP even components of the B

0
s ! J/ � decay, |A?(0)|2 is

the CP odd amplitude; they have corresponding strong phases �0, �k and �?, by convention �0 is set to be zero. The S-wave
amplitude |AS(0)|2 gives the fraction of B0

s ! J/ K

+
K

�(f0) and has a related strong phase �S . The ± and ⌥ terms denote
two cases: the upper sign describes the decay of a meson that was initially a B

0
s , while the lower sign describes the decays of a

meson that was initially B

0
s.

The equations are normalized, such that the squares of
the amplitudes sum to unity; three of the four amplitudes
are fit parameters and |A?(0)|2 is determined according
to this constraint.

The angles (✓T , T ,�T ), are defined in the rest frames
of the final-state particles. The x-axis is determined by
the direction of the � meson in the J/ rest frame,
and the K

+
K

� system defines the x–y plane, where
py(K+) > 0. The three angles are defined as follows:

• ✓T , the angle between ~p(µ+) and the normal to the
x–y plane, in the J/ meson rest frame

• �T , the angle between the x-axis and ~pxy(µ+), the
projection of the µ

+ momentum in the x–y plane,
in the J/ meson rest frame

•  T , the angle between ~p(K+) and �~p(J/ ) in the
� meson rest frame

The signal PDF, Ps(⌦, t, P (B|Q),�t), needs to take
into account lifetime resolution, so each time element in
table II is smeared with a Gaussian function. This smear-
ing is done numerically on an event-by-event basis where
the width of the Gaussian function is the proper decay
time uncertainty, measured for each event, multiplied by
a scale factor to account for any mis-measurements.

The angular sculpting of the detector and kinematic
cuts on the angular distributions are included in the like-
lihood function through A(⌦i, pTi). This is calculated
using a 4D binned acceptance method, applying an event-
by-event e�ciency according to the transversity angles
(✓T , T ,�T ) and the pT of the candidate. The pT binning
is necessary, because the angular sculpting is influenced
by the pT of the B0

s . The acceptance was calculated from
the B

0
s ! J/ � MC events. In the likelihood function,

the acceptance is treated as an angular sculpting PDF,
which is multiplied with the time- and angular-dependent
PDF describing the B0

s ! J/ (µ+
µ

�)�(K+
K

�) decays.
As both the acceptance and time-angular decay PDFs de-
pend on the transversity angles they must be normalized
together. This normalization is done numerically during
the likelihood fit.

The signal mass function, Ps(m), is modelled using a
single Gaussian function smeared with an event-by-event
mass resolution. The PDF is normalized over the range
5.15 < m(B0

s ) < 5.65 GeV.

B. Using tag information in the fit

The tag probability for each B

0
s candidate is deter-

mined from a weighted sum of charged-particle tracks

± ! Bs/B̄s

5

Tagger E�ciency [%] Dilution [%] Tagging Power [%]

Combined µ 3.37± 0.04 50.6± 0.5 0.86± 0.04

Segment Tagged µ 1.08± 0.02 36.7± 0.7 0.15± 0.02

Jet charge 27.7± 0.1 12.68± 0.06 0.45± 0.03

Total 32.1± 0.1 21.3± 0.08 1.45± 0.05

TABLE I. Summary of tagging performance for the di↵erent tagging methods described in the text. Uncertainties shown are
statistical only. The e�ciency and tagging power are each determined by summing over the individual bins of the charge dis-
tribution. The e↵ective dilution is obtained from the measured e�ciency and tagging power. The uncertainties are determined
by combining the appropriate uncertainties on the individual bins of each charge distribution.

V. MAXIMUM LIKELIHOOD FIT

An unbinned maximum likelihood fit is performed on
the selected events to extract the parameters of the
B

0
s ! J/ (µ+

µ

�)�(K+
K

�) decay. The fit uses informa-
tion about the reconstructed mass m and its uncertainty
�m, the measured proper decay time t and its uncer-
tainty �t, the tag probability, and the transversity angles
⌦ of each B

0
s ! J/ � decay candidate. There are three

transversity angles; ⌦ = (✓T , T ,�T ) and these are de-
fined in section VA.

The likelihood function is defined as a combination of
the signal and background probability density functions
as follows:

ln L =
NX

i=1

{wi · ln(fs · Fs(mi, ti,⌦i, P (B|Q)) (1)

+fs · fB0 · FB0(mi, ti,⌦i, P (B|Q))

+(1� fs · (1 + fB0)) · Fbkg(mi, ti,⌦i, P (B|Q))}

where N is the number of selected candidates, wi is a
weighting factor to account for the trigger e�ciency, fs
is the fraction of signal candidates, fB0 is the fraction
of B

0 (B0 ! J/ K

0⇤ and B

0 ! J/ K

±
⇡

⌥) mesons
mis-identified as B0

s candidates calculated relative to the
number of signal events; this parameter is fixed in the
likelihood fit. The mass mi, the proper decay time ti

and the decay angles ⌦i are the values measured from
the data for each event i. Fs, FB0 and Fbkg are the prob-
ability density functions (PDF) modelling the signal, the
specific B

0 background and the other background distri-
butions, respectively. A detailed description of the signal
PDF terms in equation (1) is given in section VA. The
two background functions are, with the exception of new
terms dependent on P (B|Q) which are explained in sec-
tion VB, unchanged from the previous analysis [6]. They
are each described by the product of eight terms which
describe the distribution of each measured parameter.
With the exception of the lifetime and its uncertainty
the background parameters are assumed uncorrelated.

A. Signal PDF

The PDF describing the signal events, Fs, has the form
of a product of PDFs for each quantity measured from
the data:

Fs(mi , ti ,⌦i, P (B|Q)) = Ps(mi,�mi) · Ps(�mi)

·Ps(⌦i, ti, P (B|Q),�ti) · Ps(�ti)

·Ps(P (B|Q))

·A(⌦i, pTi) · Ps(pTi)

The terms Ps(mi,�mi), Ps(⌦i, ti, P (B|Q),�ti) and
A(⌦i, pTi) are explained in the current section. The tag-
ging probability term Ps(P (B|Q)) is described in section
VB. The remaining probability terms Ps(�mi), Ps(�ti)
and Ps(pTi) are described by Gamma functions. They
are unchanged from the previous analysis and explained
in detail in ref. [6]. Ignoring detector e↵ects, the joint
distribution for the decay time t and the transversity an-
gles ⌦ for the B0

s ! J/ (µ+
µ

�)�(K+
K

�) decay is given
by the di↵erential decay rate [22]:

d

4�

dt d⌦
=

10X

k=1

O(k)(t)g(k)(✓T , T ,�T ),

where O(k)(t) are the time-dependent amplitudes and
g

(k)(✓T , T ,�T ) are the angular functions, given in table
II. The formulae for the time-dependent amplitudes have

the same structure for B0
s and B

0
s but with a sign rever-

sal in the terms containing �ms. The addition of flavour
tagging to the analysis means that these terms no longer
cancel, so there are more terms in the fit that contain �s.
In addition to this, the strong phase variable �? becomes
accessible and one of the symmetries in the untagged fit
is removed. A?(t) describes a CP odd final-state con-
figuration while both A0(t) and Ak(t) correspond to CP

even final-state configurations. AS(t) describes the con-
tribution of the CP odd non-resonant B0

s ! J/ K

+
K

�

S-wave state as well as the B

0
s ! J/ f0 decays. The

corresponding amplitudes are given in the last four lines
of table II (k = 7–10) and follow the convention used in
the previous analysis [23]. The likelihood is independent
of the K

+
K

� mass distribution.
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Tagger E�ciency [%] Dilution [%] Tagging Power [%]

Combined µ 3.37± 0.04 50.6± 0.5 0.86± 0.04

Segment Tagged µ 1.08± 0.02 36.7± 0.7 0.15± 0.02

Jet charge 27.7± 0.1 12.68± 0.06 0.45± 0.03

Total 32.1± 0.1 21.3± 0.08 1.45± 0.05

TABLE I. Summary of tagging performance for the di↵erent tagging methods described in the text. Uncertainties shown are
statistical only. The e�ciency and tagging power are each determined by summing over the individual bins of the charge dis-
tribution. The e↵ective dilution is obtained from the measured e�ciency and tagging power. The uncertainties are determined
by combining the appropriate uncertainties on the individual bins of each charge distribution.

