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• Standard Model (SM) prediction is small: �SMs = �2�s ⇡ �0.04
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Summary & Outlook

• LHCb fully operational

• Currently 295 nb-1 collected

• Hope for 0.2 fb-1 by end 2010,          

and 1 fb-1 by end of 2011

• In O(140 nb-1) : 

• N(B+→J/ψK+) = 41±8

• N(B0→J/ψK*0) = 33±8

• N(Bs→J/ψφ) = 7±4

• Propertime resolution already 

sufficient for CP measurement

• Alignment improving with more data

• Exciting & busy times ahead!
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Figure 4: Projections for the biased and unbiased data sample after the tagged fit assum-
ing �s = 0. The decay time acceptances applied to the signal component are analogously
applied to the background decay time distributions. The total fit result is represented by
the black line. The signal component is represented by the solid blue line; the dashed and
dotted blue lines show the CP -odd and CP -even signal components respectively. The
background component is given by the red line.
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Figure 4: Projections for the biased and unbiased data sample after the tagged fit assum-
ing �s = 0. The decay time acceptances applied to the signal component are analogously
applied to the background decay time distributions. The total fit result is represented by
the black line. The signal component is represented by the solid blue line; the dashed and
dotted blue lines show the CP -odd and CP -even signal components respectively. The
background component is given by the red line.
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Figure 2: Mass distribution of B0
s ⇤ J/⇧⌅ candidates. The superimposed blue curve is

the signal mass model, the red curve corresponds to the combinatorial background. The
black curve describes sum of signal and background candidates.

where the probability density function (PDF) P consists of a signal component S and a
background component B,

P = fsig S + (1� fsig) B . (2)

with fsig the signal fraction. The set of physics parameters ⇤phys includes the B0
s decay

width �s, the decay width di⌅erence between the B0
s mass eigenstates ⇥�s, the mixing

frequency ⇥ms, the CP violating phase ⌅J/⇥�
s and the relative phases (��, �⇥, �s) and

magnitudes at time t = 0 (|A�(0)|2, |A⇥(0)|2, |As(0)|2) of the three angular transversity
amplitudes and the S-wave contribution. The symbol ⇤det represents the parameters in-
volved in describing resolutions, acceptance and flavour tag calibration. The parameters
used to describe the background are generically denoted by ⇤bkg.
We have verified that the candidate mass does not correlate with the other observables
such that the PDF can be factorized. We assume that the shape of the background does
not depend on the flavour tag and that it factorizes in decay time and decay angles. The
background PDF then reduces to that described in the untagged analysis [11]. Conse-
quently, we concentrate in the following on the PDF for the decay time and decay angles
for the signal contribution.
Ignoring detector e⌅ects, the distribution for the decay time t and the transversity angles
⇤ for B0

s⇤ J/⇧⌅ decays produced in a B0
s flavour eigenstate is given by the di⌅erential

decay rate

d4�(B0
s⇤ J/⇧⌅)

dt d cos ⇥ d⌃ d cos ⇧
⇥ d4�

dt d⇤
⌅

10�

k=1

hk(t)fk(⇤) . (3)

The ten time-dependent amplitudes hk(t) and the angular functions fk(⇤) are given in54

Table 1. The terms 7–10 are related to the description of the S-wave component, which55

have been added to this analysis.56
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Figure 4: Projections for the biased and unbiased data sample after the tagged fit assum-
ing �s = 0. The decay time acceptances applied to the signal component are analogously
applied to the background decay time distributions. The total fit result is represented by
the black line. The signal component is represented by the solid blue line; the dashed and
dotted blue lines show the CP -odd and CP -even signal components respectively. The
background component is given by the red line.
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Figure 2: Mass distribution of B0
s ⇤ J/⇧⌅ candidates. The superimposed blue curve is

the signal mass model, the red curve corresponds to the combinatorial background. The
black curve describes sum of signal and background candidates.

where the probability density function (PDF) P consists of a signal component S and a
background component B,

P = fsig S + (1� fsig) B . (2)

with fsig the signal fraction. The set of physics parameters ⇤phys includes the B0
s decay

width �s, the decay width di⌅erence between the B0
s mass eigenstates ⇥�s, the mixing

frequency ⇥ms, the CP violating phase ⌅J/⇥�
s and the relative phases (��, �⇥, �s) and

magnitudes at time t = 0 (|A�(0)|2, |A⇥(0)|2, |As(0)|2) of the three angular transversity
amplitudes and the S-wave contribution. The symbol ⇤det represents the parameters in-
volved in describing resolutions, acceptance and flavour tag calibration. The parameters
used to describe the background are generically denoted by ⇤bkg.
We have verified that the candidate mass does not correlate with the other observables
such that the PDF can be factorized. We assume that the shape of the background does
not depend on the flavour tag and that it factorizes in decay time and decay angles. The
background PDF then reduces to that described in the untagged analysis [11]. Conse-
quently, we concentrate in the following on the PDF for the decay time and decay angles
for the signal contribution.
Ignoring detector e⌅ects, the distribution for the decay time t and the transversity angles
⇤ for B0

s⇤ J/⇧⌅ decays produced in a B0
s flavour eigenstate is given by the di⌅erential

decay rate

d4�(B0
s⇤ J/⇧⌅)

dt d cos ⇥ d⌃ d cos ⇧
⇥ d4�

dt d⇤
⌅

10�

k=1

hk(t)fk(⇤) . (3)

The ten time-dependent amplitudes hk(t) and the angular functions fk(⇤) are given in54

Table 1. The terms 7–10 are related to the description of the S-wave component, which55

have been added to this analysis.56

3

N=8276±96

3 mass [MeV]sB
5300 5350 5400 5450

Ev
en

ts
 / 

2 
M

eV

0

500

1000

1500

2000

2500 data

sig. component

bkg. component

LHCb Preliminary

Figure 1: Reconstructed invariant mass distribution of selected B0
s ! J/ � candidates. A

J/ mass constraint is applied in the vertex fit. The B0
s mass resolution is 6.0MeV/c2.

As in the previous analysis, in order to remove the majority of the prompt background
contribution, only events with decay time t > 0.3 ps are used. A total of about 21, 200
B0

s ! J/ � decays are left after the full selection. The remaining background in the
sample is of the order of a few percent. The invariant mass distribution of the selected
candidates is shown in Fig. 1. The CP violating phase �s is extracted from the data
with an unbinned maximum likelihood fit to the candidate invariant mass m, the decay
time t, the initial B0

s flavour d and the 4-body decay angles in the transversity frame
⌦ = {cos ✓,', cos }, defined in [17]. We determine several other physics parameters at the
same time, namely the decay width, �s, the decay width di↵erence between the heavy and
light B0

s mass eigenstate ��s, and the polarization amplitudes A0, A?, Ak of the K+K�

P-wave contribution and AS for the S-wave contribution. In the fit we parameterise the
four di↵erent amplitudes, Ai, by |Ai(0)|, the absolute value of the amplitude at time t = 0
and its phase �i and adopt the convention �0 = 0. We choose the following normalization:
|Ak(0)|2+ |A?(0)|2+ |A0(0)|2 = 1, and define the fraction of S-wave contribution FS to be:
FS = |AS(0)|2/(|A0(0)|2+|Ak(0)|2+|A?(0)|2+|AS(0)|2). The choice of the normalization is
di↵erent from the previous analysis. It has been chosen, such that the P-wave amplitudes
have the same value independently of the range of the K+K� invariant mass chosen.

The signal and background Probability Density Function (PDF) of the likelihood are
given in [15]. With the larger data set, we now fix the width and relative fraction of the
wider Gaussian for the double Gaussian signal mass shape based on data. Additionally
we use an event-by-event decay time resolution.
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Figure 4: Projections for the biased and unbiased data sample after the tagged fit assum-
ing �s = 0. The decay time acceptances applied to the signal component are analogously
applied to the background decay time distributions. The total fit result is represented by
the black line. The signal component is represented by the solid blue line; the dashed and
dotted blue lines show the CP -odd and CP -even signal components respectively. The
background component is given by the red line.
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Figure 2: Mass distribution of B0
s ⇤ J/⇧⌅ candidates. The superimposed blue curve is

the signal mass model, the red curve corresponds to the combinatorial background. The
black curve describes sum of signal and background candidates.

where the probability density function (PDF) P consists of a signal component S and a
background component B,

P = fsig S + (1� fsig) B . (2)

with fsig the signal fraction. The set of physics parameters ⇤phys includes the B0
s decay

width �s, the decay width di⌅erence between the B0
s mass eigenstates ⇥�s, the mixing

frequency ⇥ms, the CP violating phase ⌅J/⇥�
s and the relative phases (��, �⇥, �s) and

magnitudes at time t = 0 (|A�(0)|2, |A⇥(0)|2, |As(0)|2) of the three angular transversity
amplitudes and the S-wave contribution. The symbol ⇤det represents the parameters in-
volved in describing resolutions, acceptance and flavour tag calibration. The parameters
used to describe the background are generically denoted by ⇤bkg.
We have verified that the candidate mass does not correlate with the other observables
such that the PDF can be factorized. We assume that the shape of the background does
not depend on the flavour tag and that it factorizes in decay time and decay angles. The
background PDF then reduces to that described in the untagged analysis [11]. Conse-
quently, we concentrate in the following on the PDF for the decay time and decay angles
for the signal contribution.
Ignoring detector e⌅ects, the distribution for the decay time t and the transversity angles
⇤ for B0

s⇤ J/⇧⌅ decays produced in a B0
s flavour eigenstate is given by the di⌅erential

decay rate

d4�(B0
s⇤ J/⇧⌅)

dt d cos ⇥ d⌃ d cos ⇧
⇥ d4�

dt d⇤
⌅

10�

k=1

hk(t)fk(⇤) . (3)

The ten time-dependent amplitudes hk(t) and the angular functions fk(⇤) are given in54

Table 1. The terms 7–10 are related to the description of the S-wave component, which55

have been added to this analysis.56
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Figure 1: Reconstructed invariant mass distribution of selected B0
s ! J/ � candidates. A

J/ mass constraint is applied in the vertex fit. The B0
s mass resolution is 6.0MeV/c2.

