
EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP-2014-043

Submitted to: Physical Review D

Flavour tagged time dependent angular analysis of the
B0
s → J/ψφ decay and extraction of ∆Γs and the weak phase

φs in ATLAS

The ATLAS Collaboration

Abstract
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ported using 4.9 fb−1 of integrated luminosity collected by the ATLAS detector from
√
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collisions recorded in 2011 at the LHC. The values measured for the physical parameters are:
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∆Γs = 0.053± 0.021 (stat.)± 0.010 (syst.) ps−1
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δ⊥ = 3.89± 0.47 (stat.)± 0.11 (syst.) rad

where the parameter ∆Γs is constrained to be positive. The S-wave contribution was measured
and found to be compatible with zero. Results for φs and ∆Γs are also presented as 68% and 95%
likelihood contours, which show agreement with the Standard Model expectations.
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Flavour tagged time dependent angular analysis of the B0
s → J/ψφ decay and

extraction of ∆Γs and the weak phase φs in ATLAS

The ATLAS Collaboration
(Dated: July 8, 2014)

A measurement of the B0
s → J/ψφ decay parameters, updated to include flavour tagging is

reported using 4.9 fb−1 of integrated luminosity collected by the ATLAS detector from
√
s = 7 TeV

pp collisions recorded in 2011 at the LHC. The values measured for the physical parameters are:

φs = 0.12± 0.25 (stat.)± 0.05 (syst.) rad

∆Γs = 0.053± 0.021 (stat.)± 0.010 (syst.) ps−1

Γs = 0.677± 0.007 (stat.)± 0.004 (syst.) ps−1

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

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

δ⊥ = 3.89± 0.47 (stat.)± 0.11 (syst.) rad

where the parameter ∆Γs is constrained to be positive. The S-wave contribution was measured
and found to be compatible with zero. Results for φs and ∆Γs are also presented as 68% and 95%
likelihood contours, which show agreement with the Standard Model expectations.

I. INTRODUCTION

New phenomena beyond the predictions of the Stan-
dard Model (SM) may alter CP violation in B-decays.
A channel that is expected to be sensitive to new physics
contributions is the decay B0

s → J/ψφ. CP violation in
the B0

s → J/ψφ decay occurs due to interference between

direct decays and decays with B0
s − B

0

s mixing. The os-
cillation frequency of B0

s meson mixing is characterized
by the mass difference ∆ms of the heavy (BH) and light
(BL) mass eigenstates. The CP violating phase φs is de-

fined as the weak phase difference between the B0
s − B

0

s

mixing amplitude and the b → ccs decay amplitude. In
the absence of CP violation, the BH state would corre-
spond to the CP odd state and the BL to the CP even
state. In the SM the phase φs is small and can be related
to CKM quark mixing matrix elements via the relation
φs ' −2βs, with βs = arg[−(VtsV

∗
tb)/(VcsV

∗
cb)]; a value

of φs ' −2βs = −0.037 ± 0.002 rad [1] is predicted in
the SM. Many new physics models predict large φs val-
ues whilst satisfying all existing constraints, including the
precisely measured value of ∆ms [2, 3].

Another physical quantity involved in B0
s −B

0

s mixing
is the width difference ∆Γs = ΓL−ΓH , which is predicted
to be ∆Γs = 0.087 ± 0.021 ps−1 [4]. Physics beyond
the SM is not expected to affect ∆Γs as significantly as
φs [5]. Extracting ∆Γs from data is nevertheless useful
as it allows theoretical predictions to be tested [5].

The decay of the pseudoscalar B0
s to the vector–vector

final-state J/ψφ results in an admixture of CP odd and
CP even states, with orbital angular momentum L = 0,
1 or 2. The final states with orbital angular momentum
L = 0 or 2 are CP even while the state with L = 1 is CP
odd. Flavour tagging is used to distinguish between the

initial B0
s and B

0

s states. The CP states are separated
statistically using an angular analysis of the final-state

particles.
In this paper, an update to the previous measurement

[6] with the addition of flavour tagging, is presented.
Flavour tagging significantly reduces the uncertainty of
the measured value of φs while also allowing a measure-
ment of one of the strong phases. Previous measurements
of these quantities have been reported by the DØ, CDF
and LHCb collaborations [7–9]. The analysis presented
here uses 4.9 fb−1 of LHC pp data at

√
s = 7 TeV col-

lected by the ATLAS detector in 2011.

II. ATLAS DETECTOR AND MONTE CARLO
SIMULATION

The ATLAS experiment [10] is a multipurpose parti-
cle physics detector with a forward-backward symmetric
cylindrical geometry and near 4π coverage in solid angle.
The inner tracking detector (ID) consists of a silicon pixel
detector, a silicon microstrip detector and a transition
radiation tracker. The ID is surrounded by a thin super-
conducting solenoid providing a 2 T axial magnetic field,
and by a high granularity liquid-argon sampling electro-
magnetic calorimeter. A steel/scintillator tile calorimeter
provides hadronic coverage in the central rapidity range.
The end-cap and forward regions are instrumented with
Liquid-argon calorimeters for both electromagnetic and
hadronic measurements. The muon spectrometer (MS)
surrounds the calorimeters and consists of three large su-
perconducting toroids with eight coils each, a system of
tracking chambers, and detectors for triggering.