V. MAXIMUM LIKELIHOOD FIT

An unbinned maximum likelihood fit is performed on
the selected events to extract the parameters of the
B

0
s ! J/ (µ+

µ

�)�(K+
K

�) decay. The fit uses informa-
tion about the reconstructed mass m and its uncertainty
�m, the measured proper decay time t and its uncer-
tainty �t, the tag probability, and the transversity angles
⌦ of each B

0
s ! J/ � decay candidate. There are three

transversity angles; ⌦ = (✓T , T ,�T ) and these are de-
fined in section VA.

The likelihood function is defined as a combination of
the signal and background probability density functions
as follows:

ln L =
NX

i=1

{wi · ln(fs · Fs(mi, ti,⌦i, P (B|Q)) (1)

+fs · fB0 · FB0(mi, ti,⌦i, P (B|Q))

+(1� fs · (1 + fB0)) · Fbkg(mi, ti,⌦i, P (B|Q))}

where N is the number of selected candidates, wi is a
weighting factor to account for the trigger e�ciency, fs
is the fraction of signal candidates, fB0 is the fraction
of B

0 (B0 ! J/ K

0⇤ and B

0 ! J/ K

±
⇡

⌥) mesons
mis-identified as B0

s candidates calculated relative to the
number of signal events; this parameter is fixed in the
likelihood fit. The mass mi, the proper decay time ti

and the decay angles ⌦i are the values measured from
the data for each event i. Fs, FB0 and Fbkg are the prob-
ability density functions (PDF) modelling the signal, the
specific B

0 background and the other background distri-
butions, respectively. A detailed description of the signal
PDF terms in equation (1) is given in section VA. The
two background functions are, with the exception of new
terms dependent on P (B|Q) which are explained in sec-
tion VB, unchanged from the previous analysis [6]. They
are each described by the product of eight terms which
describe the distribution of each measured parameter.
With the exception of the lifetime and its uncertainty
the background parameters are assumed uncorrelated.

A. Signal PDF

The PDF describing the signal events, Fs, has the form
of a product of PDFs for each quantity measured from
the data:

Fs(mi , ti ,⌦i, P (B|Q)) = Ps(mi,�mi) · Ps(�mi)

·Ps(⌦i, ti, P (B|Q),�ti) · Ps(�ti)

·Ps(P (B|Q))

·A(⌦i, pTi) · Ps(pTi)

The terms Ps(mi,�mi), Ps(⌦i, ti, P (B|Q),�ti) and
A(⌦i, pTi) are explained in the current section. The tag-
ging probability term Ps(P (B|Q)) is described in section
VB. The remaining probability terms Ps(�mi), Ps(�ti)
and Ps(pTi) are described by Gamma functions. They
are unchanged from the previous analysis and explained
in detail in ref. [6]. Ignoring detector e↵ects, the joint
distribution for the decay time t and the transversity an-
gles ⌦ for the B0

s ! J/ (µ+
µ

�)�(K+
K

�) decay is given
by the di↵erential decay rate [22]:

d

4�

dt d⌦
=

10X

k=1

O(k)(t)g(k)(✓T , T ,�T ),

where O(k)(t) are the time-dependent amplitudes and
g

(k)(✓T , T ,�T ) are the angular functions, given in table
II. The formulae for the time-dependent amplitudes have

the same structure for B0
s and B

0
s but with a sign rever-

sal in the terms containing �ms. The addition of flavour
tagging to the analysis means that these terms no longer
cancel, so there are more terms in the fit that contain �s.
In addition to this, the strong phase variable �? becomes
accessible and one of the symmetries in the untagged fit
is removed. A?(t) describes a CP odd final-state con-
figuration while both A0(t) and Ak(t) correspond to CP

even final-state configurations. AS(t) describes the con-
tribution of the CP odd non-resonant B0

s ! J/ K

+
K

�

S-wave state as well as the B

0
s ! J/ f0 decays. The

corresponding amplitudes are given in the last four lines
of table II (k = 7–10) and follow the convention used in
the previous analysis [23]. The likelihood is independent
of the K

+
K

� mass distribution.

Muon time dependent  
trigger efficiency

Signal PDF (including S-wave contribution)
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Tagger E�ciency [%] Dilution [%] Tagging Power [%]

Combined µ 3.37± 0.04 50.6± 0.5 0.86± 0.04

Segment Tagged µ 1.08± 0.02 36.7± 0.7 0.15± 0.02

Jet charge 27.7± 0.1 12.68± 0.06 0.45± 0.03

Total 32.1± 0.1 21.3± 0.08 1.45± 0.05

TABLE I. Summary of tagging performance for the di↵erent tagging methods described in the text. Uncertainties shown are
statistical only. The e�ciency and tagging power are each determined by summing over the individual bins of the charge dis-
tribution. The e↵ective dilution is obtained from the measured e�ciency and tagging power. The uncertainties are determined
by combining the appropriate uncertainties on the individual bins of each charge distribution.

V. MAXIMUM LIKELIHOOD FIT

An unbinned maximum likelihood fit is performed on
the selected events to extract the parameters of the
B

0
s ! J/ (µ+

µ

�)�(K+
K

�) decay. The fit uses informa-
tion about the reconstructed mass m and its uncertainty
�m, the measured proper decay time t and its uncer-
tainty �t, the tag probability, and the transversity angles
⌦ of each B

0
s ! J/ � decay candidate. There are three

transversity angles; ⌦ = (✓T , T ,�T ) and these are de-
fined in section VA.

The likelihood function is defined as a combination of
the signal and background probability density functions
as follows:

ln L =
NX

i=1

{wi · ln(fs · Fs(mi, ti,⌦i, P (B|Q)) (1)

+fs · fB0 · FB0(mi, ti,⌦i, P (B|Q))

+(1� fs · (1 + fB0)) · Fbkg(mi, ti,⌦i, P (B|Q))}

where N is the number of selected candidates, wi is a
weighting factor to account for the trigger e�ciency, fs
is the fraction of signal candidates, fB0 is the fraction
of B

0 (B0 ! J/ K

0⇤ and B

0 ! J/ K

±
⇡

⌥) mesons
mis-identified as B0

s candidates calculated relative to the
number of signal events; this parameter is fixed in the
likelihood fit. The mass mi, the proper decay time ti

and the decay angles ⌦i are the values measured from
the data for each event i. Fs, FB0 and Fbkg are the prob-
ability density functions (PDF) modelling the signal, the
specific B

0 background and the other background distri-
butions, respectively. A detailed description of the signal
PDF terms in equation (1) is given in section VA. The
two background functions are, with the exception of new
terms dependent on P (B|Q) which are explained in sec-
tion VB, unchanged from the previous analysis [6]. They
are each described by the product of eight terms which
describe the distribution of each measured parameter.
With the exception of the lifetime and its uncertainty
the background parameters are assumed uncorrelated.