As in the previous analysis, in order to remove the majority of the prompt background
contribution, only events with decay time t > 0.3 ps are used. A total of about 21, 200
B0

s ! J/ � decays are left after the full selection. The remaining background in the
sample is of the order of a few percent. The invariant mass distribution of the selected
candidates is shown in Fig. 1. The CP violating phase �s is extracted from the data
with an unbinned maximum likelihood fit to the candidate invariant mass m, the decay
time t, the initial B0

s flavour d and the 4-body decay angles in the transversity frame
⌦ = {cos ✓,', cos }, defined in [17]. We determine several other physics parameters at the
same time, namely the decay width, �s, the decay width di↵erence between the heavy and
light B0

s mass eigenstate ��s, and the polarization amplitudes A0, A?, Ak of the K+K�

P-wave contribution and AS for the S-wave contribution. In the fit we parameterise the
four di↵erent amplitudes, Ai, by |Ai(0)|, the absolute value of the amplitude at time t = 0
and its phase �i and adopt the convention �0 = 0. We choose the following normalization:
|Ak(0)|2+ |A?(0)|2+ |A0(0)|2 = 1, and define the fraction of S-wave contribution FS to be:
FS = |AS(0)|2/(|A0(0)|2+|Ak(0)|2+|A?(0)|2+|AS(0)|2). The choice of the normalization is
di↵erent from the previous analysis. It has been chosen, such that the P-wave amplitudes
have the same value independently of the range of the K+K� invariant mass chosen.

The signal and background Probability Density Function (PDF) of the likelihood are
given in [15]. With the larger data set, we now fix the width and relative fraction of the
wider Gaussian for the double Gaussian signal mass shape based on data. Additionally
we use an event-by-event decay time resolution.
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CP violation in Bs → J/ψφ:  ingredients

4

• For CP eigenstate f with eigenvalue ηf, define

• Δms is the Bs-Bs mixing frequency 

➡  see talk Julian Wishahi (previous session)

• Bs→J/ψφ: admixture of CP even/odd→ angular analysis to disentangle

• Need flavour tagging -- which has a non-zero mistag probability w

• Decay time measurement has finite resolution σt
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CP violation in Bs → J/ψφ:  ingredients
Description of Bs�J/��

3

Bs � J/�� admixture of CP-even/odd states.   
Can be described by 3 polarization amplitudes: 

Transversity basis:

� transversity angle distributions:  

Signal event distribution: Flavor tagging 

Physics parameters:

time 
resolution

acceptance sB sB

(assuming no CPV)

(constraint)

• PS → VV : 3 polarization amplitudes

• Describe in transversity basis

• L=0,2 : A0, A∥ (CP even)

• L=1 : A⟂ (CP odd)

• K+K- S-wave (CP odd) 

• 4 Amplitudes → 10 combinations: 

CP-violation in 
� mixing  
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Transversity angles
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The time-dependent functions hk(t) can be written as59
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where �ms is the mass di↵erence between the B

0
s mass eigenstates. The coe�cients Nk60

and ak, . . . , dk can be expressed in terms of �s and four complex transversity amplitudes61

Af at t = 0. The label f takes the values {?, k, 0} for the three P-wave amplitudes and S62

for the S-wave amplitude. In the fit we parameterize each Af (0) by its magnitude squared63

|Af (0)|2 and its phase �f , and adopt the convention �0 = 0, |A?(0)|2+|A0(0)|2+|Ak(0)|2 =64

1 and FS = |As(0)|2/(|As(0)|2 + |A?(0)|2 + |A0(0)|2 + |Ak(0)|2) = |As(0)|2/(|As(0)|2 + 1).65

For a particle produced in a B

0
s flavour eigenstate the coe�cients in Eq. 4 and the angular66

functions fk(⌦) are then (see Refs [14, 15]) given by67
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�
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5 1
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p
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where S = �2|�|
1+|�|2 sin(�s), D = � 2|�|

1+|�|2 cos(�s) and C = 1�|�|2
1+|�|2 . We allow for possible CP68

violation in mixing and in the decay amplitudes through the inclusion of the parameter �69

which is defined as ⌘fq/p⇥ Āf/Af , where q and p are the complex coe�cients connecting70

the mass and flavour eigenstates: |BL,Hi = p|B0
s i± q|B0

si, Āf is the analog of Af for B0
s71

and ⌘f is the CP-eigensvalue of the final state. With these conventions, �s = � arg(�).72

We assume that the value of � does not depend on the final state polarization f .73

The di↵erential decay rates for a B

0
s meson produced at time t = 0 are obtained by74

changing the sign of �s, A?(0) and AS(0), or, equivalently, the sign of ck and dk in the75

expressions above, and multiplying them by an overall |p/q|2 factor. These expressions76

are invariant under the transformation (�s,��s, �k, �?, �S, �0) 7! (⇡ � �s,���s,��k, ⇡ �77

�?,��S,��0) which gives rise to a two-fold ambiguity in the results.78

3 Detector description79

The LHCb detector [16] is a single-arm forward spectrometer covering the pseudorapidity80

range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The81

detector includes a high precision tracking system consisting of a silicon-strip vertex de-82

tector surrounding the pp interaction region, a large-area silicon-strip detector located83

upstream of a dipole magnet with a bending power of about 4Tm, and three stations of84

silicon-strip detectors and straw drift-tubes placed downstream. The combined tracking85

system has a momentum resolution �p/p that varies from 0.4% at 5GeV/c to 0.6% at86

100GeV/c, and an impact parameter resolution of 20µm for tracks with high transverse87
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candidates with the mass of the µ+µ� pair constrained to
the nominal J/ mass. Curves for fitted contributions from
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between the K

� momentum and the J/ momentum in
the rest frame of the �.

We perform an unbinned maximum likelihood fit to the
invariant mass m

B

, the decay time t, and the three decay
angles ⌦. The probability density function (PDF) used
in the fit consists of signal and background components
which include detector resolution and acceptance e↵ects.
The PDFs are factorised into separate components for
the mass and for the remaining observables.

The signal m
B

distribution is described by two Gaus-
sian functions with a common mean. The mean and
width of the narrow Gaussian are fit parameters. The

fraction of the second Gaussian and its width relative to
the narrow Gaussian are fixed to values obtained from
simulated events. The m

B

distribution for the combina-
torial background is described by an exponential func-
tion with a slope determined by the fit. Possible peaking
background from decays with similar final states such as
B

0 ! J/ K

⇤0 is found to be negligible from studies
using simulated events.
The distribution of the signal decay time and angles

is described by a sum of ten terms, corresponding to the
four polarization amplitudes and their interference terms.
Each of these is the product of a time-dependent function
and an angular function [12]
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where �m
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is the B
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s

oscillation frequency. The coe�-
cients N
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and a
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, . . . , d
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can be expressed in terms of �
s

and four complex transversity amplitudes A
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at t = 0.
The label i takes the values {?, k, 0} for the three P-
wave amplitudes and S for the S-wave amplitude. In the
fit we parameterize each A
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(0) by its magnitude squared
|A

i

(0)|2 and its phase �
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, and adopt the convention �0 = 0
and
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flavour eigenstate the coe�cients in Eq. 2 and the angu-
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(⌦) are then, see [13, 14], given by

k f

k

(✓, ,') N

k

a

k

b

k

c

k

d

k

1 2 cos2  
�
1� sin2 ✓ cos2 �

�
|A0(0)|2 1 � cos�

s

0 sin�
s

2 sin2  
�
1� sin2 ✓ sin2 �

�
|Ak(0)|2 1 � cos�

s

0 sin�
s

3 sin2  sin2 ✓ |A?(0)|2 1 cos�
s

0 � sin�
s

4 � sin2  sin 2✓ sin� |Ak(0)A?(0)| 0 � cos(�? � �k) sin�s sin(�? � �k) � cos(�? � �k) cos�s
5 1

2

p
2 sin 2 sin2 ✓ sin 2� |A0(0)Ak(0)| cos(�k � �0) � cos(�k � �0) cos�s 0 cos(�k � �0) sin�s

6 1
2

p
2 sin 2 sin 2✓ cos� |A0(0)A?(0)| 0 � cos(�? � �0) sin�s sin(�? � �0) � cos(�? � �0) cos�s

7 2
3 (1� sin2 ✓ cos2 �) |AS(0)|2 1 cos�

s

0 � sin�
s

8 1
3

p
6 sin sin2 ✓ sin 2� |AS(0)Ak(0)| 0 � sin(�k � �S) sin�s cos(�k � �S) � sin(�k � �S) cos�s

9 1
3

p
6 sin sin 2✓ cos� |AS(0)A?(0)| sin(�? � �S) sin(�? � �S) cos�s 0 � sin(�? � �S) sin�s

10 4
3

p
3 cos (1� sin2 ✓ cos2 �) |AS(0)A0(0)| 0 � sin(�0 � �S) sin�s cos(�0 � �S) � sin(�0 � �S) cos�s

We neglect CP violation in mixing and in the decay
amplitudes. The di↵erential decay rates for a B

0
s

meson
produced at time t = 0 are obtained by changing the
sign of �
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, A?(0) and AS(0), or, equivalently, the sign
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in the expressions above. The PDF is in-
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,��k,⇡ � �?,��S) which gives rise to a
two-fold ambiguity in the results.
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silicon-strip detectors and straw drift-tubes placed downstream. The combined tracking85

system has a momentum resolution �p/p that varies from 0.4% at 5GeV/c to 0.6% at86

100GeV/c, and an impact parameter resolution of 20µm for tracks with high transverse87
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FIG. 1. Invariant mass distribution for B0
s

! µ+µ�K+K�

candidates with the mass of the µ+µ� pair constrained to
the nominal J/ mass. Curves for fitted contributions from
signal (dashed), background (dotted) and their sum (solid)
are overlaid.

between the K

� momentum and the J/ momentum in
the rest frame of the �.

We perform an unbinned maximum likelihood fit to the
invariant mass m

B

, the decay time t, and the three decay
angles ⌦. The probability density function (PDF) used
in the fit consists of signal and background components
which include detector resolution and acceptance e↵ects.
The PDFs are factorised into separate components for
the mass and for the remaining observables.