The muon and tracking systems are of particular im-
portance in the reconstruction of B meson candidates.
Only data where both systems were operating correctly
and where the LHC beams were declared to be stable
are used. A muon identified using a combination of MS
and ID track parameters is referred to as combined. A
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muon formed by track segments which are not associated
with an MS track, but which are matched to ID tracks
extrapolated to the MS is referred to as segment tagged.

The data were collected during a period of rising in-
stantaneous luminosity, and the trigger conditions varied
over this time. The triggers used to select events for this
analysis are based on identification of a J/ψ → µ+µ− de-
cay, with either a 4 GeV transverse momentum [11] (pT)
threshold for each muon or an asymmetric configuration
that applies a pT threshold of 4 GeV to one of the muons
while accepting a second muon with pT as low as 2 GeV.

Monte Carlo (MC) simulation is used to study the de-
tector response, estimate backgrounds and model sys-
tematic effects. For this study, 12 million MC-simulated
B0
s → J/ψφ events were generated using Pythia 6 [12]

tuned with recent ATLAS data [13]. No pT cuts were ap-
plied at the generator level. Detector responses for these
events were simulated using the ATLAS simulation pack-
age based on GEANT4 [14, 15]. Pile-up corresponding
to the conditions during data taking was included. In
order to take into account the varying trigger configura-
tions during data-taking, the MC events were weighted
to have the same trigger composition as the collected col-
lision data. Additional samples of the background decay
B0 → J/ψK0∗ as well as the more general bb → J/ψX
and pp → J/ψX backgrounds were also simulated using
Pythia.

III. RECONSTRUCTION AND CANDIDATE
SELECTION

Events passing the trigger and the data quality se-
lections described in section II are required to pass the
following additional criteria: the event must contain at
least one reconstructed primary vertex, built from at
least four ID tracks, and at least one pair of oppositely
charged muon candidates that are reconstructed using
information from the MS and the ID [16]. Both com-
bined and segment tagged muons are used. In this anal-
ysis the muon track parameters are taken from the ID
measurement alone, since the precision of the measured
track parameters for muons in the pT range of interest
for this analysis is dominated by the ID track reconstruc-
tion. The pairs of muon tracks are refitted to a common
vertex and accepted for further consideration if the fit re-
sults in χ2/d.o.f. < 10. The invariant mass of the muon
pair is calculated from the refitted track parameters. To
account for varying mass resolution, the J/ψ candidates
are divided into three subsets according to the pseudo-
rapidity η of the muons. A maximum likelihood fit is
used to extract the J/ψ mass and the corresponding res-
olution for these three subsets. When both muons have
|η| < 1.05, the dimuon invariant mass must fall in the
range (2.959–3.229) GeV to be accepted as a J/ψ can-
didate. When one muon has 1.05 < |η| < 2.5 and the
other muon |η| < 1.05, the corresponding signal region
is (2.913–3.273) GeV. For the third subset, where both

muons have 1.05 < |η| < 2.5, the signal region is (2.852–
3.332) GeV. In each case the signal region is defined so
as to retain 99.8% of the J/ψ candidates identified in the
fits.

The candidates for φ → K+K− are reconstructed
from all pairs of oppositely charged particles with pT >
0.5 GeV and |η| < 2.5 that are not identified as muons.
Candidates for B0

s → J/ψ(µ+µ−)φ(K+K−) are sought
by fitting the tracks for each combination of J/ψ →
µ+µ− and φ→ K+K− to a common vertex. Each of the
four tracks is required to have at least one hit in the pixel
detector and at least four hits in the silicon microstrip
detector. The fit is further constrained by fixing the in-
variant mass calculated from the two muon tracks to the
J/ψ mass [17]. These quadruplets of tracks are accepted
for further analysis if the vertex fit has a χ2/d.o.f. < 3,
the fitted pT of each track from φ → K+K− is greater
than 1 GeV and the invariant mass of the track pairs
(under the assumption that they are kaons) falls within
the interval 1.0085 GeV < m(K+K−) < 1.0305 GeV. If
there is more than one accepted candidate in the event,
the candidate with the lowest χ2/d.o.f. is selected. In
total 131513 B0

s candidates are collected within a mass
range of 5.15 < m(B0

s ) < 5.65 GeV.

For each B0
s meson candidate the proper decay time t

is estimated by the expression:

t =
Lxy MB

pTB

,

where pTB
is the reconstructed transverse momentum of

the B0
s meson candidate and M

B
denotes the world av-

erage mass value [17] of the B0
s meson. The transverse

decay length, Lxy, is the displacement in the transverse
plane of the B0

s meson decay vertex with respect to the
primary vertex, projected onto the direction of the B0

s

transverse momentum. The position of the primary ver-
tex used to calculate this quantity is refitted following the
removal of the tracks used to reconstruct the B0

s meson
candidate.