A. Signal PDF

The PDF describing the signal events, Fs, has the form
of a product of PDFs for each quantity measured from
the data:

Fs(mi , ti ,⌦i, P (B|Q)) = Ps(mi,�mi) · Ps(�mi)

·Ps(⌦i, ti, P (B|Q),�ti) · Ps(�ti)

·Ps(P (B|Q))

·A(⌦i, pTi) · Ps(pTi)

The terms Ps(mi,�mi), Ps(⌦i, ti, P (B|Q),�ti) and
A(⌦i, pTi) are explained in the current section. The tag-
ging probability term Ps(P (B|Q)) is described in section
VB. The remaining probability terms Ps(�mi), Ps(�ti)
and Ps(pTi) are described by Gamma functions. They
are unchanged from the previous analysis and explained
in detail in ref. [6]. Ignoring detector e↵ects, the joint
distribution for the decay time t and the transversity an-
gles ⌦ for the B0

s ! J/ (µ+
µ

�)�(K+
K

�) decay is given
by the di↵erential decay rate [22]:

d

4�

dt d⌦
=

10X

k=1

O(k)(t)g(k)(✓T , T ,�T ),

where O(k)(t) are the time-dependent amplitudes and
g

(k)(✓T , T ,�T ) are the angular functions, given in table
II. The formulae for the time-dependent amplitudes have

the same structure for B0
s and B

0
s but with a sign rever-

sal in the terms containing �ms. The addition of flavour
tagging to the analysis means that these terms no longer
cancel, so there are more terms in the fit that contain �s.
In addition to this, the strong phase variable �? becomes
accessible and one of the symmetries in the untagged fit
is removed. A?(t) describes a CP odd final-state con-
figuration while both A0(t) and Ak(t) correspond to CP

even final-state configurations. AS(t) describes the con-
tribution of the CP odd non-resonant B0

s ! J/ K

+
K

�

S-wave state as well as the B

0
s ! J/ f0 decays. The

corresponding amplitudes are given in the last four lines
of table II (k = 7–10) and follow the convention used in
the previous analysis [23]. The likelihood is independent
of the K

+
K

� mass distribution.

Background from B0→ J/ψ K*0 and  B0→ J/ψ Kπ 
 (non-resonant), constrained to known  

 fractions and  acceptance

Prompt and non-Prompt combinatorial 
background - with empirical angular  

distribution

• Unbinned maximum likelihood technique, with per-event errors 
• Observables: 

• m(J/ψKK),  
σ(m),σ(t) 

• Three transversity angles: Ω 
• Tagging probability P(B|Q)

• 25 free parameters in the fit 
• ∆m fixed. 
• 9 signal parameters 

 extracted:
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Tag method Signal Background

f+1 f�1 f+1 f�1

Combined µ 0.106± 0.019 0.187± 0.022 0.098± 0.006 0.108± 0.006

Segment tag µ 0.152± 0.043 0.153± 0.043 0.098± 0.009 0.095± 0.008

Jet charge 0.167± 0.010 0.164± 0.010 0.176± 0.003 0.180± 0.003

TABLE III. Table summarizing the obtained relative probabilities between tag charges +1 and �1 for signal and background
events for the di↵erent tagging methods. Only statistical errors are quoted. The asymmetry in the signal combined-muon
tagging method has no impact on the results as it a↵ects only 1% of the signal events (in addition to the negligible e↵ect of
the tag-probability distributions themselves).

Tag method Signal Background

Combined µ 0.0372± 0.0023 0.0272± 0.0005

Segment tag µ 0.0111± 0.0014 0.0121± 0.0003

Jet charge 0.277± 0.007 0.254± 0.002

Untagged 0.675± 0.011 0.707± 0.003

TABLE IV. Table summarizing the relative population of the tagging methods in the background and signal events. Only
statistical errors are quoted.

VI. RESULTS

The full simultaneous maximum likelihood fit contains
25 free parameters. These include the nine physics pa-
rameters: ��s, �s, �s, |A0(0)|2, |Ak(0)|2, �||, �?, |AS |2
and �S . The other parameters in the likelihood function
are the B

0
s signal fraction fs, the parameters describing

the J/ � mass distribution, the parameters describing
the B

0
s meson decay time plus angular distributions of

background events, the parameters used to describe the
estimated decay time uncertainty distributions for signal
and background events, and scale factors between the es-
timated decay time and mass uncertainties and their true
uncertainties.

The number of signal B0
s meson candidates extracted

from the fits is 22670± 150. The results and correlations
for the measured physics parameters of the simultaneous
unbinned maximum likelihood fit are given in tables V
and VI. Fit projections of the mass, proper decay time
and angles are given in figures 5 and 6 respectively.

Parameter Value Statistical Systematic

uncertainty uncertainty

�s[rad] 0.12 0.25 0.05

��s[ps
�1] 0.053 0.021 0.010

�s[ps
�1] 0.677 0.007 0.004

|Ak(0)|2 0.220 0.008 0.009

|A0(0)|2 0.529 0.006 0.012

|AS(0)|2 0.024 0.014 0.028

�? 3.89 0.47 0.11

�k [3.04, 3.23] 0.09

�? � �S [3.02, 3.25] 0.04

TABLE V. Fitted values for the physical parameters with
their statistical and systematic uncertainties. For the param-
eters �k and �? � �S a 68% confidence level interval is given.
The reason for this is described in section 8.
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Event Selection
• Data from 2011 at √s = 7 TeV – 4.9 fb-1. 
• 132k Bs candidates after selections; mass range [5.15,5.65] GeV. 
• Choice of Primary Vertex using unsigned 3d-impact parameter.  

Negligible effects from selection of incorrect primary vertex due to  
pileup (<µ> ~5.6). 

• No requirement is made on proper-time cut, 
• Full prompt contribution considered in fit 

• 22,670 ± 150 signal events are estimated from the final fit.
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•Trigger:	


•Single and di-muon trigger suite	


•Requiring at least one muon	


•Varying pT thresholds, minimum 
of  pT(µ) > 4 GeV 

•J/ψ:	


•pT(µ) > 4 GeV	


•|η(µ)| < 2.5 	


•|η(µ)| dependent mass cuts  
  (retains 99.8% of signal)	


•χ2/ndf < 10

•φ:	


•Oppositely-charged track pair	


•pT(K) > 0.5 GeV	


•|η(K)| < 2.5 	


•pT(φ) > 1.0 GeV	


•|m(φ) - mPDG(φ)| < 11 MeV

•Bs:	


•µµKK Vertex fit	


•J/ψ mass constraint	


•Vertex χ2/ndf < 3	


•5.15 < m(J/ψKK) <5.65 GeV



• Projections of the fit results for the  
transversity angles.
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TABLE II. Table showing the ten time-dependent amplitudes, O(k)(t) and the functions of the transversity angles
g

(k)(✓T , T ,�T ). The amplitudes |A0(0)|2 and |Ak(0)|2 are for the CP even components of the B

0
s ! J/ � decay, |A?(0)|2 is

the CP odd amplitude; they have corresponding strong phases �0, �k and �?, by convention �0 is set to be zero. The S-wave
amplitude |AS(0)|2 gives the fraction of B0

s ! J/ K

+
K

�(f0) and has a related strong phase �S . The ± and ⌥ terms denote
two cases: the upper sign describes the decay of a meson that was initially a B

0
s , while the lower sign describes the decays of a

meson that was initially B

0
s.

The equations are normalized, such that the squares of
the amplitudes sum to unity; three of the four amplitudes
are fit parameters and |A?(0)|2 is determined according
to this constraint.

The angles (✓T , T ,�T ), are defined in the rest frames
of the final-state particles. The x-axis is determined by
the direction of the � meson in the J/ rest frame,
and the K

+
K

� system defines the x–y plane, where
py(K+) > 0. The three angles are defined as follows:

• ✓T , the angle between ~p(µ+) and the normal to the
x–y plane, in the J/ meson rest frame

• �T , the angle between the x-axis and ~pxy(µ+), the
projection of the µ

+ momentum in the x–y plane,
in the J/ meson rest frame

•  T , the angle between ~p(K+) and �~p(J/ ) in the
� meson rest frame

The signal PDF, Ps(⌦, t, P (B|Q),�t), needs to take
into account lifetime resolution, so each time element in
table II is smeared with a Gaussian function. This smear-
ing is done numerically on an event-by-event basis where
the width of the Gaussian function is the proper decay
time uncertainty, measured for each event, multiplied by
a scale factor to account for any mis-measurements.