The signal m
B

distribution is described by two Gaus-
sian functions with a common mean. The mean and
width of the narrow Gaussian are fit parameters. The

fraction of the second Gaussian and its width relative to
the narrow Gaussian are fixed to values obtained from
simulated events. The m

B

distribution for the combina-
torial background is described by an exponential func-
tion with a slope determined by the fit. Possible peaking
background from decays with similar final states such as
B

0 ! J/ K

⇤0 is found to be negligible from studies
using simulated events.
The distribution of the signal decay time and angles

is described by a sum of ten terms, corresponding to the
four polarization amplitudes and their interference terms.
Each of these is the product of a time-dependent function
and an angular function [12]
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We neglect CP violation in mixing and in the decay
amplitudes. The di↵erential decay rates for a B
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meson
produced at time t = 0 are obtained by changing the
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, A?(0) and AS(0), or, equivalently, the sign
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in the expressions above. The PDF is in-
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,��k,⇡ � �?,��S) which gives rise to a
two-fold ambiguity in the results.
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where �ms is the mass di↵erence between the B
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s mass eigenstates. The coe�cients Nk60

and ak, . . . , dk can be expressed in terms of �s and four complex transversity amplitudes61

Af at t = 0. The label f takes the values {?, k, 0} for the three P-wave amplitudes and S62

for the S-wave amplitude. In the fit we parameterize each Af (0) by its magnitude squared63

|Af (0)|2 and its phase �f , and adopt the convention �0 = 0, |A?(0)|2+|A0(0)|2+|Ak(0)|2 =64

1 and FS = |As(0)|2/(|As(0)|2 + |A?(0)|2 + |A0(0)|2 + |Ak(0)|2) = |As(0)|2/(|As(0)|2 + 1).65

For a particle produced in a B
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and ⌘f is the CP-eigensvalue of the final state. With these conventions, �s = � arg(�).72

We assume that the value of � does not depend on the final state polarization f .73

The di↵erential decay rates for a B
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s meson produced at time t = 0 are obtained by74

changing the sign of �s, A?(0) and AS(0), or, equivalently, the sign of ck and dk in the75
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�?,��S,��0) which gives rise to a two-fold ambiguity in the results.78

3 Detector description79

The LHCb detector [16] is a single-arm forward spectrometer covering the pseudorapidity80

range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The81

detector includes a high precision tracking system consisting of a silicon-strip vertex de-82

tector surrounding the pp interaction region, a large-area silicon-strip detector located83

upstream of a dipole magnet with a bending power of about 4Tm, and three stations of84

silicon-strip detectors and straw drift-tubes placed downstream. The combined tracking85

system has a momentum resolution �p/p that varies from 0.4% at 5GeV/c to 0.6% at86

100GeV/c, and an impact parameter resolution of 20µm for tracks with high transverse87
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si, Āf is the analog of Af for B0
s71

and ⌘f is the CP-eigensvalue of the final state. With these conventions, �s = � arg(�).72

We assume that the value of � does not depend on the final state polarization f .73

The di↵erential decay rates for a B
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FIG. 1. Invariant mass distribution for B0
s

! µ+µ�K+K�

candidates with the mass of the µ+µ� pair constrained to
the nominal J/ mass. Curves for fitted contributions from
signal (dashed), background (dotted) and their sum (solid)
are overlaid.
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We perform an unbinned maximum likelihood fit to the
invariant mass m

B

, the decay time t, and the three decay
angles ⌦. The probability density function (PDF) used
in the fit consists of signal and background components
which include detector resolution and acceptance e↵ects.
The PDFs are factorised into separate components for
the mass and for the remaining observables.

The signal m
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distribution is described by two Gaus-
sian functions with a common mean. The mean and
width of the narrow Gaussian are fit parameters. The

fraction of the second Gaussian and its width relative to
the narrow Gaussian are fixed to values obtained from
simulated events. The m

B

distribution for the combina-
torial background is described by an exponential func-
tion with a slope determined by the fit. Possible peaking
background from decays with similar final states such as
B

0 ! J/ K

⇤0 is found to be negligible from studies
using simulated events.
The distribution of the signal decay time and angles

is described by a sum of ten terms, corresponding to the
four polarization amplitudes and their interference terms.
Each of these is the product of a time-dependent function
and an angular function [12]
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6 1
2

p
2 sin 2 sin 2✓ cos� |A0(0)A?(0)| 0 � cos(�? � �0) sin�s sin(�? � �0) � cos(�? � �0) cos�s

7 2
3 (1� sin2 ✓ cos2 �) |AS(0)|2 1 cos�

s

0 � sin�
s

8 1
3

p
6 sin sin2 ✓ sin 2� |AS(0)Ak(0)| 0 � sin(�k � �S) sin�s cos(�k � �S) � sin(�k � �S) cos�s

9 1
3

p
6 sin sin 2✓ cos� |AS(0)A?(0)| sin(�? � �S) sin(�? � �S) cos�s 0 � sin(�? � �S) sin�s
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3

p
3 cos (1� sin2 ✓ cos2 �) |AS(0)A0(0)| 0 � sin(�0 � �S) sin�s cos(�0 � �S) � sin(�0 � �S) cos�s

We neglect CP violation in mixing and in the decay
amplitudes. The di↵erential decay rates for a B

0
s

meson
produced at time t = 0 are obtained by changing the
sign of �

s

, A?(0) and AS(0), or, equivalently, the sign

of c
k

and d

k

in the expressions above. The PDF is in-
variant under the transformation (�

s

,��
s

, �k, �?, �S) 7!
(⇡ � �

s

,���
s

,��k,⇡ � �?,��S) which gives rise to a
two-fold ambiguity in the results.
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CP violation in Bs → J/ψφ:  ingredients

• Signal PDF:  flavour tagged, time dependent, angular dependent:

time resolutionflavour tagging
time & angular

acceptance

7

~� = (�s,��s,�ms,�s, |A0|2, |A?|2, �k, �?, FS , �S)

|A0|2 + |Ak|2 + |A?|2 = 1

FS =
|AS |2

|A0|2 + |Ak|2 + |A?|2 + |AS |2
=

|AS |2

1 + |AS |2

S(t, ~⌦;~�) = ✏(t, ~⌦)⇥
⇣

1+qD
2 s(t, ~⌦;~�) + 1�qD

2 s(t, ~⌦;~�)
⌘
⌦Rt



LHCb: Bs→J/ψφ - Angular Acceptance

• Determine from MC simulation

• Max deviation from uniform:  5%

• Due to 

1. acceptance of detector:  10 < θ < 400 mrad

2. implicit momentum cuts in reconstruction  

• Verified using momentum distributions of final 
state particles

• re-weight MC to match data to estimate 
systematic uncertainty

• Implemented using

1. ‘Moments’ of the angular functions 

2. 3D parameterization using orthogonal 
polynomials

3. 3D histogram

Angular acceptance 
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Figure 4: Decay time distribution of B0
s ! J/ � candidates with a true J/ ! µ+µ�. The

superimposed curve is the decay time model convolved with a double Gaussian resolution
model. The decay time model consists of a delta function for the prompt component and
two exponentials with di↵erent decay constants, one of which represents the B0

s ! J/ �
signal.

2.2 Decay time resolution

To account for the finite decay time resolution of the detector, all time dependent functions
in the PDF are convolved with a Gaussian distribution. The width of the Gaussian
is S�t · �t, where �t is the event-by-event decay time resolution, measured from the decay
vertex and decay length uncertainty. The scale factor S�t is determined by a weighted
unbinned maximum log likelihood fit to the J/ ! µ+µ� component of the prompt
background (Fig. 4). This component is isolated using sWeights determined from the J/ 
invariant mass distribution of our selected B0

s candidates. We translate the result to a
single Gaussian with the same e↵ective dilution to be used in the fit for �s. The scale factor
is found to be S�t = 1.45± 0.06, where the error accounts for both statistical uncertainty
and systematic uncertainty of potential phase space di↵erences of the prompt J/ ! µ+µ�

background and signal. This systematic uncertainty is derived from simulation. S�t is
allowed to vary within its uncertainty in the fit. The e↵ective (single Gaussian) decay
time resolution is approximately 45 fs.

2.3 Decay time acceptance

The triggers used in this analysis exploit the signature of J/ ! µ+µ� decays including
decay time biasing cuts to enrich the fraction of B events in the sample. To model the
impact of this selection on the decay time acceptance, events from a prescaled trigger line,
without lifetime biasing cuts are used. From this we obtain a non-parametric description
of the acceptance function, which is then used in the fit.

From simulation studies we also observe a shallow fall in acceptance at high decay
times, which is attributed to a reduction in track finding e�ciency for tracks originating

5

LHCb: Bs→J/ψφ - Decay Time Resolution

• Measure using prompt J/ψ background

• isolated using s-weights(*)

• Verify on MC that this background is 
representative for the signal

• Effective resolution:  σt ~ ( 45 ± 2 ) fs

• Dilution(**) for Δms=17.7 ps-1:              
<Dres>eff = 0.728 ± 0.019

J/ψ background
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Tagging

• To measure mixing parameters such as �ms one needs information
on the flavor of the produced B meson

• Indicated by tag decision q = ±1, with per-event mistag probability
�i

• Two types: Opposite Side Tagger (OS) and Same Side Tagger (SS)

proton

Same side

signal B+

K+

J/!

primary vertex

Opposite side opposite B

lepton taggers     
(e-, "-) from b-quark

same side 
pion tagger

vertex-charge tagger    
from inclusive vertexing

b
b

u

d

u

d

B+
u

!-

proton

opposite kaon 
tagger (K )#

15 / 40 Daan van Eijk Search for CP violation in the Bs � Bs system with LHCb

• Opposite side only for now

• Combine 4 observables into an 
estimated wrong tag probability ηc:

1. high-pt muons

2. high-pt electrons

3. high-pt kaons

4. opposite side vertex charge

• Calibrate on B±→ J/ψK± data

• Tagging power εD2 = (2.29 ± 0.27)%

LHCb: Bs→J/ψφ - Flavour Tagging
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B±→ J/ψK±  

! = p0 + p1(⌘c� < ⌘c >)
p0 p1 h⌘ci

0.392± 0.002± 0.009 1.035± 0.021± 0.012 0.391

Table 1: Calibration parameters for the opposite side flavour tagging extracted from
B+ ! J/ K+ sample as described in the text. The first error is statistical and the
second systematic.

2.1 Flavour tagging

The strategy for the optimization and calibration of the flavour tagging is described in
detail in [18] based on data collected in the first half of 2011. The same calibration
approach was applied on the 2011 data set used for the analysis presented here. The
“opposite-side” (OS) flavour tagger exploits the decay of the other b-hadron in the event
and uses four di↵erent signatures, namely high pT muons, electrons and kaons, and the
net charge of an inclusively reconstructed secondary vertex. The combination procedure
provides an estimated per-event mistag probability. It is calibrated with B+ ! J/ K+

decays, for which the true flavour is known, assuming a linear dependence between the
estimated mistag probability ⌘c and the actual mistag probability ! (Fig 2, left)

! = p0 + p1 (⌘c � h⌘ci) , (1)

where p0 and p1 are calibration parameters and h⌘ci is the average estimated mistag
probability in the calibration sample1. Their values are given in Table 1. The systematic
uncertainties are evaluated by comparing the tagging performance on various di↵erent
decay channels (e.g. Fig 2, right), on B+ and B� samples separately and for di↵erent
running periods.

