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Outline

• Bs meson sector;

• ΔMs: Mass difference;

• ΔΓs:  Width difference;

• ϕs: CP-violating phase angle;

- AsSL: Charge asymmetry;

• Combination results;

• Summary
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Strange Properties of Beautiful Mesons 

• Neutral mesons with fast oscillation rate (~18 ps-1)

• Flavour     ,        and mass      ,       eigenstates different
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Measuring Beyond SM effects

•      sensitive to effects of new physics, 
both through         and                .

•        measured from           

•                can be obtained through 

•      from tree level processes; new physics unlikely, 
however NP can enter width difference through 

• leads to decrease in        .

• Gluinos and squarks in MSSM box diagrams can 
compete with SM contributions,
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b→ sγ could change Γ12
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Measuring Bs mesons at DØ 

• Tevatron: proton–antiproton collisions at √s=1.96 TeV,

• Most B physics analyses utilise excellent 3-layer muon system 
with large |η|<2 coverage.

• Vertexing and decay-length measurements using silicon and 
fiber-tracking systems, enclosed within 2T field.

• Over 3fb-1 delivered by accelerator division to DØ since 2002. 

• These analyses from ~1fb-1 integrated luminosity.
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Mass Difference Δms

• In 2006

- DØ first direct double-sided bound on Δms,
rules out potential large effects from new physics

- CDF precision measurement.

DØ Collab. PRL 97 021802 (2006)
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DØ to update shortly with improved analysis, increased luminosity 
and additional decay modes.

CDF

∆ms = 17.77± 0.10 (stat)± 0.07 (syst)
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Width Difference ΔΓs

• Width difference in Bs system predicted in SM as

• Effects from New Physics processes 
may reduce width difference

• DØ results from:

- Bs→Ds(*)Ds(*),

- Bs→J/ψ ϕ.

(A. Lenz, U. Nierste, hep-ph/0612167).∆Γs

Γs
= 0.127± 0.024
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Bs→Ds(*)Ds(*)

• Width difference                             , where
                                              is the difference between 
the CP-even and CP-odd final-states.

• Decay of Bs → Ds+Ds- is pure CP-even

• Under certain theoretical assumptions Ds(*)Ds(*) 
is mainly CP-even. 
Some uncertainties in theoretical assumptions.

• Under these assumptions, measurement of branching 
fraction allows determination of the width difference

•         is independent to CP-violation,
 provides a further check on NP.
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Event Selection

• Use 2-dimensional unbinned maximum 
log-likelihood technique to simultaneously fit:

-               from                  ,

-           .

• Normalised to decay Bs→Ds(*) μ ν X,
reduce detector related systematic effects.

γ/π0s not reconstructed

Ds±

D±

N(Ds) = 17,700±230.
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 Results: Bs→Ds(*)Ds(*)

• Signal Ds(*)Ds(*): Joint production of Ds(Φ1π) 
and Φ2 mesons,

• Background:  uncorrelated production and 
peaking contributions,

• Increased precision from previous 
measurement (ALEPH).

• DØ measures

• Allows indirect estimate of ∆Γs through:

• Consistent with SM.

∆ΓCP
s

Γs
≈ 2Br(B0

s → D(∗)
s D(∗)

s )
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N(D(∗)
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s ) = 13.4+6.6
−6.0
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s

Γs
= 0.079+0.038

−0.035(stat)+0.031
−0.030(syst)

Br(B0
s → D(∗)

s D(∗)
s ) = 0.039+0.019

−0.017 (stat)+0.016
−0.015 (syst)
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Bs→J/ψ ϕ

• Untagged Bs decays to J/ψ(μ+μ-) ϕ(K+K-),

• Different angular distributions for the CP eigenstates,

• Separation of even and odd modes with time-dependent 
angular analysis of final-state particles,

• Clean experimental signal.

CP-Even
CP-Odd

final states
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 Phys. Rev. Lett. 98 , 121801 (2007)
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• 3 angles to separate polarisation 
amplitudes
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• 3 angles to separate polarisation 
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Bs→J/ψ ϕ:  Analysis

• Signal extracted from Likelihood fit using 23,343 events,
yielding 1,039 ± 45 Bs candidates.

• Background parameterisations for: lifetime, invariant mass and 
angular distributions, with prompt and non-prompt components.