The angular sculpting of the detector and kinematic
cuts on the angular distributions are included in the like-
lihood function through A(⌦i, pTi). This is calculated
using a 4D binned acceptance method, applying an event-
by-event e�ciency according to the transversity angles
(✓T , T ,�T ) and the pT of the candidate. The pT binning
is necessary, because the angular sculpting is influenced
by the pT of the B0

s . The acceptance was calculated from
the B

0
s ! J/ � MC events. In the likelihood function,

the acceptance is treated as an angular sculpting PDF,
which is multiplied with the time- and angular-dependent
PDF describing the B0

s ! J/ (µ+
µ

�)�(K+
K

�) decays.
As both the acceptance and time-angular decay PDFs de-
pend on the transversity angles they must be normalized
together. This normalization is done numerically during
the likelihood fit.

The signal mass function, Ps(m), is modelled using a
single Gaussian function smeared with an event-by-event
mass resolution. The PDF is normalized over the range
5.15 < m(B0

s ) < 5.65 GeV.

B. Using tag information in the fit

The tag probability for each B

0
s candidate is deter-

mined from a weighted sum of charged-particle tracks
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Systematics
• Sources of systematics to measured parameters:
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�s �� �s |A||(0)|2 |A0(0)|2 |AS(0)|2 �k �? �? � �S

�s 1.000 0.107 0.026 0.010 0.002 0.029 0.021 -0.043 -0.003

�� 1.000 -0.617 0.105 0.103 0.069 0.006 -0.017 0.001

�s 1.000 -0.093 -0.063 0.034 -0.003 0.001 -0.009

|A||(0)|2 1.000 -0.316 0.077 0.008 0.005 -0.010

|A0(0)|2 1.000 0.283 - 0.003 -0.016 -0.025

|AS(0)|2 1.000 -0.011 -0.054 -0.098

�k 1.000 0.038 0.007

�? 1.000 0.081

�? � �S 1.000

TABLE VI. Correlations between the physics parameters.

�s ��s �s |Ak(0)|2 |A0(0)|2 |AS(0)|2 �? �k �? � �S

[rad] [ps�1] [ps�1] [rad] [rad] [rad]

ID alignment <10�2
<10�3

<10�3
<10�3

<10�3 - <10�2
<10�2 -

Trigger e�ciency <10�2
<10�3 0.002 <10�3

<10�3
< 10�3

<10�2
<10�2

<10�2

B

0 contribution 0.03 0.001 <10�3
<10�3 0.005 0.001 0.02 <10�2

<10�2

Tagging 0.03 <10�3
<10�3

<10�3
<10�3

<10�3 0.04 <10�2
<10�2

Acceptance 0.02 0.004 0.002 0.002 0.004 - - <10�2 -

Models:

Default fit <10�2 0.003 <10�3 0.001 0.001 0.006 0.07 0.01 0.01

Signal mass <10�2 0.001 <10�3
<10�3 0.001 <10�3 0.03 0.04 0.01

Background mass <10�2 0.001 0.001 <10�3
<10�3 0.002 0.06 0.02 0.02

Resolution 0.02 <10�3 0.001 0.001 <10�3 0.002 0.04 0.02 0.01

Background time 0.01 0.001 <10�3 0.001 <10�3 0.002 0.01 0.02 0.02

Background angles 0.02 0.008 0.002 0.008 0.009 0.027 0.06 0.07 0.03

Total 0.05 0.010 0.004 0.009 0.012 0.028 0.11 0.09 0.04

TABLE VII. Summary of systematic uncertainties assigned to the physics parameters.

VIII. DISCUSSION

The PDF describing the B0
s ! J/ � decay is invariant

under the following simultaneous transformations:

{�s,��s, �?, �k} ! {⇡ � �s,���s,⇡ � �?, 2⇡ � �k}
��s has been determined to be positive [24]. Therefore
there is a unique solution and only the case ��s > 0 is
considered. Uncertainties on individual parameters were
studied in detail in likelihood scans. Figure 7 shows the
1D likelihood scans for �s and ��s. Figure 8 shows the
likelihood contours in the �s – ��s plane.

The behaviour of the amplitudes around their fitted
values is Gaussian, however the strong phases are more
complicated. Figure 9 shows the 1D likelihood scans for
the three measured strong phases.

The likelihood behaviour of �? appears Gaussian and
therefore it is reasonable to quote �? = 3.89± 0.47(stat)
rad. For �? � �S the scan shows a minimum close to
⇡; however, it is insensitive over the rest of the scan at

the level of 2.1�. Therefore the measured value of the
di↵erence �? � �S is only given as 1� confidence interval
[3.02, 3.25] rad. For the strong phase �|| the central fit
value is close to ⇡ (3.14±0.10) and the 1D likelihood scan
shows normal Gaussian behaviour around this minimum.
However, the systematic pull plot based on 2400 pseudo-
experiments fits reveals a double-Gaussian shape with
68% of the results included in the interval [2.92, 3.35] rad
and so we quote the result in the form of a 68% C.L.
interval �|| 2 [2.92, 3.35] rad (statistical only).

Effect of residual  
misalignment studied  
in signal MC
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�s �� �s |A||(0)|2 |A0(0)|2 |AS(0)|2 �k �? �? � �S

�s 1.000 0.107 0.026 0.010 0.002 0.029 0.021 -0.043 -0.003

�� 1.000 -0.617 0.105 0.103 0.069 0.006 -0.017 0.001

�s 1.000 -0.093 -0.063 0.034 -0.003 0.001 -0.009

|A||(0)|2 1.000 -0.316 0.077 0.008 0.005 -0.010

|A0(0)|2 1.000 0.283 - 0.003 -0.016 -0.025

|AS(0)|2 1.000 -0.011 -0.054 -0.098

�k 1.000 0.038 0.007

�? 1.000 0.081

�? � �S 1.000

TABLE VI. Correlations between the physics parameters.

�s ��s �s |Ak(0)|2 |A0(0)|2 |AS(0)|2 �? �k �? � �S

[rad] [ps�1] [ps�1] [rad] [rad] [rad]

ID alignment <10�2
<10�3

<10�3
<10�3

<10�3 - <10�2
<10�2 -

Trigger e�ciency <10�2
<10�3 0.002 <10�3

<10�3
< 10�3
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B

0 contribution 0.03 0.001 <10�3
<10�3 0.005 0.001 0.02 <10�2

<10�2

Tagging 0.03 <10�3
<10�3

<10�3
<10�3

<10�3 0.04 <10�2
<10�2

Acceptance 0.02 0.004 0.002 0.002 0.004 - - <10�2 -

Models:

Default fit <10�2 0.003 <10�3 0.001 0.001 0.006 0.07 0.01 0.01

Signal mass <10�2 0.001 <10�3
<10�3 0.001 <10�3 0.03 0.04 0.01

Background mass <10�2 0.001 0.001 <10�3
<10�3 0.002 0.06 0.02 0.02

Resolution 0.02 <10�3 0.001 0.001 <10�3 0.002 0.04 0.02 0.01

Background time 0.01 0.001 <10�3 0.001 <10�3 0.002 0.01 0.02 0.02

Background angles 0.02 0.008 0.002 0.008 0.009 0.027 0.06 0.07 0.03

Total 0.05 0.010 0.004 0.009 0.012 0.028 0.11 0.09 0.04

TABLE VII. Summary of systematic uncertainties assigned to the physics parameters.

VIII. DISCUSSION

The PDF describing the B0
s ! J/ � decay is invariant

under the following simultaneous transformations:

{�s,��s, �?, �k} ! {⇡ � �s,���s,⇡ � �?, 2⇡ � �k}
��s has been determined to be positive [24]. Therefore
there is a unique solution and only the case ��s > 0 is
considered. Uncertainties on individual parameters were
studied in detail in likelihood scans. Figure 7 shows the
1D likelihood scans for �s and ��s. Figure 8 shows the
likelihood contours in the �s – ��s plane.