From the calibration parameters in Table 1 and from the distribution of the estimated
mistag probability in Fig. 3 the e↵ective mistag probability ! = (36.81 ± 0.18 ± 0.74)%
is derived. The signal tagging e�ciency "tag = (32.99 ± 0.33)% is obtained in the fit to
the data. Thus the e↵ective tagging e�ciency of the B0

s ! J/ � sample is estimated to
be "tagD2 = (2.29± 0.07± 0.26)%, where D is the dilution, defined as D = (1� 2!).

We ignore a possible small di↵erence in mistag probability between B0
s and B0

s. This
asymmetry is understood to have negligible e↵ect on the �s measurement since the bias in
�s caused by a slightly over-estimated mistag rate for one initial flavour is almost cancelled
by the bias induced by an equally under-estimated mistag rate for the other flavour. We
ignore the e↵ects of a potential tagging e�ciency asymmetry, as no significant di↵erence
in tagging e�ciency was found on the calibration samples. The uncertainties from flavour
tag calibration are included in the statistical uncertainties of the physics parameters
presented in the next section by allowing the tagging calibration parameters to vary in
the maximum likelihood fit within their uncertainties.

1This parameterization is chosen to minimize the correlation between p0 and p1.
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Figure 2: Measured OS mistag fraction (!) as a function of estimated mistag probabil-
ity (⌘c) for background subtracted B+ ! J/ K+ candidates (left) and B0 ! J/ K⇤0

candidates (right). In each case, the solid (red) line represent the result of a linear fit to
the presented data set. In the right plot the calibration obtained from the B+! J/ K+

sample is superimposed as the shaded (blue) area, corresponding to a ±1� variation of
this calibration. The parameters of the fit to the B+! J/ K+ data are given in Table 1.
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Figure 3: Distribution of calibrated OS flavour tagger mistag probability for B0
s ! J/ �

signal candidates.

We use the measurement of the B0
s oscillation frequency �ms = 17.63± 0.11 ps�1 [19]

and allow it to vary in the fit within its uncertainty.
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Bs→J/ψφ: fit projections
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Figure 6: Data points overlaid with fit projections for the decay time and transversity
angle distributions in a mass range of ± 20 MeV/c2 around the reconstructed B0

s mass.
The decay time acceptances applied to the signal component are analogously applied to
the background decay time distributions. The total fit result is represented by the black
line. The signal component is represented by the solid blue line; the dashed and dotted
blue lines show the CP -odd and CP -even signal components respectively. The S-wave
component is represented by the solid pink line. The background component is given by
the red line.
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Figure 5: 1D likelihood profiles for �s (left) and ��s (right).

from displaced vertices far from the beam line. A correction is determined using simulation
to be 0.0112 ± 0.0013 ps�1 on �s and is accounted for in the final results. Half of the
correction is assigned as systematic uncertainty. This is currently the dominant systematic
uncertainty for �s.

2.4 Decay angle acceptance

The decay angle acceptance is obtained from Monte Carlo simulations and taken into
account in the likelihood fit [15]. Di↵erences between simulated and observed kaon mo-
mentum spectra are used to derive a systematic uncertainty on the angular acceptance.
The resulting bias depends on the value of �s and ��s. With the central value presented
in this analysis we find a systematic uncertainty of 0.003 rad in �s and 0.004 ps�1 in ��s.
Additionally we take the limited size of the Monte Carlo sample into account as another
source of systematic uncertainty which results in 0.012 rad in �s and gives a negligible
contribution to ��s.

2.5 Fit Bias

Unbinned likelihood fits are per construction biased estimators. Using an ensemble of
simulated experiments, we estimated the size of this bias and assigned it as systematic
uncertainty. We verified that the observed biases vanish for high statistics.

3 Results

The 2011 data set constitutes a su�ciently large sample of tagged signal events to con-
strain most physics parameters with profile log-likelihoods being almost parabolic in the
range ±1� (see e.g., Fig. 5). The values obtained for all parameters, except �k, as well as
estimated statistical and systematic uncertainties, are given in Table 2.
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SM

Bs→J/ψφ:   ΔΓs vs. ϕs

Most precise measurement of ϕs

• ϕs = -0.001 ± 0.101(stat) ± 0.027 (sys) rad

• Consistent with SM

Observation of ΔΓs ≠0 : 

• ΔΓs = 0.116 ± 0.018 (stat) ± 0.006 (sys) ps-1

•     Γs = 0.658 ± 0.005 (stat) ± 0.007 (sys) ps-1

Standard Model
(eg. Charles e.a. PRD84(2011)033005)
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What about the 
discrete ambiguity?

• Use known P-wave BW phase 
evolution across φ(1020) to 
decide which δ⊥ solution is 
correct

• as in BaBar’s cos(2β) paper 
[Phys. Rev. D 71, 032005 (2005)] 

➡ ΔΓ > 0, Φs ~ 0
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See also Francesca Dordei, “Lifetime Measurements @ LHCb”, monday 11:30
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Figure 3: Invariant mass of J/ ⇡+
⇡

� candidate combinations. The data have been fitted
with double-Gaussian signal and several background functions. The (red) solid line shows
the B

0
s

signal, the (brown) dotted line shows the combinatorial background, the (green)
short-dashed shows the B

� background, the (purple) dot-dashed is B0 ! J/ ⇡

+
⇡

�, the
(black) dot-long dashed is the sum of B0

s

! J/ ⌘

0 and B

0
s

! J/ � when � ! ⇡

+
⇡

�
⇡

0

backgrounds, the (light blue) long-dashed is the B

0 ! J/ K

�
⇡

+ reflection, and the
(blue) solid line is the total.

fit of B0
s

! J/ �. Other components in the fit model take into account contributions from
B

� ! J/ K

�(⇡�), B0
s

! J/ ⌘

0
, ⌘

0 ! ⇢�, B0
s

! J/ �,� ! ⇡

+
⇡

�
⇡

0, B0 ! J/ ⇡

+
⇡

�

backgrounds and a B

0 ! J/ K

�
⇡

+ reflection. Here and elsewhere charged conjugated
modes are used when appropriate. The shape of the B

0 ! J/ ⇡

+
⇡

� signal is taken to
be the same as that of the B0

s

. The exponential combinatorial background shape is taken
from wrong-sign combinations, that are the sum of ⇡+

⇡

+ and ⇡

�
⇡

� candidates. The
shapes of the other components are taken from the Monte Carlo simulation with their
normalizations allowed to vary (see Sect. 4.2). The mass fit gives 7598 ± 120 signal and
5825± 54 background candidates within ±20 MeV of the B

0
s

mass peak.

4 Analysis formalism

The decay of B0
s

! J/ ⇡

+
⇡

� with the J/ ! µ

+
µ

� can be described by four variables.
These are taken to be the invariant mass squared of J/ ⇡+ (s12 ⌘ m

2(J/ ⇡+)), the
invariant mass squared of ⇡+

⇡

� (s23 ⌘ m

2(⇡+
⇡

�)), the J/ helicity angle (✓
J/ 

), which is
the angle of the µ+ in the J/ rest frame with respect to the J/ direction in the B0

s

rest
frame, and the angle between the J/ and ⇡+

⇡

� decay planes (�) in the B

0
s

rest frame.
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Figure 2: Mass distribution of the selected J/ ⇡+⇡� combinations in the fodd region. The
blue solid curve shows the result of a fit with a double Gaussian signal (red solid curve) and
several background components: combinatorial background (brown dotted line), back-
ground from B� ! J/ K� and J/ ⇡� (green short-dashed line), B0 ! J/ ⇡+⇡� (purple
dot-dashed), B0

s

! J/ ⌘0 and B0
s

! J/ � when � ! ⇡+⇡�⇡0 (black dot-long-dashed),
and B0 ! J/ K�⇡+ (light-blue long-dashed).

) (MeV)π πm(
500 1000 1500 2000

Ev
en

ts
 / 1

5 M
eV

0
100
200
300
400
500
600
700
800 LHCb

+     -

↓ ↓

Figure 3: Mass distribution of selected ⇡+⇡� combinations shown as the (solid black)
histogram for events in the B0

s

signal region. The (dashed red) line shows the background
determined by fitting the J/ ⇡+⇡� mass in bins of ⇡+⇡� mass. The arrows designate the
limits of the fodd region.
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• f0 is a scalar with an ss component

• Decays predominantly into π+π-

• The region 775 MeV < m(ππ) < 1550 MeV is 
dominated by f0(980), with some f2(1270), 
f0(1370) and NR 

Bs→J/ψπ+π-

1 Introduction1

An important goal of heavy flavour experiments is to measure the CP violation phase in2

B
0
s mixing, �2�s. Here we use the specific decay mode B

0
s ⌅ J/⌅f0(980) and denote3

the phase we are measuring as ⇤f0
s . In principle this phase should be identical to that4

measured using B
0
s ⌅ J/⌅⇤ decays. The decay diagrams for these processes are shown5

in Fig. 1.

b
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-

Figure 1: Decay diagram for B
0
s ⌅ J/⌅f0(980) or J/⌅⇤ decays.
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Based on a prediction by Stone and Zhang [1], LHCb searched for and made the first7

observation of J/⌅f0(980) decays [2] that was subsequently confirmed by other experi-8

ments [3, 4]. Recently LHCb updated the original result finding [5]9

Rf0
e�ective ⇤ B(B0

s ⌅ J/⌅f0, f0 ⌅ ⇥+⇥�)

B(B0
s ⌅ J/⌅⇤, ⇤ ⌅ K+K�)

= (21.7± 1.1± 0.7)%

for
��m(⇥+⇥�)� 980 MeV

�� < 90 MeV. (1)

In addition, LHCb confirmed that the J/⌅f0 state1 within ±90 MeV of the f0 peak at10