- Prompt component from J/ψ and tracks from hadronisation

- Non-prompt: J/ψ from B decay, tracks for ϕ meson from 
hadronisation or multi-body decays of same B meson.

• Extracted from fit:

- Average lifetime,

- Width difference,

- (CP-violating phase),

- Magnitude and relative phases of decay amplitudes.

13
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Results: ΔΓs

• Under no CP-violation (ϕs=0),

• Bs→J/ψ ϕ yields most precise direct ΔΓs measurement:

• Increased luminosity and 
enhanced analysis on-way.

• Bs→Ds(*)Ds(*) consistent with
SM and other measurements.

∆Γs = 0.12+0.08
−0.10 ± 0.02 ps−1

τ̄s = 1.52± 0.08+0.01
−0.03 ps

∆ΓCP
s

Γs
= 0.079+0.038

−0.035(stat)+0.031
−0.030(syst)
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CP-Violating phase: ϕs

• Small value predicted in SM: ~-0.03 rad.

• For untagged initial state, 
decays of Bs→J/ψ ϕ gives interference terms between 
CP-odd and CP-even states

• Relates to the time-dependent width through 

• Sensitivity to ϕs with sizeable ΔΓs,

• DØ measurement performed with Bs→J/ψ ϕ;

- Same data as for ΔΓs analysis, where

- ϕs is now a free parameter in the fitting procedure.

Γs(t) ∼ (e−ΓLt − e−ΓHt) sinφs

15
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Results: ϕs

• First direct constraint on ϕs

4-fold ambiguity on sign(ϕs,ΔΓs) 
with flip of strong phase angles

φs = −0.79± 0.56+0.14
−0.01 ∆Γs = 0.17± 0.09± 0.02 ps−1

ΔΓ cosδ1, cosδ2 ϕs

>0 >0,<0 -0.79
<0 >0, <0 +2.35
>0 <0,>0 +0.79
<0 <0,>0 -2.35

16
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Combination of Results

• Additional measurements from DØ in charge asymmetry in:

- di-muon decays,

- Semileptonic decays.

• CP-violation through mixing would produce non-zero 
charge asymmetry        .

• Refer to talk by Pieter Van Den Berg, Monday 30 Jul
for further details.

• Combined value from both measurements yields

• Provides important constraint in order to combine measurements.

17
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In Ref. [10], we measured the same-sign dimuon charge
asymmetry defined as:

Aµµ
SL =

N(bb̄ → µ+µ+X) − N(bb̄ → µ−µ−X)

N(bb̄ → µ+µ+X) + N(bb̄ → µ−µ−X)
. (4)

Both B0
d and B0

s contribute to this quantity [17], and the
result of Ref. [10] is given as:

Ad
SL +

fsZs

fdZd
As

SL =

= −0.0092± 0.0044 (stat) ± 0.0032 (syst); (5)

Zq =
1

1 − y2
q

−
1

1 + x2
q

;

xq = ∆Mq/Γq; yq = ∆Γq/(2Γq);

where Ad
SL and As

SL are the charge asymmetries of the B0
d

and B0
s semileptonic decays, and fd and fs are the pro-

duction rates of B0
d and B0

s mesons in the hadronization
of the b quark, respectively. In deriving relation (5), it is
assumed that there is no direct CP violation in semilep-
tonic B decays and that the semileptonic width of all B
mesons is the same. Using the world-average values [15]
fd = 0.398±0.012, fs = 0.103±0.014, xd = 0.776±0.008,
and Zd = 0.376± 0.006 we obtain:

fsZs

fdZd
= 0.70 ± 0.07 (syst) ± 0.10 (PDG). (6)

The value of Zs was computed using the measured val-
ues of ∆Γs [8], τ s [8], and ∆Ms [6]: Zs = 1.015+0.018

−0.010.
We have tested that propagating the Zs dependence on
∆Γs has negligible effect on the final results. The sys-
tematic uncertainty arises mainly from a conservative es-
timate of a possible variation in the reconstruction effi-
ciency of muons from semileptonic decays of different B
mesons [18].

