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Outline

• Introduction

• B-Hadron Production

• Λb lifetime

• Bs lifetime difference (ΔΓs)

• Summary
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Introduction
• CMS is a general purpose detector at the LHC.

• Inner tracker consists of silicon pixel and silicon 
strip layers. 

• Muons are measured by drift tubes (DT), 
cathode strip chambers (CSC) and resistive plate 
chambers (RPC).

3

• The dimuon mass resolution is 
less than 1%.

• Powerful tool for B-physics study.

http://en.wikipedia.org/wiki/Wire_chamber
http://en.wikipedia.org/wiki/Wire_chamber
http://en.wikipedia.org/w/index.php?title=Cathode_strip_chambers&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Cathode_strip_chambers&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Resistive_plate_chambers&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Resistive_plate_chambers&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Resistive_plate_chambers&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Resistive_plate_chambers&action=edit&redlink=1
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Dimuon mass distribution

• Dimuon mass distribution collected with various dimuon triggers.
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B-Hadron Production

5
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Opposite-sign data

Signal+background fit

Background

CMS
 = 7 TeVspp,   

-1L = 5.3 fb

• M (Ξb*0) = 5945.0 ± 0.7 (stat.) ± 0.3 (syst.) 
± 2.7 (PDG) MeV

• Measured mass and width are compatible 
with theoretical expectations for the            
JP = 3/2+ baryon*

Observation of Ξb∗0

6

14.84 ± 0.74 (stat.) ± 0.28 (syst.) MeV
Γ = 2.1 ± 1.7 (stat.) MeV

* arXiv:1203.3378.
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Measurement of the Λb lifetime
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Λb Lifetime Measurement 

• Study of b-baryons is an important ingredient in 
understanding b-hadron production. 

• The non-perturbative QCD model of Heavy Quark 
Theory provides predictions.

• Recent measurements include those from CDF, D0 
and ATLAS. 

• Use Λb → J/ψΛ0 , J/ψ→μμ, Λ0 →pπ. 

8
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Event Selection

9

Λb

Λ0

J/ψ

p
π

µ
µ

• Two oppositely charged muons. 

• Constrain the dimuon invariant mass to the known J/ψ mass.

• Select two other oppositely charged tracks as the proton 
and pion with the pT(proton) > pT(pion).

• Constrain the proton-pion invariant mass to the Λ0 mass, 

• reject events with m(pπ) close to Ks mass. 
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Likelihood Fit and Efficiency

10

Fit

Now the components:

I
Signal: Double Gaussian in m, decay in t

Msig(m) ·Msig(t) = Gsig(m;µ
m

,�1,�2, f ) · Dsig(t; ⌧,�1,�2, f ) (5)

I
Prompt background: Linear in m, Double Gaussian in t

Mprompt(m) ·Mprompt = (a0 + a1m) · Gprompt(t;µt

,�1,�2, f ) (6)

I
Non-prompt background: Linear in m, decay in t

Mnon-prompt(m) ·Mnon-prompt = (a0 + a1m) · Dnon-prompt(t; ⌧,�1,�2, f ) (7)

And the final fit function is the sum of these three components.

We use a extended unbinned likelihood fit.

28 / 63

• 2-D unbinned maximum likelihood fit:

different b-hadrons with wrong 
assumptions in the mass or 

incompletely reconstructed events

• Constant efficiency 
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Simulated efficiency
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Line with slope + turn-on curve

CMS simulation
-1 = 7 TeV   L = 5 fbs

fit with turn-on curve 
for systematic study.

proper time
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prompt bkgd

non-prompt bkgd

See backup for B0 fits.
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Systematic and Results

12

1.503 ± 0.052 (stat.) ± 0.031 (syst.) ps

• Systematic uncertainty sources:

• Efficiency (main source)

• Alignment

• Event selection

• Fit model

• Final results Λb lifetime:
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Comparison with Previous Results

13

Final results

Bringing our results into a global perspective:

 [ps]τ
1 1.2 1.4 1.6

DELPHI (91-94) l+cΛ
ALEPH (91-95) l+cΛ
ALEPH (91-95) +l-lΛ
CDF1 (91-95) l+cΛ
OPAL (90-95) +l-lΛ, l+cΛ
CDF2 (02-06) π+cΛ

D0 (02-06) µ+cΛ

D0 (02-06) ΛψJ/
CDF2 (02-09) ΛψJ/
D0 (02-11) ΛψJ/
ATLAS (2011) ΛψJ/
CMS prel(2011) ΛψJ/

errors in black: statistical only
: syst. added in quadraturegreyerrors in 

: current best valueband
data from arXiv:1010.1589
prepared for PDG2011 [ps]τ

1 1.2 1.4 1.6

 lifetimebΛ
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Measurement of the Bs lifetime difference

14
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Bs lifetime difference

• Two flavour eigenstate of Bs oscillate.