980 MeV is consistent with being entirely S-wave.11

These events are particularly useful because as a CP eigenstate time dependent CP12

violation can be measured without an angular analysis. Here we report on a measurement13

of the CP violating phase in this decay. In principle this angle is the same as that measured14

in J/⌅⇤ decays. Both untagged and tagged decays are used.15

Neutral meson states are superpositions of |M⌥ and |M⌥. The mass eigenstates |MH⌥16

and |ML⌥ are linear combinations of |M⌥ and |M⌥ [6]:17

|ML⌥ = p|M⌥+ q|M⌥ ,
|MH⌥ = p|M⌥ � q|M⌥ , (2)

with |p|2 + |q|2 = 1.18

A commonly used shorthand notation for decay amplitudes is19

Af = A(M ⌅ f) = ⌃f |S|M⌥, Af = A(M ⌅ f) = ⌃f |S|M⌥. (3)

1From now on f0 will stand only for f0(980).
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� candidate combinations. The data have been fitted
with double-Gaussian signal and several background functions. The (red) solid line shows
the B
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signal, the (brown) dotted line shows the combinatorial background, the (green)
short-dashed shows the B

� background, the (purple) dot-dashed is B0 ! J/ ⇡
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⇡

�, the
(black) dot-long dashed is the sum of B0
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! J/ ⌘

0 and B
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⇡
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backgrounds, the (light blue) long-dashed is the B

0 ! J/ K
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⇡

+ reflection, and the
(blue) solid line is the total.

fit of B0
s

! J/ �. Other components in the fit model take into account contributions from
B

� ! J/ K

�(⇡�), B0
s

! J/ ⌘
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, ⌘

0 ! ⇢�, B0
s
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+
⇡
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⇡

0, B0 ! J/ ⇡
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⇡

�

backgrounds and a B

0 ! J/ K

�
⇡

+ reflection. Here and elsewhere charged conjugated
modes are used when appropriate. The shape of the B

0 ! J/ ⇡

+
⇡

� signal is taken to
be the same as that of the B0

s

. The exponential combinatorial background shape is taken
from wrong-sign combinations, that are the sum of ⇡+

⇡

+ and ⇡

�
⇡

� candidates. The
shapes of the other components are taken from the Monte Carlo simulation with their
normalizations allowed to vary (see Sect. 4.2). The mass fit gives 7598 ± 120 signal and
5825± 54 background candidates within ±20 MeV of the B

0
s

mass peak.

4 Analysis formalism

The decay of B0
s

! J/ ⇡

+
⇡

� with the J/ ! µ

+
µ

� can be described by four variables.
These are taken to be the invariant mass squared of J/ ⇡+ (s12 ⌘ m

2(J/ ⇡+)), the
invariant mass squared of ⇡+

⇡

� (s23 ⌘ m

2(⇡+
⇡

�)), the J/ helicity angle (✓
J/ 

), which is
the angle of the µ+ in the J/ rest frame with respect to the J/ direction in the B0

s

rest
frame, and the angle between the J/ and ⇡+

⇡

� decay planes (�) in the B

0
s

rest frame.
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Figure 2: Mass distribution of the selected J/ ⇡+⇡� combinations in the fodd region. The
blue solid curve shows the result of a fit with a double Gaussian signal (red solid curve) and
several background components: combinatorial background (brown dotted line), back-
ground from B� ! J/ K� and J/ ⇡� (green short-dashed line), B0 ! J/ ⇡+⇡� (purple
dot-dashed), B0

s

! J/ ⌘0 and B0
s

! J/ � when � ! ⇡+⇡�⇡0 (black dot-long-dashed),
and B0 ! J/ K�⇡+ (light-blue long-dashed).
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Figure 3: Mass distribution of selected ⇡+⇡� combinations shown as the (solid black)
histogram for events in the B0

s

signal region. The (dashed red) line shows the background
determined by fitting the J/ ⇡+⇡� mass in bins of ⇡+⇡� mass. The arrows designate the
limits of the fodd region.
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• f0 is a scalar with an ss component

• Decays predominantly into π+π-

• The region 775 MeV < m(ππ) < 1550 MeV is 
dominated by f0(980), with some f2(1270), 
f0(1370) and NR 

• CP-odd fraction >0.977 @ 95%CL               
⇒ No angular analysis needed!

Bs→J/ψπ+π-

1 Introduction1

An important goal of heavy flavour experiments is to measure the CP violation phase in2

B
0
s mixing, �2�s. Here we use the specific decay mode B

0
s ⌅ J/⌅f0(980) and denote3

the phase we are measuring as ⇤f0
s . In principle this phase should be identical to that4

measured using B
0
s ⌅ J/⌅⇤ decays. The decay diagrams for these processes are shown5

in Fig. 1.
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Figure 1: Decay diagram for B
0
s ⌅ J/⌅f0(980) or J/⌅⇤ decays.
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Based on a prediction by Stone and Zhang [1], LHCb searched for and made the first7

observation of J/⌅f0(980) decays [2] that was subsequently confirmed by other experi-8

ments [3, 4]. Recently LHCb updated the original result finding [5]9

Rf0
e�ective ⇤ B(B0

s ⌅ J/⌅f0, f0 ⌅ ⇥+⇥�)

B(B0
s ⌅ J/⌅⇤, ⇤ ⌅ K+K�)

= (21.7± 1.1± 0.7)%

for
��m(⇥+⇥�)� 980 MeV

�� < 90 MeV. (1)

In addition, LHCb confirmed that the J/⌅f0 state1 within ±90 MeV of the f0 peak at10

980 MeV is consistent with being entirely S-wave.11

These events are particularly useful because as a CP eigenstate time dependent CP12

violation can be measured without an angular analysis. Here we report on a measurement13

of the CP violating phase in this decay. In principle this angle is the same as that measured14

in J/⌅⇤ decays. Both untagged and tagged decays are used.15

Neutral meson states are superpositions of |M⌥ and |M⌥. The mass eigenstates |MH⌥16

and |ML⌥ are linear combinations of |M⌥ and |M⌥ [6]:17

|ML⌥ = p|M⌥+ q|M⌥ ,
|MH⌥ = p|M⌥ � q|M⌥ , (2)

with |p|2 + |q|2 = 1.18

A commonly used shorthand notation for decay amplitudes is19

Af = A(M ⌅ f) = ⌃f |S|M⌥, Af = A(M ⌅ f) = ⌃f |S|M⌥. (3)

1From now on f0 will stand only for f0(980).
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mass value of 965±8±6 MeV in the J/ ! �⇡

+
⇡

� final state [23]. They also found
roughly similar values of the coupling constants as ours, g

⇡⇡

= 165 ± 10 ± 15 MeV, and
g

KK

/g

⇡⇡

= 4.21± 0.25± 0.21. The PDG provides only estimated values for the f0(1370)
mass of 1200�1500 MeV and width 200�500 MeV, respectively [8]. Our result is within
both of these ranges.

5.5 Angular moments

The angular moment distributions provide an additional way of visualizing the e↵ects
of di↵erent resonances and their interferences, similar to a partial wave analysis. This
technique has been used in previous studies [24].

We define the angular moments hY 0
l

i as the e�ciency corrected and background sub-

19

ψJ/θcos
-1 -0.5 0 0.5 1

Ar
bi

tra
ry

 u
ni

ts

0

1

2

3

4

5

6

LHCb (a) LHCb (b)

ψJ/θcos
-1 -0.5 0 0.5 1

LHCb (c)

ψJ/θcos
-1 -0.5 0 0.5 1

Figure 14: Background subtracted and acceptance corrected cos ✓
J/ 

helicity distributions
fit with the preferred model: (a) in f0(980) mass region defined within ±90 MeV of
980 MeV (�2/ndf =39/40), (b) in f2(1270) mass region defined within one full width of
f2(1270) mass (�2/ndf =25/40), (c) in f0(1370) mass region defined within one full width
of f2(1370) mass (�2/ndf = 24/40). The points with error bars are data and the solid
blue lines show the fit from the 3R+NR model.

ππθcos
-1 -0.5 0 0.5 1

LHCb (a)

Ar
bi

tra
ry

 u
ni

ts

0

1

2

3

4

5

6
LHCb (b)

ππθcos
-1 -0.5 0 0.5 1

LHCb (c)

ππθcos
-1 -0.5 0 0.5 1

Figure 15: Background subtracted and acceptance corrected cos ✓
⇡⇡

helicity distributions
fit the preferred model: (a) in f0(980) mass region defined within ±90 MeV of 980 MeV
(�2/ndf =38/40), (b) in f2(1270) mass region defined within one full width of f2(1270)
mass (�2/ndf = 32/40), (c) in f0(1370) mass region defined within one full width of
f2(1370) mass (�2/ndf =37/40). The points with error bars are data and the solid blue
lines show the fit from the 3R+NR model.

mass value of 965±8±6 MeV in the J/ ! �⇡

+
⇡

� final state [23]. They also found
roughly similar values of the coupling constants as ours, g

⇡⇡

= 165 ± 10 ± 15 MeV, and
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= 4.21± 0.25± 0.21. The PDG provides only estimated values for the f0(1370)
mass of 1200�1500 MeV and width 200�500 MeV, respectively [8]. Our result is within
both of these ranges.

5.5 Angular moments

The angular moment distributions provide an additional way of visualizing the e↵ects
of di↵erent resonances and their interferences, similar to a partial wave analysis. This
technique has been used in previous studies [24].
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shapes of the other components are taken from the Monte Carlo simulation with their
normalizations allowed to vary (see Sect. 4.2). The mass fit gives 7598 ± 120 signal and
5825± 54 background candidates within ±20 MeV of the B
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mass peak.