The asymmetry Ad
SL has been measured at B facto-

ries where only B0
d and B± mesons are produced. The

average value of Ad
SL is [14]: Ad

SL = −0.0047 ± 0.0046.
Combining this value and (5,6), and adding statistical
and systematic uncertainties in quadrature, we obtain:

As
SL = −0.0064± 0.0101. (7)

In Ref. [11], we measured As
SL directly by using all

events with at least one muon that were consistent with
the sequential decay B0

s → µνDs with Ds → φπ. The
result of this measurement is:

As
SL = +0.0245± 0.0193 (stat) ± 0.0035 (syst). (8)

The measurements (7) and (8) are nearly independent
since the fraction of dimuon final states in the sam-
ple of semileptonic B0

s decays used in Ref. [11] is only
about 10% [19], and the fraction of semileptonic decays
B0

s → µνDs with Ds → φπ in the dimuon sample used in
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Ref. [10] is less than 1%. Also, the systematic uncertain-
ties of the two measurements are uncorrelated. The main
source of systematic uncertainty in (7) is the correction
due to K± decays, while in the case of the measurement
(8) it is the fitting procedure.

Their combination gives the best estimate of the charge
asymmetry in semileptonic B0

s decays:

As
SL = 0.0001± 0.0090. (9)

Using relation (3) and the result ∆Ms = 17.8± 0.1 ps−1

As
SL

ASL =
∆Γ
∆m

tanφ

Aunt
SL =

N(Bs → D−s µ+ν)−N(Bs → D+
s µ−ν̄)

N(Bs → D−s µ+ν) + N(Bs → D+
s µ−ν̄)

≈ 1
2
As

SL
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and B0
s semileptonic decays, and fd and fs are the pro-

duction rates of B0
d and B0

s mesons in the hadronization
of the b quark, respectively. In deriving relation (5), it is
assumed that there is no direct CP violation in semilep-
tonic B decays and that the semileptonic width of all B
mesons is the same. Using the world-average values [15]
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The value of Zs was computed using the measured val-
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SL is [14]: Ad
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Ref. [10] is less than 1%. Also, the systematic uncertain-
ties of the two measurements are uncorrelated. The main
source of systematic uncertainty in (7) is the correction
due to K± decays, while in the case of the measurement
(8) it is the fitting procedure.

Their combination gives the best estimate of the charge
asymmetry in semileptonic B0

s decays:

As
SL = 0.0001± 0.0090. (9)

Using relation (3) and the result ∆Ms = 17.8± 0.1 ps−1
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Combination Results
• Possible to extract additional constraint by combining 

measurements,

• Includes external input: 

- ∆ms (CDF), 

- World-average flavour-specific Bs lifetime 
(includes DØ lifetime measurement).

• Refit Bs→J/ψ ϕ data with new constraint.

• ϕs ~1.2σ from SM expectation,

• 4-fold ambiguity remains.

18

∆Γs tanφs = As
SL∆ms = 0.02± 0.16 ps−1

τfs = 1.440± 0.036 ps−1 (HFAG)

hep-ex/0702030, PRD

ΔΓs

ϕs

∆Γs = 0.13 ± 0.09 ps−1

|φs| = 0.70+0.39
−0.47

∆Γs = −0.13 ± 0.09 ps−1

|φs| = 2.44+0.47
−0.39

Or
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Summary

• Exciting results in observable parameters of Bs sector

• Δms:  Have precision measurement (CDF)

• ΔΓs:  Direct measurements 

• ϕs:  First direct constraint – sign ambiguity still to be resolved.

• Combined results of ∆Γs, ϕs

• All currently consistent with SM predictions, however

• Results statistically limited.

• With increased luminosity (4-8 fb-1) expected from Tevatron,
and improved analyses, will allow us to probe deeper into 
asymmetry within the Universe.

19

hep-ex/0702030, PRD

 Phys. Rev. Lett. 98 , 121801 (2007)

CDF Collab. PRL 97 242003 (2006)
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Backup
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Γ

21

5

We perform a simultaneous unbinned maximum likeli-
hood fit to the proper decay length, three decay angles,
and mass. The likelihood function L is given by:

L =
N
∏

i=1

[fsigF i
sig + (1 − fsig)F i

bck], (1)

where N is the total number of events, and fsig is the
fraction of signal in the sample. The function F i

sig de-
scribes the distribution of the signal in mass, proper de-
cay length, and the decay angles, and F i

bck is the prod-
uct of the background mass, proper decay length, and
angular probability density functions. Background is di-

vided into two categories. “Prompt” background is due
to directly produced J/ψ mesons accompanied by ran-
dom tracks arising from hadronization. This background
is distinguished from “non-prompt” background, where
the J/ψ meson is a product of a B hadron decay while
the tracks forming the φ candidate emanate from a multi-
body decay of the same B hadron or from hadronization.