• Bs -Bs mixing gives rise to a CP violation phase:

15

1

1 Introduction

The decay of a Bs meson is characterized by the possibility that it may go through the mix-
ing between its two flavour eigenstates (Bs � B̄s). The resulting mass eigenstates from mixing
are expected to have sizeable mass and decay width difference. Since the CP-violating mixing
phase is expected to be small in the Standard Model, the two mass eigenstates are approxi-
mately equal to CP eigenstates. The light mass eigenstate is expected to be a CP-even state
with a shorter lifetime than the heavy mass eigenstate which is a CP-odd state [1]. The decay
width difference of the two Bs eigenstates is found to be several percent of the mean decay
rate [2]. In the decay Bs ! J/yf with J/y ! µ+µ� and f ! K+K�, the final state is an admix-
ture of the CP-even and CP-odd eigenstates. A measurement of the lifetime difference (DGs) of
the two mass eigenstates can be performed using the proper decay time distribution of Bs me-
son [2, 3]. The additional information required to separate the light and heavy mass eigenstates
can be obtained from the angular distribution of the final decay products.

Since the Bs is a pseudo-scalar meson while the J/y and f are vector mesons, the orbital angular
momentum of the two decay products can have the values L = 0, 1, and 2. The two CP
components can be statistically disentangled by measuring the angular distributions of the
final decay products. A set of three angles Q = (qT, yT, jT) in the transversity basis [4], as
illustrated in Fig. 1, is used to describe the decay topology. Here, qT and jT are the polar and
azimuthal angles of the µ+ in the rest frame of the J/y respectively, where the x-axis is defined
by the direction of the Bs and the xy-plane by the decay plane of f ! K+K�. The helicity angle
yT is the angle of the K+ in the f rest frame with respect to the negative Bs flight direction.

T

T

T

Figure 1: Definition of the three angles, (qT, yT and jT), used for the description of the decay
topology.

The decay of vector mesons is further described by the time evolution of three different ampli-
tudes with different angular dependencies. The amplitudes at time t = 0 are defined using the
longitudinal component A0(0) for L = 0, which is CP-even, and the transverse components
A?(0) for L = 1 and A||(0) for L = 2 which are CP-odd and CP-even, respectively. In addition,
the two strong phases are denoted by d|| and d?. The differential decay rate as a function of the

A'brief'introducLon'on'the'theory'(1)'

27'Sept'2012' 3' 3/ 84

Introduction

WHAT: interference between B0
s decay to J/⌅⇤ either directly or via B0

s –B0
s

oscillation gives rise to a CP violating phase ⇤J/⇤⇥
s ⇥ ⇤s = ⇤M � 2⇤D

WHY:
1 In SM, ⇥J/⇥�

s ⇥ �2�s = �(0.0363± 0.0017) rad, �s = arg (�VtsV�tb /VcsV�cb)

2 In presence of NP in the mixing box, ⇥J/⇥�
s can be larger

HOW: fit differential decay rates (for B0
s and B0

s ):

d4�(B0
s⇤ J/⌅⇤)

dt d cos ⇥ d⇤ d cos ⌅
= f (⇤s,⇥�s, �s,⇥ms, MB0

s
, |A⇥|, |A⇤|, �⇥, �⇤)

O. Leroy (CPPM) CP violation in B0
s ⇥ J/⇥� at LHCb 2 March 2011 3 / 78

• 'Two'flavour'eigenstates'of'Bs'oscillate'among'themselves;''
• 'Interference'between'direct'BsJ/ψφ''decay'and'decay'via'Bs/anLRBs'mixing'
gives'rise'to'a'CP'violaLon'phase''