4 Analysis formalism
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� with the J/ ! µ
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� can be described by four variables.
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2(J/ ⇡+)), the
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), which is
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• f0 is a scalar with an ss component

• Decays predominantly into π+π-

• The region 775 MeV < m(ππ) < 1550 MeV is 
dominated by f0(980), with some f2(1270), 
f0(1370) and NR 

• CP-odd fraction >0.977 @ 95%CL               
⇒ No angular analysis needed!
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An important goal of heavy flavour experiments is to measure the CP violation phase in2

B
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s mixing, �2�s. Here we use the specific decay mode B

0
s ⌅ J/⌅f0(980) and denote3

the phase we are measuring as ⇤f0
s . In principle this phase should be identical to that4

measured using B
0
s ⌅ J/⌅⇤ decays. The decay diagrams for these processes are shown5

in Fig. 1.
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Figure 1: Decay diagram for B
0
s ⌅ J/⌅f0(980) or J/⌅⇤ decays.
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Based on a prediction by Stone and Zhang [1], LHCb searched for and made the first7

observation of J/⌅f0(980) decays [2] that was subsequently confirmed by other experi-8

ments [3, 4]. Recently LHCb updated the original result finding [5]9
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= (21.7± 1.1± 0.7)%

for
��m(⇥+⇥�)� 980 MeV

�� < 90 MeV. (1)

In addition, LHCb confirmed that the J/⌅f0 state1 within ±90 MeV of the f0 peak at10

980 MeV is consistent with being entirely S-wave.11

These events are particularly useful because as a CP eigenstate time dependent CP12

violation can be measured without an angular analysis. Here we report on a measurement13

of the CP violating phase in this decay. In principle this angle is the same as that measured14

in J/⌅⇤ decays. Both untagged and tagged decays are used.15

Neutral meson states are superpositions of |M⌥ and |M⌥. The mass eigenstates |MH⌥16

and |ML⌥ are linear combinations of |M⌥ and |M⌥ [6]:17

|ML⌥ = p|M⌥+ q|M⌥ ,
|MH⌥ = p|M⌥ � q|M⌥ , (2)

with |p|2 + |q|2 = 1.18

A commonly used shorthand notation for decay amplitudes is19

Af = A(M ⌅ f) = ⌃f |S|M⌥, Af = A(M ⌅ f) = ⌃f |S|M⌥. (3)

1From now on f0 will stand only for f0(980).
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The data have also been analyzed allowing for the possibility of direct CP violation.
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. The exponential combinatorial background shape is taken
from wrong-sign combinations, that are the sum of ⇡+
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+ and ⇡
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� candidates. The
shapes of the other components are taken from the Monte Carlo simulation with their
normalizations allowed to vary (see Sect. 4.2). The mass fit gives 7598 ± 120 signal and
5825± 54 background candidates within ±20 MeV of the B

0
s

mass peak.

4 Analysis formalism

The decay of B0
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� with the J/ ! µ
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� can be described by four variables.
These are taken to be the invariant mass squared of J/ ⇡+ (s12 ⌘ m

2(J/ ⇡+)), the
invariant mass squared of ⇡+
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� (s23 ⌘ m
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), which is
the angle of the µ+ in the J/ rest frame with respect to the J/ direction in the B0
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rest
frame, and the angle between the J/ and ⇡+
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� decay planes (�) in the B
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rest frame.

4

 (MeV)-π+πψJ/m(          )
5300 5400 5500

Ev
en

ts
 / 5

 M
eV

 

0

400

800

1200

1600

2000

-π+πψJ/
5300 5400 55000

400

800

1200

1600
LHCb

Figure 2: Mass distribution of the selected J/ ⇡+⇡� combinations in the fodd region. The
blue solid curve shows the result of a fit with a double Gaussian signal (red solid curve) and
several background components: combinatorial background (brown dotted line), back-
ground from B� ! J/ K� and J/ ⇡� (green short-dashed line), B0 ! J/ ⇡+⇡� (purple
dot-dashed), B0

s

! J/ ⌘0 and B0
s

! J/ � when � ! ⇡+⇡�⇡0 (black dot-long-dashed),
and B0 ! J/ K�⇡+ (light-blue long-dashed).

) (MeV)π πm(
500 1000 1500 2000

Ev
en

ts
 / 1

5 M
eV

0
100
200
300
400
500
600
700
800 LHCb

+     -

↓ ↓

Figure 3: Mass distribution of selected ⇡+⇡� combinations shown as the (solid black)
histogram for events in the B0

s

signal region. The (dashed red) line shows the background
determined by fitting the J/ ⇡+⇡� mass in bins of ⇡+⇡� mass. The arrows designate the
limits of the fodd region.

4

• f0 is a scalar with an ss component

• Decays predominantly into π+π-

• The region 775 MeV < m(ππ) < 1550 MeV is 
dominated by f0(980), with some f2(1270), 
f0(1370) and NR 

• CP-odd fraction >0.977 @ 95%CL               
⇒ No angular analysis needed!
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An important goal of heavy flavour experiments is to measure the CP violation phase in2

B
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s mixing, �2�s. Here we use the specific decay mode B

0
s ⌅ J/⌅f0(980) and denote3

the phase we are measuring as ⇤f0
s . In principle this phase should be identical to that4

measured using B
0
s ⌅ J/⌅⇤ decays. The decay diagrams for these processes are shown5

in Fig. 1.
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Based on a prediction by Stone and Zhang [1], LHCb searched for and made the first7

observation of J/⌅f0(980) decays [2] that was subsequently confirmed by other experi-8

ments [3, 4]. Recently LHCb updated the original result finding [5]9
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s ⌅ J/⌅⇤, ⇤ ⌅ K+K�)

= (21.7± 1.1± 0.7)%

for
��m(⇥+⇥�)� 980 MeV

�� < 90 MeV. (1)

In addition, LHCb confirmed that the J/⌅f0 state1 within ±90 MeV of the f0 peak at10

980 MeV is consistent with being entirely S-wave.11

These events are particularly useful because as a CP eigenstate time dependent CP12

violation can be measured without an angular analysis. Here we report on a measurement13

of the CP violating phase in this decay. In principle this angle is the same as that measured14

in J/⌅⇤ decays. Both untagged and tagged decays are used.15

Neutral meson states are superpositions of |M⌥ and |M⌥. The mass eigenstates |MH⌥16

and |ML⌥ are linear combinations of |M⌥ and |M⌥ [6]:17

|ML⌥ = p|M⌥+ q|M⌥ ,
|MH⌥ = p|M⌥ � q|M⌥ , (2)

with |p|2 + |q|2 = 1.18

A commonly used shorthand notation for decay amplitudes is19

Af = A(M ⌅ f) = ⌃f |S|M⌥, Af = A(M ⌅ f) = ⌃f |S|M⌥. (3)

1From now on f0 will stand only for f0(980).
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The presence of a sin�
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contribution in Eq. 1 can, in principle, be viewed by plot-
ting the asymmetry
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⇤
of the background-subtracted

tagged yields as a function of decay time modulo 2⇡/�m
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, as shown in Fig. 10. The
asymmetry is consistent with the value of �
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determined from the full fit and does not
show any significant structure.

The data have also been analyzed allowing for the possibility of direct CP violation.
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But what about penguins?
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jö
st
ra
n
d
,
S
.
M
re
n
n
a,

an
d
P
.
S
ka
n
d
s,

P
Y
T
H
IA

6.
4
P
hy
si
cs

an
d
m
an

ua
l,
JH

E
P

0
5
(2
00
6)

02
6,

a
r
X
i
v
:
h
e
p
-
p
h
/
0
6
0
3
1
7
5
.

[8
]
I.
B
el
ya
ev

et
al
.,
H
an

d
li
n
g
of

th
e
ge
n
er
at
io
n
of

pr
im

ar
y
ev
en

ts
in

G
a
u
s
s
,
th
e
L
H
C
b

si
m
ul
at
io
n
fr
am

ew
or
k,

N
u
cl
ea
r
S
ci
en
ce

S
ym

p
os
iu
m

C
on

fe
re
n
ce

R
ec
or
d
(N

S
S
/M

IC
)

IE
E
E

(2
01
0)

11
55
.

[9
]
D
.
J.

L
an

ge
,
T
he

E
vt
G
en

pa
rt
ic
le

de
ca
y
si
m
ul
at
io
n
pa
ck
ag
e,

N
u
cl
.
In
st
ru
m
.
M
et
h
.

A
4
6
2
(2
00
1)

15
2.

[1
0]

P
.
G
ol
on

ka
an

d
Z
.
W
as
,
P
H
O
T
O
S
M
on

te
C
ar
lo
:
a
pr
ec
is
io
n
to
ol

fo
r
Q
E
D

co
rr
ec
ti
on

s
in

Z
an

d
W

de
ca
ys
,
E
u
r.
P
hy

s.
J.

C
4
5
(2
00
6)

97
,
a
r
X
i
v
:
h
e
p
-
p
h
/
0
5
0
6
0
2
6
.

[1
1]

G
E
A
N
T
4
co
ll
ab

or
at
io
n
,
J.

A
ll
is
on

et
al
.,

G
ea
n
t4

de
ve
lo
pm

en
ts

an
d

ap
pl
ic
at
io
n
s,

IE
E
E

T
ra
n
s.
N
u
cl
.
S
ci
.
5
3
(2
00
6)

27
0;

G
E
A
N
T
4
co
ll
ab

or
at
io
n
,
S
.
A
go
st
in
el
li
et

al
.,

G
E
A
N
T
4:

a
si
m
ul
at
io
n
to
ol
ki
t,
N
u
cl
.
In
st
ru
m
.
M
et
h
.
A
5
0
6
(2
00
3)

25
0.

[1
2]

M
.
C
le
m
en
ci
c
et

al
.,
T
he

L
H
C
b
si
m
ul
at
io
n
ap

pl
ic
at
io
n
,
G
au

ss
:
de
si
gn

,
ev
ol
ut
io
n
an

d
ex
pe
ri
en

ce
,
J.

of
P
hy

s:
C
on

f.
S
er
.
3
3
1
(2
01
1)

03
20
23
.

[1
3]

D
.
M
ar
t́ı
n
ez

S
an

to
s,
S
tu
dy

of
th
e
ve
ry

ra
re

de
ca
y
B

s

!
µ

+
µ

�
in

L
H
C
b,

P
h
D

th
es
is
,

U
n
iv
er
si
ty

of
S
an

ti
ag
o
d
e
C
om

p
os
te
la
,
20
10
,
C
E
R
N
-T

H
E
S
IS
-2
01
0-
06
8.

9

O(�2)

{

O(�4)

{ABs!J/ � = VcbV
⇤
cs(T + Pc � Pt) + VubV

⇤
us(Pu � Pt)

See also: Robert Fleischer in 25 min, Martin Jung in 50 min...

Bs '

J/ 

W�

s

b

s

s

c

c

Vcb

V ⇤
cs

u,c,t

Bs '

J/ 

W

s

b

s

s

c

c



But what about penguins?

15

ed
ge

th
e
su
p
p
or
t
re
ce
iv
ed

fr
om

th
e
E
R
C

u
n
d
er

F
P
7
an

d
th
e
R
eg
io
n
A
u
ve
rg
n
e.

R
e
fe
re
n
c
e
s

[1
]
S
.
F
al
le
r,

R
.
F
le
is
ch
er
,
an

d
T
.
M
an

n
el
,
P
re
ci
si
on

ph
ys
ic
s
w
it
h
B

0
s

!
J
/
 
�

at
th
e

L
H
C
:
th
e
qu
es
t
fo
r
n
ew

ph
ys
ic
s,
P
hy

s.
R
ev
.
D
7
9
(2
00
9)

01
40
05
,
a
r
X
i
v
:
0
8
1
0
.
4
2
4
8
.