The time evolution of the angular distribution of the
products of the decay of flavor untagged B0

s mesons, i.e.,

summed over B0
s and B

0

s, expressed in terms of the linear
polarization amplitudes Ax and their relative phases δi

is [1]:

d3Γ(t)

d cos θ dϕ d cosψ
∝ 2|A0(0)|2 T+ cos2 ψ(1−sin2 θ cos2 ϕ)+sin2 ψ{|A‖(0)|2 T+ (1−sin2 θ sin2 ϕ)+|A⊥(0)|2 T− sin2 θ}

+
1√
2

sin 2ψ|A0(0)||A‖(0)| cos(δ2 − δ1) T+ sin2 θ sin 2ϕ

+

{

1√
2
|A0(0)||A⊥(0)| cos δ2 sin 2ψ sin 2θ cosϕ

−|A‖(0)||A⊥(0)| cos δ1 sin2 ψ sin 2θ sin ϕ

}

1

2

(

e−ΓHt − e−ΓLt
)

sinφs . (2)

where T+/− = 1
2

(

(1 ± cosφs)e−ΓLt + (1 ∓ cosφs)e−ΓHt
)

.

In the coordinate system of the J/ψ rest frame (where
the φ meson moves in the x direction, the z axis is
perpendicular to the decay plane of φ → K+K−, and
py(K+) ≥ 0), the transversity polar and azimuthal an-
gles (θ, ϕ) describe the direction of the µ+, and ψ is the
angle between &p(K+) and −&p(J/ψ) in the φ rest frame.

We model the acceptance in the three angles by fits
using polynomial functions, with parameters determined
using Monte Carlo simulations. We have used the
SVV HELAMP model in the EvtGen generator [7], in-
terfaced to the Pythia program [8]. Simulated events
were reweighted to match the kinematic distributions ob-
served in the data.

The lifetime distribution shape of the background is
described as a sum of a prompt component, simulated
as a Gaussian function centered at zero, and a non-
prompt component, simulated as a superposition of one
exponential for the negative ct region and two exponen-
tials for the positive ct region, with free slopes and nor-
malization. The mass distributions of the backgrounds
are parametrized by first-order polynomials. The dis-
tributions in the transversity polar and azimuthal an-

gles are parametrized as 1 + X2x cos2 θ + X4x cos4 θ and
1+Y1x cos(2ϕ)+Y2x cos2(2ϕ), respectively. For the back-
ground dependence on the angle ψ, we use the function
1 + Z2x cos2(ψ). We also allow for a background term
analogous to the interference term of the CP-even waves,
with one free coefficient. For each of the above back-
ground functions we use two separate sets of parameters
for the prompt and non-prompt components.

Our results for the hypothesis of CP conservation and
for the case of free φs, are presented in Table I. For the
CP-violating phase, which has a four-fold ambuguity dis-
cussed below, the fit value closest to the SM prediction
of −0.03 [1] is φs = −0.79 ± 0.56. Figures 2 – 5 show
the fit projections on the angular distributions and the
proper decay length. Figure 6 shows the ∆ ln(L) = 0.5
error ellipse contour (corresponding to the confidence
level of 39%) in the plane (∆Γ, φs). As seen from Eq. 2,
the sign of sinφs is reversed with the simultaneous re-
versal of the signs of cos δ1 and cos δ2. For the case
cos δ1 < 0 and cos δ2 > 0, our measurement correlates
two possible solutions for φs with the two signs of ∆Γ:
φs = −0.79±0.56, ∆Γ > 0, and φs = 2.35±0.56, ∆Γ < 0.
For the case cos δ1 > 0 and cos δ2 < 0 the two solutions

5

We perform a simultaneous unbinned maximum likeli-
hood fit to the proper decay length, three decay angles,
and mass. The likelihood function L is given by:

L =
N
∏

i=1

[fsigF i
sig + (1 − fsig)F i

bck], (1)

where N is the total number of events, and fsig is the
fraction of signal in the sample. The function F i

sig de-
scribes the distribution of the signal in mass, proper de-
cay length, and the decay angles, and F i

bck is the prod-
uct of the background mass, proper decay length, and
angular probability density functions. Background is di-

vided into two categories. “Prompt” background is due
to directly produced J/ψ mesons accompanied by ran-
dom tracks arising from hadronization. This background
is distinguished from “non-prompt” background, where
the J/ψ meson is a product of a B hadron decay while
the tracks forming the φ candidate emanate from a multi-
body decay of the same B hadron or from hadronization.