For the selected events the average number of pileup
interactions is 5.6, necessitating a choice of the best can-
didate for the primary vertex at which the B0

s meson
is produced. The variable used is the three-dimensional
impact parameter d0, which is calculated as the distance
between the line extrapolated from the reconstructed B0

s

meson vertex in the direction of the B0
s momentum, and

each primary vertex candidate. The chosen primary ver-
tex is the one with the smallest d0. Using MC simulation
it is shown that the fraction of B0

s candidates which are
assigned the wrong primary vertex is less than 1% and
that the corresponding effect on the final results is neg-
ligible. No B0

s meson decay time cut is applied in the
analysis.
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IV. FLAVOUR TAGGING

The determination of the initial flavour of neutral B-
mesons can be inferred using information from the B-
meson that is typically produced from the other b-quark
in the event [18]. This is referred to as the opposite-side
tagging (OST).

To study and calibrate the OST methods, events con-
taining the decays of B± → J/ψK± can be used, where
flavour of the B-meson at production is provided by the
kaon charge. Events from the entire 2011 run period sat-
isfying the same data quality selections as described in
section 2 are used.

A. B± → J/ψK± event selection

To be selected for use in the calibration analysis, events
must satisfy a trigger condition requiring two oppositely
charged muons within an invariant mass range around
the nominal J/ψ mass. Candidate B± → J/ψK± de-
cays are identified using two oppositely charged com-
bined muons forming a good vertex using information
supplied by the inner detector. Each muon is required
to have a transverse momentum of at least 4 GeV and
pseudo-rapidity within |η| < 2.5. The invariant mass
of the dimuon candidate is required to satisfy 2.8 <
m(µ+µ−) < 3.4 GeV. To form the B candidate an ad-
ditional track with the charged kaon mass hypothesis,
pT > 1 GeV and |η| < 2.5 is combined with the dimuon
candidate and a vertex fit is performed with the mass of
the di-muon pair constrained to the known value of the
J/ψ mass. To reduce the prompt component of the com-
binatorial background, the requirement Lxy > 0.1 mm is
applied to the B candidate. The choice of primary vertex
is determined using the same procedure as done for the
B0
s candidates.
In order to study the distributions corresponding to

the signal processes with the background component re-
moved, a sideband subtraction method is defined. Events
are separated into five equal regions of B candidate ra-
pidity from 0 − 2.5 and three mass regions. The mass
regions are defined as a signal region around the fitted
peak signal mass position µ ± 2σ and the sidebands are
[µ− 5σ, µ− 3σ] and [µ+ 3σ, µ+ 5σ], where µ and σ are
the mean and width of the Gaussian function describing
the B signal mass, for each rapidity region. Individual
binned extended maximum likelihood fits to the invariant
mass distribution are performed in each region of rapid-
ity.

The background is modelled by an exponential to de-
scribe combinatorial background and a hyperbolic tan-
gent function to parameterize the low-mass contribution
from incorrectly or partially reconstructed B decays. A
Gaussian function is used to model the B± → J/ψπ±

contribution. The contributions of non-combinatorial
backgrounds are found to have a negligible effect in the
tagging procedure. Figure 1 shows the invariant mass
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FIG. 1. The invariant mass distribution for B± → J/ψK±

candidates. Included in this plot are all events passing the se-
lection criteria. The data are shown by points, and the overall
result of the fit is given by the blue curve. The combinato-
rial background component is given by the red dotted line,
partially reconstructed B decays by the green shaded area,
and decays of B± → J/ψπ±, where the pion is mis-assigned
a kaon mass by a purple dashed line.

distribution of B candidates for all rapidity regions over-
laid with the fit result for the combined data.

B. Tagging methods

Several methods are available to infer the flavour of
the opposite-side b-quark, with varying efficiencies and
discriminating powers. The measured charge of a muon
from the semileptonic decay of the B meson provides
strong separation power; 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 from direct semilep-
tonic decays b → µ. The separation power of tagging
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 with the opposite-side B meson decay
will provide some separation. The tagging methods are
described in detail below.

For muon-based tagging, an additional muon is re-
quired in the event, with pT > 2.5 GeV, |η| < 2.5 and
with |∆z| < 5 mm from the primary vertex. Muons are
classified according to their reconstruction class, com-
bined or segment tagged, and subsequently treated as dis-
tinct tagging methods. In the case of multiple muons,
the muon with highest transverse momentum is selected.

A muon cone charge variable is constructed, defined as

Qµ =

∑N tracks
i qi · (piT)κ∑N tracks
i (piT)κ

,
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FIG. 2. The opposite-side muon cone charge distribution for
B± signal candidates for segment tagged (top) and combined
(bottom) muons.

where q is the charge of the track, κ = 1.1 and the sum is
performed over the reconstructed ID tracks within a cone
size of ∆R = 0.5 [19] around the muon direction and
the muon track is included as well. The reconstructed
ID tracks must have a pT > 0.5 GeV and |η| < 2.5.
The value of the parameter κ was determined while opti-
mizing the tagging performance. Tracks associated with
the signal decay are explicitly excluded from the sum.
In figure 2 the opposite-side muon cone charge distribu-
tions are shown for candidates from B± signal decays.
In the absence of a muon, a b-tagged jet [20] is required
in the event, which is seeded from calorimeter clusters,
with minimum energy threshold of 10 GeV, and where
a minimum b-tag weight requirement of at least −0.5 is
applied. The jet tracks are required to be associated with
the same primary vertex as the signal decay, excluding
those from the signal candidate. Jets within a cone of
∆R < 0.5 of the signal momentum axis are excluded.
The jet is reconstructed 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 is used.