[2
]
C
D
F
co
ll
ab

or
at
io
n
,
T
.A

al
to
n
en

et
al
.,
O
bs
er
va
ti
on

of
B

0
s

!
J
/
 
K

⇤ (
89
2)

0
an

d
B

0
s

!
J
/
 
K

0
S

de
ca
ys
,
P
hy

s.
R
ev
.
D
8
3
(2
01
1)

05
20
12
,
a
r
X
i
v
:
1
1
0
2
.
1
9
6
1
.

[3
]
P
ar
ti
cl
e
D
at
a
G
ro
u
p
,
J.

B
er
in
ge
r
et

al
.,
R
ev
ie
w

of
pa
rt
ic
le

ph
ys
ic
s,

P
hy

s.
R
ev
.
D
8
6

(2
01
2)

01
00
01
.

[4
]
P
ar
ti
cl
e
D
at
a
G
ro
u
p
,
K
.
N
ak
am

u
ra

et
al
.,
R
ev
ie
w

of
pa
rt
ic
le

ph
ys
ic
s,

J.
P
hy

s.
G
3
7

(2
01
0)

07
50
21
.

[5
]
B
el
le

co
ll
ab

or
at
io
n
,

K
.
A
b
e

et
al
.,

M
ea
su
re
m
en

ts
of

br
an

ch
in
g

fr
ac
ti
on

s
an

d
de
ca
y

am
pl
it
ud

es
in

B
!

J
/
 
K

⇤
de
ca
ys
,

P
hy

s.
L
et
t.

B
5
3
8

(2
00
2)

11
,

a
r
X
i
v
:
h
e
p
-
e
x
/
0
2
0
5
0
2
1
.

[6
]
L
H
C
b
co
ll
ab

or
at
io
n
,
A
.
A
.
A
lv
es

Jr
.
et

al
.,
T
he

L
H
C
b
de
te
ct
or

at
th
e
L
H
C
,
JI
N
S
T

3
(2
00
8)

S
08
00
5.

[7
]
T
.
S
jö
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LHCb: Bs → J/ψ K*0
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the background is shown for the B

0
s

! J/ K

⇤0 decay but it was found to be negligible
for B0 ! J/ K

⇤0.
Also included in Tables 1 and 2 is the uncertainty from the assumption of a constant

�S as a function of M
K⇡

. The parameter �k could in principle a↵ect the e�ciency correc-
tions, but it was found that the e↵ect of di↵erent values of �k on the overall e�ciency is
negligible. Therefore, the measured value of �k is omitted as the precision is very poor. A
simulation study of the fit pulls has shown that the errors on f

L

and fk of the B

0
s

decays
are overestimated by a small amount (⇠ 10%) since they do not follow exactly a Gaussian
distribution, therefore the decision was taken to quote an uncertainty which corresponds
to an interval containing 68% of the generated experiments, rather than giving an error
corresponding to a log-likelihood interval of 0.5. A slight bias observed in the pulls of fk
in B

0
s

decays was accounted for by adding a systematic uncertainty corresponding to 6%
of the statistical error.

The ratio of the two branching fractions is obtained from

B(B0
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where f

d

(f
s

) is the probability of the b quark to hadronize to B

0 (B0
s

) mesons. The
value for the ratio f

d

/f

s

has been taken from Ref. [22]. The e�ciencies in the ratio
"

tot
B

0/"
tot
B

0
s
are computed using simulation and receive two contributions: the e�ciency of

the o✏ine reconstruction (including geometrical acceptance) and selection cuts, and the
trigger e�ciency on events that would be o✏ine selected. The systematic uncertainty
in the e�ciency ratio is negligible due to the similarity of the final states. E↵ects due
to possible di↵erences in the decay time acceptance between data and simulation were
found to a↵ect the e�ciency ratio by less than 1 per mille. On the other hand, since the
e�ciency depends on the angular distribution of the decay products, correction factors �

B

0

and �
B

0
s
need to be applied to account for the di↵erence between the angular amplitudes

used in simulation and those measured in the data. The observed numbers of B0 and
B

0
s

decays, denoted by N

B

0 and N

B

0
s
, correspond to the number of B0

s

! J/ K⇡ and
B

0 ! J/ K⇡ decays with a K⇡ mass in a ±40 MeV/c2 window around the nominal
K

⇤0 mass. This includes mostly the K

⇤0 meson, but also an S-wave component and the
interference between the S-wave and P-wave components. The fraction of candidates with
a K

⇤0 meson present is then
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from which the ratio f

(s)

K

⇤0/f
(d)

K

⇤0 = 1.09±0.08 follows. Table 3 summarizes all the numbers
needed to compute the ratio of branching fractions

B(B0
s

! J/ K

⇤0)

B(B0 ! J/ K

⇤0)
=

�
3.43+0.34

�0.36 ± 0.50
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%.
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fL    = 0.50 ± 0.08 ± 0.02
f//    = 0.19 +0.10-0.08 ± 0.02
|AS|2= 0.07 +0.15 -0.07   (within 40 MeV/c2 of K*0(892) mass)



Summary
• Using  1 fb-1, i.e. 21.2k  Bs → J/ψ phi(KK),

•   ϕs = -0.001 ± 0.101(stat) ± 0.027 (sys) rad

• ΔΓs = 0.116 ± 0.018 (stat) ± 0.006 (sys) ps-1

•     Γs = 0.658 ± 0.005 (stat) ± 0.007 (sys) ps-1

• With 0.37 fb-1, using Bs →J/ψKK the two-fold ambiguity is resolved

• The ‘proper’ solution is the one with ΔΓs > 0 and ϕs ~ 0

• With 1 fb-1, the resonant structure of Bs→J/ψππ has been studied

• 775 MeV < m(ππ) < 1550 MeV  found to be CP-odd

• And this range is subsequently used to measure:

• ϕs =  -0.019 +0.173-0.174 +0.004-0.003 rad

• Using 0.37 fb-1, measure Br and polarization of Bs→ J/ψ K*(Kπ):

Br( Bs→ J/ψ K*(892) ) = ( 4.4 +0.5 -0.4 ± 0.8 ) 10-5

fL      = 0.50 ± 0.08 ± 0.02
f//      = 0.19 +0.10-0.08 ± 0.02
|AS|2   = 0.07 +0.15 -0.07   within 40 MeV/c2 of K*0(892) 

• On schedule to collect about 2.2 fb-1 at 8 TeV in 2012!
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Bs → J/ψφ:  Numerical Results...
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Parameter Value Stat. Syst.

�s [ps�1] 0.6580 0.0054 0.0066
��s [ps�1] 0.116 0.018 0.006
|A?(0)|2 0.246 0.010 0.013
|A0(0)|2 0.523 0.007 0.024

FS 0.022 0.012 0.007
�? [rad] 2.90 0.36 0.07
�k [rad] [2.81, 3.47] 0.13
�s [rad] 2.90 0.36 0.08
�s [rad] -0.001 0.101 0.027

Table 2: Results for the physics parameters and their statistical and systematic uncer-
tainties. We quote a 68% C.L. interval for �k, as described in the text.

�s ��s |A?|2 |A0|2 �s

�s 1.00 �0.38 0.39 0.20 �0.01
��s 1.00 �0.67 0.63 �0.01

|A?(0)|2 1.00 �0.53 �0.01
|A0(0)|2 1.00 �0.02

�s 1.00

Table 3: Correlation matrix for the statistical uncertainties on �s, ��s, |A?(0)|2, |A0(0)|2
and �s.

An exception holds for the strong phase �k as its central value is close to (and
just above) ⇡ which means that it is almost degenerate with the ambiguous solu-
tion at �k ! ��k (+2⇡) which, therefore, appears symmetrically just below ⇡. The
68% C.L encompasses both minima, and we quote the symmetric 68% C.L. interval
�k 2 [2.81, 3.47] rad (statistical only).

The results for �s and ��s are in good agreement with the Standard Model predic-
tions [7]. Note that the strong phases are all consistent with zero or ⇡ radians.

The systematic uncertainties quoted in Table 2 account for uncertainties that are
not directly treated in the maximum likelihood fit. Table 3 shows the correlation matrix
between the decay widths, angular amplitudes and �s. A breakdown of the systematic un-
certainty is given in Table 4. The uncertainty on �s is dominated by imperfect knowledge
of the angular acceptances and neglecting potential contributions of direct CP -violation
(CPV). The latter was evaluated based on simulation studies which assume the CPV
parameter |�|2 = 0.95 and |�|2 = 1.05 in the simulation and no CPV (|�|2 = 1) in the fit.
The size of |�|2 used in this study has been motivated by a fit where |�| is left as a free
parameter. The uncertainties treated directly in the likelihood fit are the uncertainties
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Source �s ��s A2
? A2

0 FS �k �? �s �s

[ps�1] [ps�1] [rad] [rad] [rad] [rad]
Description of background 0.0010 0.004 - 0.002 0.005 0.04 0.04 0.06 0.011
Angular acceptances 0.0018 0.002 0.012 0.024 0.005 0.12 0.06 0.05 0.012
t acceptance model 0.0062 0.002 0.001 0.001 - - - - -
z and momentum scale 0.0009 - - - - - - - -
Production asymmetry (± 10%) 0.0002 0.002 - - - - - - 0.008
CPV mixing & decay (± 5%) 0.0003 0.002 - - - - - - 0.020
Fit bias - 0.001 0.003 - 0.001 0.02 0.02 0.01 0.005
Quadratic sum 0.0066 0.006 0.013 0.024 0.007 0.13 0.07 0.08 0.027

Table 4: Breakdown and summary of systematic uncertainties for each physics parameter
extracted from the unbinned log-likelihood fit.

on the tagging calibration parameters, on the �ms value used as input and on the decay
time resolution. Their total contribution to the statistical uncertainties on �s is below
5%, as evaluated by running the fit twice, once with fixed values of these parameters and
another where they are varied by ±1�.

Figure 6 shows the projection of the fitted PDF on the decay time and the transversity
angle distributions for candidates with an invariant mass within ± 20 MeV/c2 around the
nominal B0

s mass. Figure 7 shows the 68.3%, 90% and 95% profile likelihood confidence
level contours in the �s ���s plane. The coverage of the likelihood contours was inves-
tigated using the Feldman-Cousins method [20]. The study indicates an underestimation
of the statistical error of at most 5%. However, this undercoverage may in fact be due
to a residual component of failed anomalous fits. The quoted statistical uncertainties or
confidence contours are not corrected for this e↵ect.