The time evolution of the angular distribution of the
products of the decay of flavor untagged B0

s mesons, i.e.,

summed over B0
s and B

0

s, expressed in terms of the linear
polarization amplitudes Ax and their relative phases δi

is [1]:

d3Γ(t)

d cos θ dϕ d cosψ
∝ 2|A0(0)|2 T+ cos2 ψ(1−sin2 θ cos2 ϕ)+sin2 ψ{|A‖(0)|2 T+ (1−sin2 θ sin2 ϕ)+|A⊥(0)|2 T− sin2 θ}

+
1√
2

sin 2ψ|A0(0)||A‖(0)| cos(δ2 − δ1) T+ sin2 θ sin 2ϕ

+

{

1√
2
|A0(0)||A⊥(0)| cos δ2 sin 2ψ sin 2θ cosϕ

−|A‖(0)||A⊥(0)| cos δ1 sin2 ψ sin 2θ sin ϕ

}

1

2

(

e−ΓHt − e−ΓLt
)

sinφs . (2)

where T+/− = 1
2

(

(1 ± cosφs)e−ΓLt + (1 ∓ cosφs)e−ΓHt
)

.

In the coordinate system of the J/ψ rest frame (where
the φ meson moves in the x direction, the z axis is
perpendicular to the decay plane of φ → K+K−, and
py(K+) ≥ 0), the transversity polar and azimuthal an-
gles (θ, ϕ) describe the direction of the µ+, and ψ is the
angle between &p(K+) and −&p(J/ψ) in the φ rest frame.

We model the acceptance in the three angles by fits
using polynomial functions, with parameters determined
using Monte Carlo simulations. We have used the
SVV HELAMP model in the EvtGen generator [7], in-
terfaced to the Pythia program [8]. Simulated events
were reweighted to match the kinematic distributions ob-
served in the data.

The lifetime distribution shape of the background is
described as a sum of a prompt component, simulated
as a Gaussian function centered at zero, and a non-
prompt component, simulated as a superposition of one
exponential for the negative ct region and two exponen-
tials for the positive ct region, with free slopes and nor-
malization. The mass distributions of the backgrounds
are parametrized by first-order polynomials. The dis-
tributions in the transversity polar and azimuthal an-

gles are parametrized as 1 + X2x cos2 θ + X4x cos4 θ and
1+Y1x cos(2ϕ)+Y2x cos2(2ϕ), respectively. For the back-
ground dependence on the angle ψ, we use the function
1 + Z2x cos2(ψ). We also allow for a background term
analogous to the interference term of the CP-even waves,
with one free coefficient. For each of the above back-
ground functions we use two separate sets of parameters
for the prompt and non-prompt components.

Our results for the hypothesis of CP conservation and
for the case of free φs, are presented in Table I. For the
CP-violating phase, which has a four-fold ambuguity dis-
cussed below, the fit value closest to the SM prediction
of −0.03 [1] is φs = −0.79 ± 0.56. Figures 2 – 5 show
the fit projections on the angular distributions and the
proper decay length. Figure 6 shows the ∆ ln(L) = 0.5
error ellipse contour (corresponding to the confidence
level of 39%) in the plane (∆Γ, φs). As seen from Eq. 2,
the sign of sinφs is reversed with the simultaneous re-
versal of the signs of cos δ1 and cos δ2. For the case
cos δ1 < 0 and cos δ2 > 0, our measurement correlates
two possible solutions for φs with the two signs of ∆Γ:
φs = −0.79±0.56, ∆Γ > 0, and φs = 2.35±0.56, ∆Γ < 0.
For the case cos δ1 > 0 and cos δ2 < 0 the two solutions
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are φs = 0.79±0.56, ∆Γ > 0, and φs = −2.35±0.56,
∆Γ < 0.

TABLE I: Maximum likelihood fit results. Sign ambiguities
are discussed in the text.