A jet charge is defined as

Qjet =

∑N tracks
i qi · (piT )κ∑N tracks
i (piT )κ

,

where κ = 1.1, and the sum is over the tracks associated
with the jet, using the method described in ref. [21].
Figure 3 shows the distribution of charges for opposite-
side jet charge from B± signal candidate events.

The efficiency ε of an individual tagger is defined as the
ratio of the number of tagged events to the total num-
ber of candidates. A probability that a specific event has
a signal decay containing a b̄-quark given the value of
the discriminating variable P (B|Q) is constructed from
the calibration samples for each of the B+ and B− sam-
ples, defining P (Q|B+) and P (Q|B−) respectively. The
probability to tag a signal event as containing a b̄-quark
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 εD2 =

∑
i εi · (2Pi(B|Qi)− 1)2, where the sum is over

the bins of the probability distribution as a function of
the charge variable and εi is the number of tagged events
in each bin divided by the total number of candidates.
An effective dilution D is calculated from the tagging
power and the efficiency.

The combination of the tagging methods is applied ac-
cording to the hierarchy of performance, based on the
dilution of the tagging method. The single best perform-
ing 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 tag-
ging response for the event, then a probability of 0.5 is
assigned. A summary of the tagging performance is given
in table 1.
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FIG. 3. Jet-charge distribution for B± signal candidates.
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Tagger Efficiency [%] 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 different tagging methods described in the text. Uncertainties shown are
statistical only. The efficiency and tagging power are each determined by summing over the individual bins of the charge dis-
tribution. The effective dilution is obtained from the measured efficiency 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
B0
s → J/ψ(µ+µ−)φ(K+K−) decay. The fit uses informa-

tion about the reconstructed mass m and its uncertainty
σm, the measured proper decay time t and its uncer-
tainty σt, the tag probability, and the transversity angles
Ω of each B0

s → J/ψφ decay candidate. There are three
transversity angles; Ω = (θT , ψT , φT ) and these are de-
fined in section V A.

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

ln L =

N∑
i=1

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

+fs · fB0 · FB0(mi, ti,Ωi, P (B|Q))

+(1− fs · (1 + fB0)) · Fbkg(mi, ti,Ωi, P (B|Q))}

where N is the number of selected candidates, wi is a
weighting factor to account for the trigger efficiency, fs
is the fraction of signal candidates, fB0 is the fraction
of B0 (B0 → J/ψK0∗ and B0 → J/ψK±π∓) 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 Ωi 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 B0 background and the other background distri-
butions, respectively. A detailed description of the signal
PDF terms in equation (1) is given in section V A. The
two background functions are, with the exception of new
terms dependent on P (B|Q) which are explained in sec-
tion V B, 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 ,Ωi, P (B|Q)) = Ps(mi, σmi
) · Ps(σmi

)

·Ps(Ωi, ti, P (B|Q), σti) · Ps(σti)

·Ps(P (B|Q))

·A(Ωi, pTi) · Ps(pTi)

The terms Ps(mi, σmi
), Ps(Ωi, ti, P (B|Q), σti) and

A(Ωi, pTi) are explained in the current section. The tag-
ging probability term Ps(P (B|Q)) is described in section
V B. The remaining probability terms Ps(σmi

), Ps(σti)
and Ps(pTi) are described by Gamma functions. They
are unchanged from the previous analysis and explained
in detail in ref. [6]. Ignoring detector effects, the joint
distribution for the decay time t and the transversity an-
gles Ω for the B0

s → J/ψ(µ+µ−)φ(K+K−) decay is given
by the differential decay rate [22]:

d4Γ

dt dΩ
=

10∑
k=1

O(k)(t)g(k)(θT , ψT , φT ),

where O(k)(t) are the time-dependent amplitudes and
g(k)(θT , ψT , φT ) 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 φs.
In addition to this, the strong phase variable δ⊥ 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 A‖(t) correspond to CP
even final-state configurations. AS(t) describes the con-
tribution of the CP odd non-resonant B0

s → J/ψK+K−

S-wave state as well as the B0
s → J/ψf0 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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k O(k)(t) g(k)(θT , ψT , φT )

1 1
2
|A0(0)|2

[
(1 + cosφs) e−Γ

(s)
L t + (1− cosφs) e−Γ

(s)
H t ± 2e−Γst sin(∆mst) sinφs

]
2 cos2 ψT (1− sin2 θT cos2 φT )

2 1
2
|A‖(0)|2

[
(1 + cosφs) e−Γ

(s)
L t + (1− cosφs) e−Γ

(s)
H t ± 2e−Γst sin(∆mst) sinφs

]
sin2 ψT (1− sin2 θT sin2 φT )