The behaviour of the amplitudes around their fitted
values is Gaussian, however the strong phases are more
complicated. Figure 9 shows the 1D likelihood scans for
the three measured strong phases.

The likelihood behaviour of �? appears Gaussian and
therefore it is reasonable to quote �? = 3.89± 0.47(stat)
rad. For �? � �S the scan shows a minimum close to
⇡; however, it is insensitive over the rest of the scan at

the level of 2.1�. Therefore the measured value of the
di↵erence �? � �S is only given as 1� confidence interval
[3.02, 3.25] rad. For the strong phase �|| the central fit
value is close to ⇡ (3.14±0.10) and the 1D likelihood scan
shows normal Gaussian behaviour around this minimum.
However, the systematic pull plot based on 2400 pseudo-
experiments fits reveals a double-Gaussian shape with
68% of the results included in the interval [2.92, 3.35] rad
and so we quote the result in the form of a 68% C.L.
interval �|| 2 [2.92, 3.35] rad (statistical only).

Uncertainty of  
trigger efficiency  
corrections



Systematics
• Sources of systematics to measured parameters:

17

11

�s �� �s |A||(0)|2 |A0(0)|2 |AS(0)|2 �k �? �? � �S

�s 1.000 0.107 0.026 0.010 0.002 0.029 0.021 -0.043 -0.003

�� 1.000 -0.617 0.105 0.103 0.069 0.006 -0.017 0.001

�s 1.000 -0.093 -0.063 0.034 -0.003 0.001 -0.009

|A||(0)|2 1.000 -0.316 0.077 0.008 0.005 -0.010

|A0(0)|2 1.000 0.283 - 0.003 -0.016 -0.025

|AS(0)|2 1.000 -0.011 -0.054 -0.098

�k 1.000 0.038 0.007

�? 1.000 0.081

�? � �S 1.000

TABLE VI. Correlations between the physics parameters.

�s ��s �s |Ak(0)|2 |A0(0)|2 |AS(0)|2 �? �k �? � �S

[rad] [ps�1] [ps�1] [rad] [rad] [rad]

ID alignment <10�2
<10�3

<10�3
<10�3

<10�3 - <10�2
<10�2 -

Trigger e�ciency <10�2
<10�3 0.002 <10�3

<10�3
< 10�3

<10�2
<10�2

<10�2

B

0 contribution 0.03 0.001 <10�3
<10�3 0.005 0.001 0.02 <10�2

<10�2

Tagging 0.03 <10�3
<10�3

<10�3
<10�3

<10�3 0.04 <10�2
<10�2

Acceptance 0.02 0.004 0.002 0.002 0.004 - - <10�2 -

Models:

Default fit <10�2 0.003 <10�3 0.001 0.001 0.006 0.07 0.01 0.01
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TABLE VII. Summary of systematic uncertainties assigned to the physics parameters.

VIII. DISCUSSION

The PDF describing the B0
s ! J/ � decay is invariant

under the following simultaneous transformations:

{�s,��s, �?, �k} ! {⇡ � �s,���s,⇡ � �?, 2⇡ � �k}
��s has been determined to be positive [24]. Therefore
there is a unique solution and only the case ��s > 0 is
considered. Uncertainties on individual parameters were
studied in detail in likelihood scans. Figure 7 shows the
1D likelihood scans for �s and ��s. Figure 8 shows the
likelihood contours in the �s – ��s plane.

The behaviour of the amplitudes around their fitted
values is Gaussian, however the strong phases are more
complicated. Figure 9 shows the 1D likelihood scans for
the three measured strong phases.

The likelihood behaviour of �? appears Gaussian and
therefore it is reasonable to quote �? = 3.89± 0.47(stat)
rad. For �? � �S the scan shows a minimum close to
⇡; however, it is insensitive over the rest of the scan at

the level of 2.1�. Therefore the measured value of the
di↵erence �? � �S is only given as 1� confidence interval
[3.02, 3.25] rad. For the strong phase �|| the central fit
value is close to ⇡ (3.14±0.10) and the 1D likelihood scan
shows normal Gaussian behaviour around this minimum.
However, the systematic pull plot based on 2400 pseudo-
experiments fits reveals a double-Gaussian shape with
68% of the results included in the interval [2.92, 3.35] rad
and so we quote the result in the form of a 68% C.L.
interval �|| 2 [2.92, 3.35] rad (statistical only).

Variations of  
input fractions 
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Models:

Default fit <10�2 0.003 <10�3 0.001 0.001 0.006 0.07 0.01 0.01

Signal mass <10�2 0.001 <10�3
<10�3 0.001 <10�3 0.03 0.04 0.01

Background mass <10�2 0.001 0.001 <10�3
<10�3 0.002 0.06 0.02 0.02

Resolution 0.02 <10�3 0.001 0.001 <10�3 0.002 0.04 0.02 0.01

Background time 0.01 0.001 <10�3 0.001 <10�3 0.002 0.01 0.02 0.02

Background angles 0.02 0.008 0.002 0.008 0.009 0.027 0.06 0.07 0.03

Total 0.05 0.010 0.004 0.009 0.012 0.028 0.11 0.09 0.04

TABLE VII. Summary of systematic uncertainties assigned to the physics parameters.

VIII. DISCUSSION

The PDF describing the B0
s ! J/ � decay is invariant

under the following simultaneous transformations:

{�s,��s, �?, �k} ! {⇡ � �s,���s,⇡ � �?, 2⇡ � �k}
��s has been determined to be positive [24]. Therefore
there is a unique solution and only the case ��s > 0 is
considered. Uncertainties on individual parameters were
studied in detail in likelihood scans. Figure 7 shows the
1D likelihood scans for �s and ��s. Figure 8 shows the
likelihood contours in the �s – ��s plane.

The behaviour of the amplitudes around their fitted
values is Gaussian, however the strong phases are more
complicated. Figure 9 shows the 1D likelihood scans for
the three measured strong phases.

The likelihood behaviour of �? appears Gaussian and
therefore it is reasonable to quote �? = 3.89± 0.47(stat)
rad. For �? � �S the scan shows a minimum close to
⇡; however, it is insensitive over the rest of the scan at

the level of 2.1�. Therefore the measured value of the
di↵erence �? � �S is only given as 1� confidence interval
[3.02, 3.25] rad. For the strong phase �|| the central fit
value is close to ⇡ (3.14±0.10) and the 1D likelihood scan
shows normal Gaussian behaviour around this minimum.
However, the systematic pull plot based on 2400 pseudo-
experiments fits reveals a double-Gaussian shape with
68% of the results included in the interval [2.92, 3.35] rad
and so we quote the result in the form of a 68% C.L.
interval �|| 2 [2.92, 3.35] rad (statistical only).

Variations of Calibration 
parameterisations. Uncertainty due to  
finite B+/- sample included in the statistical  
error of the fit results.
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Models:

Default fit <10�2 0.003 <10�3 0.001 0.001 0.006 0.07 0.01 0.01

Signal mass <10�2 0.001 <10�3
<10�3 0.001 <10�3 0.03 0.04 0.01

Background mass <10�2 0.001 0.001 <10�3
<10�3 0.002 0.06 0.02 0.02

Resolution 0.02 <10�3 0.001 0.001 <10�3 0.002 0.04 0.02 0.01

Background time 0.01 0.001 <10�3 0.001 <10�3 0.002 0.01 0.02 0.02

Background angles 0.02 0.008 0.002 0.008 0.009 0.027 0.06 0.07 0.03

Total 0.05 0.010 0.004 0.009 0.012 0.028 0.11 0.09 0.04

TABLE VII. Summary of systematic uncertainties assigned to the physics parameters.