.
Observable CP conserved free φs

∆Γ (ps−1) 0.12+0.08
−0.10 0.17+0.09

−0.09

1

Γ
= τ (ps) 1.52+0.08

−0.08 1.49 ± 0.08

φs ≡ 0 −0.79±0.56

|A0(0)|2 − |A‖(0)|
2 0.38±0.05 0.37±0.06

A⊥(0) 0.45±0.05 0.46±0.06

δ1 − δ2 2.6±0.4 2.6±0.4

δ1 – 3.3±1.0

δ2 – 0.7±1.1
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FIG. 2: The transversity polar angle distribution for the
signal-enhanced subsample: ct/σ(ct) > 5 and signal mass
range. The curves show: the signal contribution, dotted (red);
the background, light solid (green); and total, solid (blue)
[color online].

We perform a test using pseudo-experiments with sim-
ilar statistical sensitivity, generated with the same pa-
rameters as obtained in this analysis under the condition
of no CP violation. When fits allowing for CP violation
are performed, ≈ 50% of the experiments have a fitted
cos(φs) less than the measured value. About 80% of ex-
periments have the statistical uncertainty of φs greater
than that for data.

We verify the procedure by performing fits on MC
samples passed through the full chain of detector sim-
ulation, event reconstruction, and maximum likelihood
fitting. We assign systematic uncertainties due to the
statistical precision of this procedure test. We also re-
peat the fits to the data with the parameters describing
the acceptance varied by ±1σ.
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FIG. 3: The transversity asimuthal angle distribution for
the signal-enhanced subsample: ct/σ(ct) > 5 and signal mass
range. The curves show: the signal contribution, dotted (red);
the background, light solid (green); and total, solid (blue)
[color online].
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FIG. 4: The ψ angle distribution for the signal-enhanced
subsample: ct/σ(ct) > 5 and signal mass range. The curves
show: the signal contribution, dotted (red); the background,
light solid (green); and total, solid (blue) [color online].

Uncertainties from the data processing reflect the sta-
bility of the results with respect to different versions of
the track and vertex reconstruction algorithms. The “in-
terference” term in the background model accounts for
the collective effect of various physics processes. How-
ever, its presence may be partially due to the detector
acceptance effects. Therefore, we interpret the difference
between fits with and without this term as a systematic
uncertainty associated with the background model. Ef-
fects of the imperfect detector alignment are estimated
using a modified geometry of the the silicon microstrip
tracker, with silicon sensors moved within the known
uncertainty. The effects of systematic uncertainties are
listed in Table II.

From a fit to the CP-conserving time-dependent angu-
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s candidates

in the signal mass region. The curves show: the signal con-
tribution, dashed (red); the CP-even (dotted) and CP-odd
(dashed-dotted) contributions of the signal, the background,
light solid(green); and total, solid (blue) [color online].

TABLE II: Sources of systematic uncertainty in the results of
the analysis of the decay B0

s → J/ψφ.

Source cτ (B0
s) ∆Γ R⊥ φs

µm ps−1

Procedure test ±2.0 ±0.02 ±0.01 –
Acceptance ±0.5 ±0.001 ±0.003 ±0.01

Reco. algorithm −8.0,+1.3 +0.001 ±0.01 −0.01
Background model +1.0 +0.01 −0.01 +0.14

Alignment ±2.0 – – –
Total −8.8, +3.3 ±0.02 ±0.02 −0.01, +0.14
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FIG. 6: The ∆ ln(L) = 0.5 contour (error elipse) in the plane
(∆Γ, φs) for the fit to the B0

s → J/ψφ data. Also shown is
the band representing the relation ∆Γ = ∆ΓSM × |(cos(φs)|,
with ∆ΓSM = 0.10 ± 0.03 ps−1 [10]. The 4-fold ambiguity is
discussed in the text.

lar distribution of the untagged decay B0
s → J/ψφ, we

obtain the average lifetime of the B0
s system, τ (B0

s ) =
1.52±0.08 (stat) +0.01

−0.03 (syst) ps and the width difference

between the two mass eigenstates, ∆Γ = 0.12+0.08
−0.10 (stat)

±0.02 (syst) ps−1.