3 1
2
|A⊥(0)|2

[
(1− cosφs) e−Γ

(s)
L t + (1 + cosφs) e−Γ

(s)
H t ∓ 2e−Γst sin(∆mst) sinφs

]
sin2 ψT sin2 θT

4 1
2
|A0(0)||A‖(0)| cos δ|| − 1√

2
sin 2ψT sin2 θT sin 2φT[

(1 + cosφs) e−Γ
(s)
L t + (1− cosφs) e−Γ

(s)
H t ± 2e−Γst sin(∆mst) sinφs

]
5 |A‖(0)||A⊥(0)|[ 1

2
(e−Γ

(s)
L t − e−Γ

(s)
H t) cos(δ⊥ − δ||) sinφs sin2 ψT sin 2θT sinφT

±e−Γst(sin(δ⊥ − δ‖) cos(∆mst)− cos(δ⊥ − δ‖) cosφs sin(∆mst))]

6 |A0(0)||A⊥(0)|[ 1
2
(e−Γ

(s)
L t − e−Γ

(s)
H t) cos δ⊥ sinφs

1√
2

sin 2ψT sin 2θT cosφT

±e−Γst(sin δ⊥ cos(∆mst)− cos δ⊥ cosφs sin(∆mst))]

7 1
2
|AS(0)|2

[
(1− cosφs) e−Γ

(s)
L t + (1 + cosφs) e−Γ

(s)
H t ∓ 2e−Γst sin(∆mst) sinφs

]
2
3

(
1− sin2 θT cos2 φT

)
8 |AS(0)||A‖(0)|[ 1

2
(e−Γ

(s)
L t − e−Γ

(s)
H t) sin(δ‖ − δS) sinφs

1
3

√
6 sinψT sin2 θT sin 2φT

±e−Γst(cos(δ‖ − δS) cos(∆mst)− sin(δ‖ − δS) cosφs sin(∆mst))]

9 1
2
|AS(0)||A⊥(0)| sin(δ⊥ − δS) 1

3

√
6 sinψT sin 2θT cosφT[

(1− cosφs) e−Γ
(s)
L t + (1 + cosφs) e−Γ

(s)
H t ∓ 2e−Γst sin(∆mst) sinφs

]
10 |A0(0)||AS(0)|[ 1

2
(e−Γ

(s)
H t − e−Γ

(s)
L t) sin δS sinφs

4
3

√
3 cosψT

(
1− sin2 θT cos2 φT

)
±e−Γst(cos δS cos(∆mst) + sin δS cosφs sin(∆mst))]

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

g(k)(θT , ψT , φT ). The amplitudes |A0(0)|2 and |A‖(0)|2 are for the CP even components of the B0
s → J/ψφ decay, |A⊥(0)|2 is

the CP odd amplitude; they have corresponding strong phases δ0, δ‖ and δ⊥, by convention δ0 is set to be zero. The S-wave

amplitude |AS(0)|2 gives the fraction of B0
s → J/ψK+K−(f0) and has a related strong phase δS . The ± and ∓ terms denote

two cases: the upper sign describes the decay of a meson that was initially a B0
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 (θT , ψT , φT ), are defined in the rest frames
of the final-state particles. The x-axis is determined by
the direction of the φ meson in the J/ψ rest frame,
and the K+K− system defines the x–y plane, where
py(K+) > 0. The three angles are defined as follows:

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

• φT , the angle between the x-axis and ~pxy(µ+), the
projection of the µ+ momentum in the x–y plane,
in the J/ψ meson rest frame

• ψT , the angle between ~p(K+) and −~p(J/ψ) in the
φ meson rest frame

The signal PDF, Ps(Ω, t, P (B|Q), σt), 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(Ωi, pTi). This is calculated
using a 4D binned acceptance method, applying an event-
by-event efficiency according to the transversity angles
(θT , ψT , φT ) 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 B0

s → J/ψφ 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/ψ(µ+µ−)φ(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 B0
s candidate is deter-

mined from a weighted sum of charged-particle tracks
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in a cone, as described in section IV. The tag probabil-
ity is obtained from this tag charge using the calibra-
tions measured in the B± → J/ψK± data. For the case
where there is only one track, the cone charge can only be
±1. This leads to a tag probability distribution with con-
tinuous and discrete parts (spikes), which are estimated
separately. The distributions of tag probabilities for the
signal and background are also different and since the
background cannot be factorized out, extra PDF terms
are included to account for this difference.

To describe the continuous parts, the sidebands are pa-
rameterized first. Sidebands are selected according to B0

s

mass, i.e. m(B0
s ) < 5.317 GeV or m(B0

s ) > 5.417 GeV.
In the fit the same function as for the sidebands is used
to describe events in the signal region: background pa-
rameters are fixed to the values obtained in sidebands
while signal parameters are free in this step. The ra-
tio of background to signal (obtained from simultaneous
mass–lifetime fit) is fixed as well. The function describing
tagging using combined muons has the form of a fourth-
order Chebychev polynomial. A third-order polynomial
is used for the segment tagged muons’ tagging algorithm.
A fourth-order Chebychev polynomial is also applied for
the jet charge tagging algorithm. In all three cases un-
binned maximum likelihood fits are used. Results of fits
projected on histograms are shown in figure 4.