VIII. DISCUSSION

The PDF describing the B0
s ! J/ � decay is invariant

under the following simultaneous transformations:

{�s,��s, �?, �k} ! {⇡ � �s,���s,⇡ � �?, 2⇡ � �k}
��s has been determined to be positive [24]. Therefore
there is a unique solution and only the case ��s > 0 is
considered. Uncertainties on individual parameters were
studied in detail in likelihood scans. Figure 7 shows the
1D likelihood scans for �s and ��s. Figure 8 shows the
likelihood contours in the �s – ��s plane.

The behaviour of the amplitudes around their fitted
values is Gaussian, however the strong phases are more
complicated. Figure 9 shows the 1D likelihood scans for
the three measured strong phases.

The likelihood behaviour of �? appears Gaussian and
therefore it is reasonable to quote �? = 3.89± 0.47(stat)
rad. For �? � �S the scan shows a minimum close to
⇡; however, it is insensitive over the rest of the scan at

the level of 2.1�. Therefore the measured value of the
di↵erence �? � �S is only given as 1� confidence interval
[3.02, 3.25] rad. For the strong phase �|| the central fit
value is close to ⇡ (3.14±0.10) and the 1D likelihood scan
shows normal Gaussian behaviour around this minimum.
However, the systematic pull plot based on 2400 pseudo-
experiments fits reveals a double-Gaussian shape with
68% of the results included in the interval [2.92, 3.35] rad
and so we quote the result in the form of a 68% C.L.
interval �|| 2 [2.92, 3.35] rad (statistical only).

Uncertainty estimated  
from MC tests of  
acceptance 
fitting technique
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TABLE VII. Summary of systematic uncertainties assigned to the physics parameters.

VIII. DISCUSSION

The PDF describing the B0
s ! J/ � decay is invariant

under the following simultaneous transformations:

{�s,��s, �?, �k} ! {⇡ � �s,���s,⇡ � �?, 2⇡ � �k}
��s has been determined to be positive [24]. Therefore
there is a unique solution and only the case ��s > 0 is
considered. Uncertainties on individual parameters were
studied in detail in likelihood scans. Figure 7 shows the
1D likelihood scans for �s and ��s. Figure 8 shows the
likelihood contours in the �s – ��s plane.

The behaviour of the amplitudes around their fitted
values is Gaussian, however the strong phases are more
complicated. Figure 9 shows the 1D likelihood scans for
the three measured strong phases.

The likelihood behaviour of �? appears Gaussian and
therefore it is reasonable to quote �? = 3.89± 0.47(stat)
rad. For �? � �S the scan shows a minimum close to
⇡; however, it is insensitive over the rest of the scan at

the level of 2.1�. Therefore the measured value of the
di↵erence �? � �S is only given as 1� confidence interval
[3.02, 3.25] rad. For the strong phase �|| the central fit
value is close to ⇡ (3.14±0.10) and the 1D likelihood scan
shows normal Gaussian behaviour around this minimum.
However, the systematic pull plot based on 2400 pseudo-
experiments fits reveals a double-Gaussian shape with
68% of the results included in the interval [2.92, 3.35] rad
and so we quote the result in the form of a 68% C.L.
interval �|| 2 [2.92, 3.35] rad (statistical only).

Uncertainties of fit model  
derived in pseudo-experiments  
with variations of parameterisations
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• The contribution of                    and                is consistent with zero, 
within the uncertainties 

• Measurements are compatible with theory and other experiments.
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Tag method Signal Background

f+1 f�1 f+1 f�1

Combined µ 0.106± 0.019 0.187± 0.022 0.098± 0.006 0.108± 0.006

Segment tag µ 0.152± 0.043 0.153± 0.043 0.098± 0.009 0.095± 0.008

Jet charge 0.167± 0.010 0.164± 0.010 0.176± 0.003 0.180± 0.003

TABLE III. Table summarizing the obtained relative probabilities between tag charges +1 and �1 for signal and background
events for the di↵erent tagging methods. Only statistical errors are quoted. The asymmetry in the signal combined-muon
tagging method has no impact on the results as it a↵ects only 1% of the signal events (in addition to the negligible e↵ect of
the tag-probability distributions themselves).

Tag method Signal Background

Combined µ 0.0372± 0.0023 0.0272± 0.0005

Segment tag µ 0.0111± 0.0014 0.0121± 0.0003

Jet charge 0.277± 0.007 0.254± 0.002

Untagged 0.675± 0.011 0.707± 0.003

TABLE IV. Table summarizing the relative population of the tagging methods in the background and signal events. Only
statistical errors are quoted.

VI. RESULTS

The full simultaneous maximum likelihood fit contains
25 free parameters. These include the nine physics pa-
rameters: ��s, �s, �s, |A0(0)|2, |Ak(0)|2, �||, �?, |AS |2
and �S . The other parameters in the likelihood function
are the B

0
s signal fraction fs, the parameters describing

the J/ � mass distribution, the parameters describing
the B

0
s meson decay time plus angular distributions of

background events, the parameters used to describe the
estimated decay time uncertainty distributions for signal
and background events, and scale factors between the es-
timated decay time and mass uncertainties and their true
uncertainties.

The number of signal B0
s meson candidates extracted

from the fits is 22670± 150. The results and correlations
for the measured physics parameters of the simultaneous
unbinned maximum likelihood fit are given in tables V
and VI. Fit projections of the mass, proper decay time
and angles are given in figures 5 and 6 respectively.

Parameter Value Statistical Systematic

uncertainty uncertainty

�s[rad] 0.12 0.25 0.05

��s[ps
�1] 0.053 0.021 0.010

�s[ps
�1] 0.677 0.007 0.004

|Ak(0)|2 0.220 0.008 0.009

|A0(0)|2 0.529 0.006 0.012

|AS(0)|2 0.024 0.014 0.028

�? 3.89 0.47 0.11

�k [3.04, 3.23] 0.09

�? � �S [3.02, 3.25] 0.04

TABLE V. Fitted values for the physical parameters with
their statistical and systematic uncertainties. For the param-
eters �k and �? � �S a 68% confidence level interval is given.
The reason for this is described in section 8.

• Ambiguity in sign of ∆𝛤s 

!

• Constrain ∆𝛤s > 0
PRL 108 (2012) 241801
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TABLE VI. Correlations between the physics parameters.

�s ��s �s |Ak(0)|2 |A0(0)|2 |AS(0)|2 �? �k �? � �S

[rad] [ps�1] [ps�1] [rad] [rad] [rad]

ID alignment <10�2
<10�3

<10�3
<10�3

<10�3 - <10�2
<10�2 -

Trigger e�ciency <10�2
<10�3 0.002 <10�3

<10�3
< 10�3

<10�2
<10�2

<10�2

B

0 contribution 0.03 0.001 <10�3
<10�3 0.005 0.001 0.02 <10�2

<10�2

Tagging 0.03 <10�3
<10�3

<10�3
<10�3

<10�3 0.04 <10�2
<10�2

Acceptance 0.02 0.004 0.002 0.002 0.004 - - <10�2 -

Models:

Default fit <10�2 0.003 <10�3 0.001 0.001 0.006 0.07 0.01 0.01

Signal mass <10�2 0.001 <10�3
<10�3 0.001 <10�3 0.03 0.04 0.01

Background mass <10�2 0.001 0.001 <10�3
<10�3 0.002 0.06 0.02 0.02

Resolution 0.02 <10�3 0.001 0.001 <10�3 0.002 0.04 0.02 0.01

Background time 0.01 0.001 <10�3 0.001 <10�3 0.002 0.01 0.02 0.02

Background angles 0.02 0.008 0.002 0.008 0.009 0.027 0.06 0.07 0.03

Total 0.05 0.010 0.004 0.009 0.012 0.028 0.11 0.09 0.04

TABLE VII. Summary of systematic uncertainties assigned to the physics parameters.