Allowing for CP violation in B0
s mixing, we provide the

first direct constraint on the CP-violating phase, φs =
−0.79± 0.56 (stat) +0.14

−0.01 (syst).
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We perform a simultaneous unbinned maximum likeli-
hood fit to the proper decay length, three decay angles,
and mass. The likelihood function L is given by:

L =
N
∏

i=1

[fsigF i
sig + (1 − fsig)F i

bck], (1)

where N is the total number of events, and fsig is the
fraction of signal in the sample. The function F i

sig de-
scribes the distribution of the signal in mass, proper de-
cay length, and the decay angles, and F i

bck is the prod-
uct of the background mass, proper decay length, and
angular probability density functions. Background is di-

vided into two categories. “Prompt” background is due
to directly produced J/ψ mesons accompanied by ran-
dom tracks arising from hadronization. This background
is distinguished from “non-prompt” background, where
the J/ψ meson is a product of a B hadron decay while
the tracks forming the φ candidate emanate from a multi-
body decay of the same B hadron or from hadronization.

The time evolution of the angular distribution of the
products of the decay of flavor untagged B0

s mesons, i.e.,

summed over B0
s and B

0

s, expressed in terms of the linear
polarization amplitudes Ax and their relative phases δi

is [1]:

d3Γ(t)

d cos θ dϕ d cosψ
∝ 2|A0(0)|2 T+ cos2 ψ(1−sin2 θ cos2 ϕ)+sin2 ψ{|A‖(0)|2 T+ (1−sin2 θ sin2 ϕ)+|A⊥(0)|2 T− sin2 θ}

+
1√
2

sin 2ψ|A0(0)||A‖(0)| cos(δ2 − δ1) T+ sin2 θ sin 2ϕ

+

{

1√
2
|A0(0)||A⊥(0)| cos δ2 sin 2ψ sin 2θ cosϕ

−|A‖(0)||A⊥(0)| cos δ1 sin2 ψ sin 2θ sin ϕ

}

1

2

(

e−ΓHt − e−ΓLt
)

sinφs . (2)

where T+/− = 1
2

(

(1 ± cosφs)e−ΓLt + (1 ∓ cosφs)e−ΓHt
)

.

In the coordinate system of the J/ψ rest frame (where
the φ meson moves in the x direction, the z axis is
perpendicular to the decay plane of φ → K+K−, and
py(K+) ≥ 0), the transversity polar and azimuthal an-
gles (θ, ϕ) describe the direction of the µ+, and ψ is the
angle between &p(K+) and −&p(J/ψ) in the φ rest frame.

We model the acceptance in the three angles by fits
using polynomial functions, with parameters determined
using Monte Carlo simulations. We have used the
SVV HELAMP model in the EvtGen generator [7], in-
terfaced to the Pythia program [8]. Simulated events
were reweighted to match the kinematic distributions ob-
served in the data.

The lifetime distribution shape of the background is
described as a sum of a prompt component, simulated
as a Gaussian function centered at zero, and a non-
prompt component, simulated as a superposition of one
exponential for the negative ct region and two exponen-
tials for the positive ct region, with free slopes and nor-
malization. The mass distributions of the backgrounds
are parametrized by first-order polynomials. The dis-
tributions in the transversity polar and azimuthal an-

gles are parametrized as 1 + X2x cos2 θ + X4x cos4 θ and
1+Y1x cos(2ϕ)+Y2x cos2(2ϕ), respectively. For the back-
ground dependence on the angle ψ, we use the function
1 + Z2x cos2(ψ). We also allow for a background term
analogous to the interference term of the CP-even waves,
with one free coefficient. For each of the above back-
ground functions we use two separate sets of parameters
for the prompt and non-prompt components.

Our results for the hypothesis of CP conservation and
for the case of free φs, are presented in Table I. For the
CP-violating phase, which has a four-fold ambuguity dis-
cussed below, the fit value closest to the SM prediction
of −0.03 [1] is φs = −0.79 ± 0.56. Figures 2 – 5 show
the fit projections on the angular distributions and the
proper decay length. Figure 6 shows the ∆ ln(L) = 0.5
error ellipse contour (corresponding to the confidence
level of 39%) in the plane (∆Γ, φs). As seen from Eq. 2,
the sign of sinφs is reversed with the simultaneous re-
versal of the signs of cos δ1 and cos δ2. For the case
cos δ1 < 0 and cos δ2 > 0, our measurement correlates
two possible solutions for φs with the two signs of ∆Γ:
φs = −0.79±0.56, ∆Γ > 0, and φs = 2.35±0.56, ∆Γ < 0.
For the case cos δ1 > 0 and cos δ2 < 0 the two solutions