The spikes have their origin in tagging objects formed
from a single track, providing a tag charge of exactly +1
or −1. When a background candidate is formed from
a random combination of a J/ψ and a pair of tracks,
the positive and negative charges are equally probable.
However, some of the background events are formed of
partially reconstructed B hadrons, and in these cases tag
charges of +1 or −1 are not equally probable. For signal
events the tag charges are obviously not symmetric. The
fractions f+1 and f−1 of events tagged with charges of +1
and −1 are derived separately for signal and background.
The remaining (1−f+1−f−1) is the fraction of events in
the continuous region. The fractions f+1 and f−1 are de-
termined using the same B0

s mass sidebands and signal
regions as in case of continuous parts. Table III sum-
marizes the obtained relative probabilities between tag
charges +1 and −1 for signal and background events and
for all tag methods.

Similarly, the sideband subtraction method is also used
to determine, for signal and background events, the rel-
ative fraction of each tagging method. The results are
summarized in table IV.

If the tag-probability PDFs were ignored in the like-
lihood fit, equivalent to assuming identical signal and
background behaviour, the impact on the fit result would
be small, affecting the results by less than 10% of the sta-
tistical uncertainty.
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FIG. 4. The B0
s -tag probability distribution for the events

tagged with combined muons (top), segment tagged muons
(middle) and jet charge (bottom). Black dots are data after
removing spikes, blue is the fit to the sidebands, green to the
signal and red is a sum of both fits.
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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 different tagging methods. Only statistical errors are quoted. The asymmetry in the signal combined-muon
tagging method has no impact on the results as it affects only 1% of the signal events (in addition to the negligible effect 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: ∆Γs, φs, Γs, |A0(0)|2, |A‖(0)|2, δ||, δ⊥, |AS |2
and δS . The other parameters in the likelihood function
are the B0

s signal fraction fs, the parameters describing
the J/ψφ mass distribution, the parameters describing
the B0

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

φs[rad] 0.12 0.25 0.05

∆Γs[ps−1] 0.053 0.021 0.010

Γs[ps−1] 0.677 0.007 0.004

|A‖(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

δ⊥ 3.89 0.47 0.11

δ‖ [3.04, 3.23] 0.09

δ⊥ − δS [3.02, 3.25] 0.04

TABLE V. Fitted values for the physical parameters with
their statistical and systematic uncertainties. For the param-
eters δ‖ and δ⊥ − δS a 68% confidence level interval is given.
The reason for this is described in section 8.
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FIG. 5. (Top) Mass fit projection for the B0
s → J/ψφ. The

red line shows the total fit, the dashed green line shows the
signal component while the dotted blue line shows the contri-
bution from B0 → J/ψK0∗ events. (Bottom) Proper decay
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dotted line showing the prompt J/ψ background. The pull
distributions at the bottom show the difference between data
and fit value normalized to the data statistical uncertainty.

 [rad]
T

ϕ
-3 -2 -1 0 1 2 3

/1
0 

ra
d)

π
E

ve
nt

s 
/ (

0

500

1000

1500

2000

2500

3000

3500

4000 Data 
Fitted Signal 
Fitted Background

Total Fit

ATLAS
 = 7 TeVs

-1
 L dt = 4.9 fb∫

) < 5.417 GeV
s

5.317 GeV < M(B

)Tθcos(

-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

E
ve

nt
s 

/ 0
.1

0

500

1000

1500

2000

2500

3000

3500

4000 Data 
Fitted Signal 
Fitted Background

Total Fit

ATLAS
 = 7 TeVs

-1
 L dt = 4.9 fb∫

) < 5.417 GeV
s

5.317 GeV < M(B

)
T

ψcos(

-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

E
ve

nt
s 

/ 0
.1

0

500

1000

1500

2000

2500

3000

3500

4000 Data 
Fitted Signal 
Fitted Background

Total Fit

ATLAS
 = 7 TeVs

-1
 L dt = 4.9 fb∫

) < 5.417 GeV
s

5.317 GeV < M(B

FIG. 6. Fit projections for transversity angles. (Top): φT ,
(middle): cos θT , (bottom): cosψT . In all three plots, the red
line shows the total fit, the dashed green line shows the signal
component and the dotted blue line shows the background
contribution.



10

VII. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties are assigned by considering
several effects that are not accounted for in the likelihood
fit. These are described below.

• Inner detector alignment: Residual mis-
alignments of the inner detector affects the impact
parameter distribution with respect to the primary
vertex. The effect of the residual mis-alignment is
estimated using simulated events with and without
distorted geometry. For this, the impact parameter
distribution with respect to the primary vertex is
measured with data as a function of η and φ with
the maximum deviation from zero being less than
10 µm. The measurement is used to distort the
geometry for simulated events in order to repro-
duce the impact parameter distribution measured
as a function of η and φ. The difference between
the measurement using simulated events with and
without the distorted geometry is used as the sys-
tematic uncertainty.

• Trigger efficiency: It is observed that the muon
trigger biases the transverse impact parameter of
muons toward smaller values. To correct for this
bias the events are re-weighted according to

w = e−|t|/(τsing+ε)/e−|t|/τsing ,

where τsing is a single B0
s lifetime measured before

the correction, using an unbinned mass–lifetime
maximum likelihood fit. The value of the parame-
ter ε and its uncertainty are described in [6]. The
systematic uncertainty is calculated by varying the
value of ε by its uncertainty and rerunning the fit.