VIII. DISCUSSION

The PDF describing the B0
s ! J/ � decay is invariant

under the following simultaneous transformations:

{�s,��s, �?, �k} ! {⇡ � �s,���s,⇡ � �?, 2⇡ � �k}
��s has been determined to be positive [24]. Therefore
there is a unique solution and only the case ��s > 0 is
considered. Uncertainties on individual parameters were
studied in detail in likelihood scans. Figure 7 shows the
1D likelihood scans for �s and ��s. Figure 8 shows the
likelihood contours in the �s – ��s plane.

The behaviour of the amplitudes around their fitted
values is Gaussian, however the strong phases are more
complicated. Figure 9 shows the 1D likelihood scans for
the three measured strong phases.

The likelihood behaviour of �? appears Gaussian and
therefore it is reasonable to quote �? = 3.89± 0.47(stat)
rad. For �? � �S the scan shows a minimum close to
⇡; however, it is insensitive over the rest of the scan at

the level of 2.1�. Therefore the measured value of the
di↵erence �? � �S is only given as 1� confidence interval
[3.02, 3.25] rad. For the strong phase �|| the central fit
value is close to ⇡ (3.14±0.10) and the 1D likelihood scan
shows normal Gaussian behaviour around this minimum.
However, the systematic pull plot based on 2400 pseudo-
experiments fits reveals a double-Gaussian shape with
68% of the results included in the interval [2.92, 3.35] rad
and so we quote the result in the form of a 68% C.L.
interval �|| 2 [2.92, 3.35] rad (statistical only).
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Impact of Flavour Tagging
• Comparison to previous published (untagged) analysis: 

• Same dataset; improvement on φs precision by ~40% 
• ∆Γs central value and uncertainty unchanged 
• Gained sensitivity to δ⊥(constrained to external measurement in the 

untagged analysis) 
•  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Statistical uncertainties only



Combination
• Good agreement between experiments: 

• HFAG combination shows excellent agreement with SM 
predictions

23
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10 7 Conclusions

tional uncertainty is assigned to the possible bias in the binned mistag fractions coming from
the probability distribution function used to extract wrongly tagged and tagged signal events
from the background in the lepton pT bins.

The various hypotheses that have been assumed when building the likelihood function are
tested by generating simulated pseudo-experiments with different hypotheses in the gener-
ated samples and fitting the samples with the nominal likelihood function. The obtained pull
histograms of the physics variables are fitted with Gaussian functions, and the bias of the pull
is used as a systematic uncertainty if the difference with respect to the model bias exceeds the
one standard deviation statistical uncertainty. Concerning the modelling of the J/yKK invari-
ant mass distribution the background model is changed to a Chebyshev function PDF from
the nominal exponential PDF. The proper decay length background PDF is changed to a triple-
exponential instead of the double-exponential of the nominal fit. The angular background PDF
is generated by using the background simulation angular shapes instead of the fitted ones. The
effect of not including the angular resolution is also tested. The contribution to the systematic
uncertainty from the background tagging asymmetry is negligible.

Finally the hypothesis that |l| = 1 is tested by leaving that parameter free in the fit. The
obtained value of |l| agrees with one within one standard deviation. The differences found in
the fit results with respect to the nominal fit are used as systematic uncertainties.

The systematic uncertainties are summarised in Table 4. The uncertainties of the fs and DGs
results are dominated by statistical uncertainties.

Source of uncertainty |A0|2 |AS|2 |A?|2 DGs [ps�1] dk [rad] dS? [rad] d? [rad] fs [rad] ct [µm]
Statistical uncertainty 0.0058 0.016 0.0077 0.0138 0.092 0.24 0.36 0.109 3.0
Angular efficiency 0.0060 0.008 0.0104 0.0021 0.674 0.14 0.66 0.016 0.8
|l| as a free parameter 0.0001 0.005 0.0001 0.0003 0.002 0.01 0.03 0.015 -
Model bias 0.0008 - - 0.0012 0.025 0.03 - 0.015 0.4
Kaon pT re-weighting 0.0094 0.020 0.0041 0.0015 0.085 0.11 0.02 0.014 1.1
Proper decay length resolution 0.0009 - 0.0008 0.0021 0.004 - 0.02 0.006 2.9
PDF modelling assumptions 0.0016 0.002 0.0021 0.0021 0.010 0.03 0.04 0.006 0.2
Flavour tagging - - - - - - 0.02 0.005 -
Background mistag modelling 0.0021 - 0.0013 0.0018 0.074 1.10 0.02 0.002 0.7
Proper decay length efficiency 0.0015 - 0.0023 0.0057 - - - 0.002 1.0
Total systematics 0.0116 0.022 0.0117 0.0073 0.684 1.12 0.66 0.032 3.5

Table 4: Summary of the uncertainties. If no value is reported, then the systematic uncertainty is
negligible with respect to the statistical and other systematic uncertainties. The total systematic
uncertainty is the square root of sum of squares of the listed systematic uncertainties.

7 Conclusions

Using the 2012 CMS data approximately 49 000 Bs signal candidates were reconstructed and
used to accurately measure the weak phase fs and the decay width difference DGs. The analysis
was performed by using opposite-side lepton tagging of the Bs flavour at the production time.
Both muon and the electron tags were used.

The measured values for the weak phase and the decay width difference between the Bs mass
eigenstates are:

fs = �0.03 ± 0.11 (stat.)± 0.03 (syst.) rad ,

DGs = 0.096 ± 0.014 (stat.)± 0.007 (syst.) ps�1 .



Conclusions
• Time-dependent Flavour-tagged angular measurement performed in the  

decay                     , using data from 2011 
• The weak phase φs,  and ∆𝛤s are found to be:  

•   
• Within the uncertainties, no S-wave contribution is reported. 

• The results are in good agreement with SM expectations and  
other experimental results 
!

• This result improves on previously (untagged) published result 
• JHEP 12 (2012) 072 using the same dataset,  
• and is submitted to PRD:  CERN-PH-EP-2014-043, arXiv:1407.1796 

• With 2012 data from run-I of LHC to be included, with significant increase in 
statistics, precision will be improved. 

• Run-II data-taking (and beyond) will be exciting time to produce precision 
measurements.
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Tag Probabilities
• Fractions of tagged events with single-track tagging methods 

!

!

!

!

• Fraction of tagged events
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Tag method Signal Background

f+1 f�1 f+1 f�1

Combined µ 0.106± 0.019 0.187± 0.022 0.098± 0.006 0.108± 0.006

Segment tag µ 0.152± 0.043 0.153± 0.043 0.098± 0.009 0.095± 0.008

Jet charge 0.167± 0.010 0.164± 0.010 0.176± 0.003 0.180± 0.003

TABLE III. Table summarizing the obtained relative probabilities between tag charges +1 and �1 for signal and background
events for the di↵erent tagging methods. Only statistical errors are quoted. The asymmetry in the signal combined-muon
tagging method has no impact on the results as it a↵ects only 1% of the signal events (in addition to the negligible e↵ect of
the tag-probability distributions themselves).

Tag method Signal Background

Combined µ 0.0372± 0.0023 0.0272± 0.0005

Segment tag µ 0.0111± 0.0014 0.0121± 0.0003

Jet charge 0.277± 0.007 0.254± 0.002

Untagged 0.675± 0.011 0.707± 0.003

TABLE IV. Table summarizing the relative population of the tagging methods in the background and signal events. Only
statistical errors are quoted.

VI. RESULTS

The full simultaneous maximum likelihood fit contains
25 free parameters. These include the nine physics pa-
rameters: ��s, �s, �s, |A0(0)|2, |Ak(0)|2, �||, �?, |AS |2
and �S . The other parameters in the likelihood function
are the B

0
s signal fraction fs, the parameters describing

the J/ � mass distribution, the parameters describing
the B

0
s meson decay time plus angular distributions of

background events, the parameters used to describe the
estimated decay time uncertainty distributions for signal
and background events, and scale factors between the es-
timated decay time and mass uncertainties and their true
uncertainties.