From the unbinned likelihood fit to the angles and decay time distribution we measure
the fraction of non-resonant K+K� S-wave of FS = 0.022± 0.012± 0.007 in a window of
± 12 MeV/c2 around the � mass.

To illustrate our potential to resolve the B0
s � B0

s mixing frequency �ms with this
data, we perform a fit for �ms without applying the constraint described earlier. We
find the most likely value to be �ms = 17.50 ± 0.13 ps�1, which is consistent with the
published LHCb value [19]. The profile likelihood is shown in Fig. 8.

An independent analysis of 7421 B0
s ! J/ ⇡⇡ signal candidates finds �s = �0.02 ±

0.17 ± 0.02 rad [21]. The two datasets are combined in a simultaneous fit resulting in
�s = �0.002±0.083±0.027 rad. As a cross-check, we obtain a similar result when simply
performing the näıve weighted average of the individual measurements.
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Table 5: Fit fractions (%) of contributing components for the preferred model. For P-
and D-waves � represents the final state helicity. Here ⇢ refers to the ⇢(770) meson.

Components 3R+NR 3R+NR+⇢ 3R+NR+f0(1500) 3R+NR+f0(600)
f0(980) 107.1± 3.5 104.8± 3.9 73.0± 5.8 115.2± 5.3
f0(1370) 32.6± 4.1 32.3± 3.7 114± 14 34.5± 4.0
f0(1500) - - 15.0± 5.1 -
f0(600) - - - 4.7± 2.5
NR 12.84± 2.32 12.2± 2.2 10.7± 2.1 23.7± 3.6
f2(1270), � = 0 0.76± 0.25 0.77± 0.25 1.07± 0.37 0.90± 0.31
f2(1270), |�| = 1 0.33± 1.00 0.26± 1.12 1.02± 0.83 0.61± 0.87
⇢, � = 0 - 0.66± 0.53 - -
⇢, |�| = 1 - 0.11± 0.78 - -
Sum 153.6± 6.0 151.1± 6.0 214.4± 15.7 179.6± 8.0
�lnL 58945 58944 58943 58935
�

2/ndf 1415/1343 1418/1341 1416/1341 1409/1341
Probability(%) 8.41 7.05 7.57 9.61

Table 6: Fit fractions (%) of contributing components from di↵erent models for the
alternate solution. For P- and D-waves � represents the final state helicity. Here ⇢ refers
to the ⇢(770) meson.

Components 3R+NR 3R+NR+⇢ 3R+NR+f0(1500) 3R+NR+f0(600)
f0(980) 100.8± 2.9 99.2± 4.2 96.9± 3.8 111± 15
f0(1370) 7.0± 0.9 6.9± 0.9 3.0± 1.7 8.0± 1.1
f0(1500) - - 4.7± 1.7 -
f0(600) - - - 4.3± 2.3
NR 13.8± 2.3 13.4± 2.7 13.4± 2.4 24.7± 3.9
f2(1270), � = 0 0.51± 0.14 0.52± 0.14 0.50± 0.14 0.51± 0.14
f2(1270), |�| = 1 0.24± 1.11 0.19± 1.38 0.63± 0.84 0.48± 0.89
⇢, � = 0 - 0.43± 0.55 - -
⇢, |�| = 1 - 0.14± 0.78 - -
Sum 122.4± 4.0 120.8± 5.3 119.2± 5.2 148.7± 15.5
�lnL 58946 58945 58941 58937
�

2/ndf 1414/1343 1416/1341 1407/1341 1412/1341
Probability(%) 8.70 7.57 10.26 8.69

and 8. For a spin-0 ⇡
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where A
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are real-valued functions of m
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Figure 17 shows the distributions of the angular moments for the preferred solution.
In general the interpretation of these moments is that hY 0

0 i is the e�ciency corrected and
background subtracted event distribution, hY 0

1 i the interference of the sum of S-wave and
P-wave and P-wave and D-wave amplitudes, hY 0

2 i the sum of the P-wave, D-wave and the
interference of S-wave and D-wave amplitudes, hY 0

3 i the interference between P-wave and
D-wave, and hY 0

4 i the D-wave.
In our data the hY 0

1 i distribution is consistent with zero, confirming the absence of
any P-wave. We do observe the e↵ects of the f2(1270) in the hY 0

2 i distribution including
the interferences with the S-waves. The other moments are consistent with the absence
of any structure, as expected.

6 Results

6.1 CP content

The main result in this paper is that CP -odd final states dominate. The f2(1270) helicity
±1 yield is (0.21 ± 0.65)%. As this represents a mixed CP state, the upper limit on the
CP -even fraction due to this state is < 1.3% at 95% confidence level (CL). Adding the
⇢(770) amplitude and repeating the fit shows that only an insignificant amount of ⇢(770)
can be tolerated; in fact, the isospin violating J/ ⇢(770) final state is limited to < 1.5%
at 95% CL. The sum of f2(1270) helicity ±1 and ⇢(770) is limited to < 2.3% at 95% CL.
In the ⇡+

⇡

� mass region within ±90 MeV of 980 MeV, this limit improves to < 0.6% at
95% CL.
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Table 3: Parameter values and errors for B(B0
s!J/ K

⇤0)
B(B0!J/ K

⇤0) .

Parameter Name Value

Hadronization fractions f

d

/f

s

3.75± 0.29

E�ciency ratio "

tot
B

0/"
tot
B

0
s

0.97± 0.01

Angular corrections �

B

0
/�

B

0
s

1.01± 0.04

Ratio of K⇤0 fractions f

(s)

K

⇤0/f
(d)

K

⇤0 1.09± 0.08

B signal yields N

B

0
s
/N

B

0

�
8.5+0.9

�0.8 ± 0.8
�
⇥ 10�3

The systematic uncertainty includes: a 1.2% contribution corresponding to the error in
the e�ciency ratio; a 2.5% caused by the uncertainty on the Crystal Ball function; a
8.6% arising from the parameterization of the upper tail of the B0 peak; a 3.9% from the
angular correction of the e�ciencies; a 7.3% due to the uncertainty on the ratio f (s)

K

⇤0/f
(d)

K

⇤0 ;
and a 7.7% due the uncertainty on f

d

/f

s

. The errors are added in quadrature.
Taking the value B(B0 ! J/ K

⇤0) = (1.29 ± 0.05 ± 0.13) ⇥ 10�3 from Ref. [5] and
adding all the systematic uncertainties in quadrature, the following branching fraction is
obtained,

B(B0
s

! J/ K

⇤0) =
�
4.4+0.5

�0.4 ± 0.8
�
⇥ 10�5

.

This value is in fact the average of the B

0
s

! J/ K

⇤0 and B

0
s

! J/ K

⇤0 branching
fractions. It is compatible with the CDF measurement [2] and similar to the naive quark
spectator model prediction of Eq. (1), although it is closer to the estimation in Ref. [1],
B(B0

s

! J/ K

⇤0) ⇠ 2 ⇥ B(B0
d

! J/ ⇢

0) = (4.6 ± 0.4) ⇥ 10�5. The branching fraction
measured here corresponds to the time integrated quantity, while theory predictions usu-
ally refer to the branching fraction at t = 0 [23]. In the case of B0

s

! J/ K

⇤0, the two
di↵er by (��

s

/2�
s

)2 = (0.77 ± 0.25)%, where ��
s

= �L � �H, �s

= (�L + �H)/2, and
�L(H) is the decay width of the light (heavy) B0

s

-mass eigenstate.
In conclusion, using 0.37 fb�1 of pp collisions collected by the LHCb detector at

p
s =

7 TeV, a measurement of the B0
s

! J/ K

⇤0 branching fraction yields B(B0
s

! J/ K

⇤0) =�
4.4+0.5

�0.4 ±0.8
�
⇥10�5. In addition, an angular analysis of the decay products is presented,

which provides the first measurement of the K

⇤0 polarization fractions in this decay,
giving f

L

= 0.50 ± 0.08 ± 0.02, fk = 0.19+0.10
�0.08 ± 0.02, and an S-wave contribution of

|AS|2 = 0.07+0.15
�0.07 in a ±40 MeV/c2 window around the K

⇤0 mass.
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Table 1: Summary of the measured B0
s

! J/ K⇤0 angular properties and their statistical and
systematic uncertainties.

Parameter name |AS|2 f

L

fk

Value and statistical error 0.07+0.15
�0.07 0.50± 0.08 0.19+0.10

�0.08

Angular acceptance 0.044 0.011 0.016

Background angular model 0.038 0.017 0.013

Assumption �S(MK⇡

) = constant 0.026 0.005 0.002

B

0 contamination 0.036 0.004 0.007

Fit bias � � 0.005

Total systematic error 0.073 0.021 0.022

Table 2: Angular parameters of B0 ! J/ K⇤0 needed to compute B(B0
s

! J/ K⇤0). The
systematic uncertainties from background modelling and the mass PDF are found to be negligible
in this case.

Parameter name |AS|2 f

L

fk

Value and statistical error 0.037± 0.010 0.569± 0.007 0.240± 0.009

Angular acceptance 0.044 0.011 0.016

Assumption �S(MK⇡

) = constant 0.026 0.005 0.002

Total systematic error 0.051 0.012 0.016

Tables 1 and 2 summarize the measurements of the B

0
(s) ! J/ 

(–)

K

⇤0 angular pa-
rameters, together with their statistical and systematic uncertainties. The correlation
coe�cient given by the fit between f

L

and fk is ⇢ = �0.44 for B0
s

decays. The results for
the B0 ! J/ K

⇤0 decay are in good agreement with previous measurements [5,16,19,20].
Based on this agreement, the systematic uncertainties caused by the parameterization of
the angular acceptance were evaluated by summing in quadrature the statistical error on
the measured B

0 ! J/ K

⇤0 parameters with the uncertainties on the world averages
(f

L

= 0.570± 0.008 and f? = 0.219± 0.010) [4]. The angular analysis was repeated with
two additional acceptance descriptions, one which uses a three-dimensional histogram to
describe the e�ciency avoiding any factorization hypothesis, and another one based on
a method of normalization weights described in Ref. [21]. A very good agreement was
found in the values of the polarization fractions computed with those methods. For the
parameter |AS|2, uncertainties caused by the finite size of the simulation sample used for
the acceptance description, as well as from the studies with several acceptance models,
are included. The systematic uncertainty caused by the choice of the angular PDF for
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