• B0 contribution: Contaminations from B0 →
J/ψK0∗ and B0 → J/ψKπ events mis-
reconstructed as B0

s → J/ψφ are accounted for in
the default fit. The fractions of B0 → J/ψK0∗

and B0 → J/ψKπ events in the default fit are
(6.5 + /− 2.4)% and (4.5 + /− 2.8)% respectively.
They were determined in MC simulation and us-
ing branching fractions from ref. [17]. To estimate
the systematic uncertainty arising from the preci-
sion of the fraction estimates, the data are fitted
with these fractions increased and decreased by 1σ.
The largest shifts in the fitted values from the de-
fault case are taken as the systematic uncertainty
for each parameter of interest.

• Tagging: For the uncertainties in the fit parame-
ters due to uncertainty in the tagging, the statisti-
cal and systematic components are separated. The
statistical uncertainty is due to the sample size of
B± → J/ψK± decays available and is included in
the overall statistical error. The systematic uncer-
tainty arises from the precision of the tagging cali-
bration and is estimated by varying the model pa-
rameterizing the probability distribution, P (B|Q),

as a function of tag charge. The default model is
a linear function. For the combined-muon cone-
charge tag and the segment tagged muons the alter-
native fit function is a third-order polynomial. For
the jet-charge tag with no muons, a third- and a
fifth-order polynomial are used. The B0

s fit was re-
peated using the alternative models and the largest
difference was assigned as the systematic uncer-
tainty.

• Angular acceptance method: The angular ac-
ceptance is calculated from a binned fit to Monte
Carlo data. A separate set of Monte Carlo signal
events were generated and fully simulated. Back-
ground was generated using pseudo-experiments as
described below. There is sufficient data to perform
166 fits. The systematic uncertainty is calculated
using the bias of the pull distribution multiplied by
the statistical uncertainty of each parameter. In
order to estimate the size of the systematic uncer-
tainty introduced from the choice of binning, differ-
ent acceptance functions are calculated using differ-
ent bin widths and central values. These effects are
found to be negligible.

• Signal and background mass model, resolu-
tion model, background lifetime and back-
ground angles model: In order to estimate the
size of systematic uncertainties caused by the as-
sumptions made in the fit model, variations of the
model are tested in pseudo-experiments. A set
of 2400 pseudo-experiments is generated for each
variation considered, and fitted with the default
model. The systematic error quoted for each ef-
fect is the difference between the mean shift of the
fitted value of each parameter from its input value
for the pseudo-experiments with the systematic al-
teration included. The variations are: two differ-
ent scale factors are used to generate the signal
mass; the background mass is generated from an
exponential function; two different scale factors are
used to generate the lifetime uncertainty; the back-
ground lifetimes are generated by sampling data
from the mass sidebands; pseudo-experiments are
generated with background angles taken from his-
tograms from sideband data and are fitted with the
default fit model to assess the systematic uncer-
tainty to the parameterization of the background
angles in the fit.

• Default fit model: The systematic uncertainty
of the default fit model is calculated using the bias
of the pull distribution of 2400 pseudo-experiments,
multiplied by the statistical uncertainty of each pa-
rameter.

The systematic uncertainties are provided in table VII.
For each variable, the total systematic error is obtained
by adding in quadrature the different contributions.
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φs ∆Γ Γs |A||(0)|2 |A0(0)|2 |AS(0)|2 δ‖ δ⊥ δ⊥ − δS
φs 1.000 0.107 0.026 0.010 0.002 0.029 0.021 -0.043 -0.003

∆Γ 1.000 -0.617 0.105 0.103 0.069 0.006 -0.017 0.001

Γs 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

δ‖ 1.000 0.038 0.007

δ⊥ 1.000 0.081

δ⊥ − δS 1.000

TABLE VI. Correlations between the physics parameters.

φs ∆Γs Γs |A‖(0)|2 |A0(0)|2 |AS(0)|2 δ⊥ δ‖ δ⊥ − δS
[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 efficiency <10−2 <10−3 0.002 <10−3 <10−3 < 10−3 <10−2 <10−2 <10−2

B0 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/ψφ decay is invariant

under the following simultaneous transformations:

{φs,∆Γs, δ⊥, δ‖} → {π − φs,−∆Γs, π − δ⊥, 2π − δ‖}

∆Γs has been determined to be positive [24]. Therefore
there is a unique solution and only the case ∆Γs > 0 is
considered. Uncertainties on individual parameters were
studied in detail in likelihood scans. Figure 7 shows the
1D likelihood scans for φs and ∆Γs. Figure 8 shows the
likelihood contours in the φs – ∆Γs 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 δ⊥ appears Gaussian and
therefore it is reasonable to quote δ⊥ = 3.89± 0.47(stat)
rad. For δ⊥ − δS the scan shows a minimum close to
π; however, it is insensitive over the rest of the scan at

the level of 2.1σ. Therefore the measured value of the
difference δ⊥ − δS is only given as 1σ confidence interval
[3.02, 3.25] rad. For the strong phase δ|| the central fit
value is close to π (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 δ|| ∈ [2.92, 3.35] rad (statistical only).
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IX. CONCLUSION

A measurement of time-dependent CP asymmetry pa-
rameters in B0

s → J/ψ(µ+µ−)φ(K+K−) decays from a
4.9 fb−1 data sample of pp collisions collected with the
ATLAS detector during the 2011