The number of signal B0
s meson candidates extracted

from the fits is 22670± 150. The results and correlations
for the measured physics parameters of the simultaneous
unbinned maximum likelihood fit are given in tables V
and VI. Fit projections of the mass, proper decay time
and angles are given in figures 5 and 6 respectively.

Parameter Value Statistical Systematic

uncertainty uncertainty

�s[rad] 0.12 0.25 0.05

��s[ps
�1] 0.053 0.021 0.010

�s[ps
�1] 0.677 0.007 0.004

|Ak(0)|2 0.220 0.008 0.009

|A0(0)|2 0.529 0.006 0.012

|AS(0)|2 0.024 0.014 0.028

�? 3.89 0.47 0.11

�k [3.04, 3.23] 0.09

�? � �S [3.02, 3.25] 0.04

TABLE V. Fitted values for the physical parameters with
their statistical and systematic uncertainties. For the param-
eters �k and �? � �S a 68% confidence level interval is given.
The reason for this is described in section 8.
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Fit Parameter Correlations
• Correlations between the physics parameters  

extracted from the fit.

27
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�s �� �s |A||(0)|2 |A0(0)|2 |AS(0)|2 �k �? �? � �S

�s 1.000 0.107 0.026 0.010 0.002 0.029 0.021 -0.043 -0.003

�� 1.000 -0.617 0.105 0.103 0.069 0.006 -0.017 0.001

�s 1.000 -0.093 -0.063 0.034 -0.003 0.001 -0.009

|A||(0)|2 1.000 -0.316 0.077 0.008 0.005 -0.010

|A0(0)|2 1.000 0.283 - 0.003 -0.016 -0.025

|AS(0)|2 1.000 -0.011 -0.054 -0.098

�k 1.000 0.038 0.007

�? 1.000 0.081

�? � �S 1.000

TABLE VI. Correlations between the physics parameters.

�s ��s �s |Ak(0)|2 |A0(0)|2 |AS(0)|2 �? �k �? � �S

[rad] [ps�1] [ps�1] [rad] [rad] [rad]

ID alignment <10�2
<10�3

<10�3
<10�3

<10�3 - <10�2
<10�2 -

Trigger e�ciency <10�2
<10�3 0.002 <10�3

<10�3
< 10�3

<10�2
<10�2

<10�2

B

0 contribution 0.03 0.001 <10�3
<10�3 0.005 0.001 0.02 <10�2

<10�2

Tagging 0.03 <10�3
<10�3

<10�3
<10�3

<10�3 0.04 <10�2
<10�2

Acceptance 0.02 0.004 0.002 0.002 0.004 - - <10�2 -

Models:

Default fit <10�2 0.003 <10�3 0.001 0.001 0.006 0.07 0.01 0.01

Signal mass <10�2 0.001 <10�3
<10�3 0.001 <10�3 0.03 0.04 0.01

Background mass <10�2 0.001 0.001 <10�3
<10�3 0.002 0.06 0.02 0.02

Resolution 0.02 <10�3 0.001 0.001 <10�3 0.002 0.04 0.02 0.01

Background time 0.01 0.001 <10�3 0.001 <10�3 0.002 0.01 0.02 0.02

Background angles 0.02 0.008 0.002 0.008 0.009 0.027 0.06 0.07 0.03

Total 0.05 0.010 0.004 0.009 0.012 0.028 0.11 0.09 0.04

TABLE VII. Summary of systematic uncertainties assigned to the physics parameters.

VIII. DISCUSSION

The PDF describing the B0
s ! J/ � decay is invariant

under the following simultaneous transformations:

{�s,��s, �?, �k} ! {⇡ � �s,���s,⇡ � �?, 2⇡ � �k}
��s has been determined to be positive [24]. Therefore
there is a unique solution and only the case ��s > 0 is
considered. Uncertainties on individual parameters were
studied in detail in likelihood scans. Figure 7 shows the
1D likelihood scans for �s and ��s. Figure 8 shows the
likelihood contours in the �s – ��s plane.

The behaviour of the amplitudes around their fitted
values is Gaussian, however the strong phases are more
complicated. Figure 9 shows the 1D likelihood scans for
the three measured strong phases.

The likelihood behaviour of �? appears Gaussian and
therefore it is reasonable to quote �? = 3.89± 0.47(stat)
rad. For �? � �S the scan shows a minimum close to
⇡; however, it is insensitive over the rest of the scan at

the level of 2.1�. Therefore the measured value of the
di↵erence �? � �S is only given as 1� confidence interval
[3.02, 3.25] rad. For the strong phase �|| the central fit
value is close to ⇡ (3.14±0.10) and the 1D likelihood scan
shows normal Gaussian behaviour around this minimum.
However, the systematic pull plot based on 2400 pseudo-
experiments fits reveals a double-Gaussian shape with
68% of the results included in the interval [2.92, 3.35] rad
and so we quote the result in the form of a 68% C.L.
interval �|| 2 [2.92, 3.35] rad (statistical only).



      Likelihood Scans
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IX. CONCLUSION

A measurement of time-dependent CP asymmetry pa-
rameters in B

0
s ! J/ (µ+

µ

�)�(K+
K

�) decays from a
4.9 fb�1 data sample of pp collisions collected with the
ATLAS detector during the 2011

p
s = 7 TeV LHC run

is presented. Several parameters describing the B0
s meson

system are measured. These include the meanB

0
s lifetime

1/�s, the decay width di↵erence ��s between the heavy
and light mass eigenstates, and the transversity ampli-
tudes |A0(0)| and |Ak(0)|. Each of these is consistent
with its respective world average. Likelihood contours
in the �s - ��s plane are also provided. The fraction
|AS(0)|2, the signal contribution from B

0
s ! J/ K

+
K

�

and B

0
s ! J/ f0 decays, is measured to be consistent

with zero, at 0.024± 0.014 (stat.)± 0.028 (syst.).

The results are:

�s = 0.12± 0.25 (stat.)± 0.05 (syst.) rad

��s = 0.053± 0.021 (stat.)± 0.010 (syst.) ps�1

�s = 0.677± 0.007 (stat.)± 0.004 (syst.) ps�1

|Ak(0)|2 = 0.220± 0.008 (stat.)± 0.009 (syst.)

|A0(0)|2 = 0.529± 0.006 (stat.)± 0.012 (syst.)

�? = 3.89± 0.47 (stat.)± 0.11 (syst.) rad

The values are consistent with those obtained in our un-
tagged analysis [6] and significantly reduce the overall
uncertainty on �s. These results are consistent with the
values predicted in the Standard Model.
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ATLAS detector during the 2011

p
s = 7 TeV LHC run

is presented. Several parameters describing the B0
s meson

system are measured. These include the meanB

0
s lifetime

1/�s, the decay width di↵erence ��s between the heavy
and light mass eigenstates, and the transversity ampli-
tudes |A0(0)| and |Ak(0)|. Each of these is consistent
with its respective world average. Likelihood contours
in the �s - ��s plane are also provided. The fraction
|AS(0)|2, the signal contribution from B

0
s ! J/ K

+
K

�

and B

0
s ! J/ f0 decays, is measured to be consistent

with zero, at 0.024± 0.014 (stat.)± 0.028 (syst.).

The results are:

�s = 0.12± 0.25 (stat.)± 0.05 (syst.) rad

��s = 0.053± 0.021 (stat.)± 0.010 (syst.) ps�1

�s = 0.677± 0.007 (stat.)± 0.004 (syst.) ps�1

|Ak(0)|2 = 0.220± 0.008 (stat.)± 0.009 (syst.)

|A0(0)|2 = 0.529± 0.006 (stat.)± 0.012 (syst.)

�? = 3.89± 0.47 (stat.)± 0.11 (syst.) rad

The values are consistent with those obtained in our un-
tagged analysis [6] and significantly reduce the overall
uncertainty on �s. These results are consistent with the
values predicted in the Standard Model.
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