�s = �M � 2�D

• 'In'the'Standard'Model'Φs≈R2βs=R(0.0363±0.0017)'rad'
• 'We'do'not'measure'the'Φs'
• 'Two'CP'eigenstates'of'Bs':'≈'mass'eigenstates'BL'and'BH'
• 'If'we'want'to'measure'the'difference'of'decay'rates'of'the'two'states,'a'disentangling'
(angular)'analysis'is'needed:'CP=(R1)L'and'L=0,1,2'since'Bs'is'a'pseudoRscalar'(spin'0)'
while'J/ψ'and'φ'are'vector'mesons,'hence'the'final'state'is'an'admixture'of'states'with'
pos.'and'neg.'CP'eigenstates''''

�s = arg(�VtsV
⇤
tb/VcsV

⇤
cb)

_

• The final state is an admixture of  the 
CP-even and CP-odd eigenstates. 
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1

1 Introduction

The decay of a Bs meson is characterized by the possibility that it may go through the mix-
ing between its two flavour eigenstates (Bs � B̄s). The resulting mass eigenstates from mixing
are expected to have sizeable mass and decay width difference. Since the CP-violating mixing
phase is expected to be small in the Standard Model, the two mass eigenstates are approxi-
mately equal to CP eigenstates. The light mass eigenstate is expected to be a CP-even state
with a shorter lifetime than the heavy mass eigenstate which is a CP-odd state [1]. The decay
width difference of the two Bs eigenstates is found to be several percent of the mean decay
rate [2]. In the decay Bs ! J/yf with J/y ! µ+µ� and f ! K+K�, the final state is an admix-
ture of the CP-even and CP-odd eigenstates. A measurement of the lifetime difference (DGs) of
the two mass eigenstates can be performed using the proper decay time distribution of Bs me-
son [2, 3]. The additional information required to separate the light and heavy mass eigenstates
can be obtained from the angular distribution of the final decay products.

Since the Bs is a pseudo-scalar meson while the J/y and f are vector mesons, the orbital angular
momentum of the two decay products can have the values L = 0, 1, and 2. The two CP
components can be statistically disentangled by measuring the angular distributions of the
final decay products. A set of three angles Q = (qT, yT, jT) in the transversity basis [4], as
illustrated in Fig. 1, is used to describe the decay topology. Here, qT and jT are the polar and
azimuthal angles of the µ+ in the rest frame of the J/y respectively, where the x-axis is defined
by the direction of the Bs and the xy-plane by the decay plane of f ! K+K�. The helicity angle
yT is the angle of the K+ in the f rest frame with respect to the negative Bs flight direction.
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Figure 1: Definition of the three angles, (qT, yT and jT), used for the description of the decay
topology.

The decay of vector mesons is further described by the time evolution of three different ampli-
tudes with different angular dependencies. The amplitudes at time t = 0 are defined using the
longitudinal component A0(0) for L = 0, which is CP-even, and the transverse components
A?(0) for L = 1 and A||(0) for L = 2 which are CP-odd and CP-even, respectively. In addition,
the two strong phases are denoted by d|| and d?. The differential decay rate as a function of the

Bs lifetime difference

• Since Bs is a pseudo-scalar meson, while

J/ψ and Φ are vector mesons, the orbital angular momentum 
can have the values L = 0, 1, 2. 

• To measure the lifetime difference (ΔΓs)

for the decay rates of the two Bs mass 

eigenstates, an analysis is needed to 

disentangle the two CP eigenstates.  

• Decay topology is described by:         
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1 Introduction

The decay of a Bs meson is characterized by the possibility that it may go through the mix-
ing between its two flavour eigenstates (Bs � B̄s). The resulting mass eigenstates from mixing
are expected to have sizeable mass and decay width difference. Since the CP-violating mixing
phase is expected to be small in the Standard Model, the two mass eigenstates are approxi-
mately equal to CP eigenstates. The light mass eigenstate is expected to be a CP-even state
with a shorter lifetime than the heavy mass eigenstate which is a CP-odd state [1]. The decay
width difference of the two Bs eigenstates is found to be several percent of the mean decay
rate [2]. In the decay Bs ! J/yf with J/y ! µ+µ� and f ! K+K�, the final state is an admix-
ture of the CP-even and CP-odd eigenstates. A measurement of the lifetime difference (DGs) of
the two mass eigenstates can be performed using the proper decay time distribution of Bs me-
son [2, 3]. The additional information required to separate the light and heavy mass eigenstates
can be obtained from the angular distribution of the final decay products.