√
s = 7 TeV LHC run

is presented. Several parameters describing theB0
s meson

system are measured. These include the meanB0
s lifetime

1/Γs, the decay width difference ∆Γs between the heavy
and light mass eigenstates, and the transversity ampli-
tudes |A0(0)| and |A‖(0)|. Each of these is consistent
with its respective world average. Likelihood contours
in the φs - ∆Γs plane are also provided. The fraction
|AS(0)|2, the signal contribution from B0

s → J/ψK+K−

and B0
s → J/ψf0 decays, is measured to be consistent

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

The results are:

φs = 0.12± 0.25 (stat.)± 0.05 (syst.) rad

∆Γs = 0.053± 0.021 (stat.)± 0.010 (syst.) ps
−1

Γs = 0.677± 0.007 (stat.)± 0.004 (syst.) ps
−1

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

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

δ⊥ = 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 φs. These results are consistent with the
values predicted in the Standard Model.
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G. Cottin28, G. Cowan76, B.E. Cox83, K. Cranmer109, G. Cree29, S. Crépé-Renaudin55, F. Crescioli79,
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R. Hertenberger99, L. Hervas30, G.G. Hesketh77, N.P. Hessey106, R. Hickling75, E. Higón-Rodriguez168, J.C. Hill28,
K.H. Hiller42, S. Hillert21, S.J. Hillier18, I. Hinchliffe15, E. Hines121, M. Hirose117, D. Hirschbuehl176, J. Hobbs149,
N. Hod106, M.C. Hodgkinson140, P. Hodgson140, A. Hoecker30, M.R. Hoeferkamp104, J. Hoffman40, D. Hoffmann84,
J.I. Hofmann58a, M. Hohlfeld82, T.R. Holmes15, T.M. Hong121, L. Hooft van Huysduynen109, J-Y. Hostachy55,
S. Hou152, A. Hoummada136a, J. Howard119, J. Howarth42, M. Hrabovsky114, I. Hristova16, J. Hrivnac116,
T. Hryn’ova5, P.J. Hsu82, S.-C. Hsu139, D. Hu35, X. Hu25, Y. Huang42, Z. Hubacek30, F. Hubaut84, F. Huegging21,
T.B. Huffman119, E.W. Hughes35, G. Hughes71, M. Huhtinen30, T.A. Hülsing82, M. Hurwitz15, N. Huseynov64,b,
J. Huston89, J. Huth57, G. Iacobucci49, G. Iakovidis10, I. Ibragimov142, L. Iconomidou-Fayard116, J. Idarraga116,
E. Ideal177, P. Iengo103a, O. Igonkina106, T. Iizawa172, Y. Ikegami65, K. Ikematsu142, M. Ikeno65, D. Iliadis155,
N. Ilic159, Y. Inamaru66, T. Ince100, P. Ioannou9, M. Iodice135a, K. Iordanidou9, V. Ippolito57, A. Irles Quiles168,
C. Isaksson167, M. Ishino67, M. Ishitsuka158, R. Ishmukhametov110, C. Issever119, S. Istin19a, J.M. Iturbe Ponce83,
A.V. Ivashin129, W. Iwanski39, H. Iwasaki65, J.M. Izen41, V. Izzo103a, B. Jackson121, J.N. Jackson73, M. Jackson73,



18

P. Jackson1, M.R. Jaekel30, V. Jain2, K. Jakobs48, S. Jakobsen36, T. Jakoubek126, J. Jakubek127, D.O. Jamin152,
D.K. Jana78, E. Jansen77, H. Jansen30, J. Janssen21, M. Janus171, G. Jarlskog80, T. Jav̊urek48, L. Jeanty15,
G.-Y. Jeng151, D. Jennens87, P. Jenni48,n, J. Jentzsch43, C. Jeske171, S. Jézéquel5, H. Ji174, W. Ji82, J. Jia149,
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M. Pagáčová48, S. Pagan Griso15, E. Paganis140, C. Pahl100, F. Paige25, P. Pais85, K. Pajchel118, G. Palacino160b,
S. Palestini30, D. Pallin34, A. Palma125a,125b, J.D. Palmer18, Y.B. Pan174, E. Panagiotopoulou10,
J.G. Panduro Vazquez76, P. Pani106, N. Panikashvili88, S. Panitkin25, D. Pantea26a, L. Paolozzi134a,134b,
Th.D. Papadopoulou10, K. Papageorgiou155,k, A. Paramonov6, D. Paredes Hernandez34, M.A. Parker28,
F. Parodi50a,50b, J.A. Parsons35, U. Parzefall48, E. Pasqualucci133a, S. Passaggio50a, A. Passeri135a,
F. Pastore135a,135b,∗, Fr. Pastore76, G. Pásztor49,aa, S. Pataraia176, N.D. Patel151, J.R. Pater83, S. Patricelli103a,103b,
T. Pauly30, J. Pearce170, M. Pedersen118, S. Pedraza Lopez168, R. Pedro125a,125b, S.V. Peleganchuk108,
D. Pelikan167, H. Peng33b, B. Penning31, J. Penwell60, D.V. Perepelitsa25, E. Perez Codina160a,
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