Since the Bs is a pseudo-scalar meson while the J/y and f are vector mesons, the orbital angular
momentum of the two decay products can have the values L = 0, 1, and 2. The two CP
components can be statistically disentangled by measuring the angular distributions of the
final decay products. A set of three angles Q = (qT, yT, jT) in the transversity basis [4], as
illustrated in Fig. 1, is used to describe the decay topology. Here, qT and jT are the polar and
azimuthal angles of the µ+ in the rest frame of the J/y respectively, where the x-axis is defined
by the direction of the Bs and the xy-plane by the decay plane of f ! K+K�. The helicity angle
yT is the angle of the K+ in the f rest frame with respect to the negative Bs flight direction.
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Figure 1: Definition of the three angles, (qT, yT and jT), used for the description of the decay
topology.

The decay of vector mesons is further described by the time evolution of three different ampli-
tudes with different angular dependencies. The amplitudes at time t = 0 are defined using the
longitudinal component A0(0) for L = 0, which is CP-even, and the transverse components
A?(0) for L = 1 and A||(0) for L = 2 which are CP-odd and CP-even, respectively. In addition,
the two strong phases are denoted by d|| and d?. The differential decay rate as a function of the
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Bs Decay Formula

• The differential decay rate: 
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1 Introduction
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phase is expected to be small in the Standard Model, the two mass eigenstates are approxi-
mately equal to CP eigenstates. The light mass eigenstate is expected to be a CP-even state
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width difference of the two Bs eigenstates is found to be several percent of the mean decay
rate [2]. In the decay Bs ! J/yf with J/y ! µ+µ� and f ! K+K�, the final state is an admix-
ture of the CP-even and CP-odd eigenstates. A measurement of the lifetime difference (DGs) of
the two mass eigenstates can be performed using the proper decay time distribution of Bs me-
son [2, 3]. The additional information required to separate the light and heavy mass eigenstates
can be obtained from the angular distribution of the final decay products.

Since the Bs is a pseudo-scalar meson while the J/y and f are vector mesons, the orbital angular
momentum of the two decay products can have the values L = 0, 1, and 2. The two CP
components can be statistically disentangled by measuring the angular distributions of the
final decay products. A set of three angles Q = (qT, yT, jT) in the transversity basis [4], as
illustrated in Fig. 1, is used to describe the decay topology. Here, qT and jT are the polar and
azimuthal angles of the µ+ in the rest frame of the J/y respectively, where the x-axis is defined
by the direction of the Bs and the xy-plane by the decay plane of f ! K+K�. The helicity angle
yT is the angle of the K+ in the f rest frame with respect to the negative Bs flight direction.
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Figure 1: Definition of the three angles, (qT, yT and jT), used for the description of the decay
topology.

The decay of vector mesons is further described by the time evolution of three different ampli-
tudes with different angular dependencies. The amplitudes at time t = 0 are defined using the
longitudinal component A0(0) for L = 0, which is CP-even, and the transverse components
A?(0) for L = 1 and A||(0) for L = 2 which are CP-odd and CP-even, respectively. In addition,
the two strong phases are denoted by d|| and d?. The differential decay rate as a function of the

2 2 CMS detector

proper decay time t and angular variables Q can be represented [4] as

d4G(Bs(t))
dQ dt

= f (Q, t; a) =
6

Â
i=1

Oi(a, t).gi(Q) , (1)

where Oi are kinematics-independent observables, gi are the angular distributions, and a de-
notes a set of physics parameters of interest (Gs, DGs, |A0|2, |A?|2, d||). The kinematic observ-
ables are described using the following equations:

O1 = |A0(t)|2 = |A0(0)|2e�Gst[cosh(DGst/2)� cos fs sinh(DGst/2)]
O2 = |A||(t)|2 = |A||(0)|2e�Gst[cosh(DGst/2)� cos fs sinh(DGst/2)]

O3 = |A?(t)|2 = |A?(0)|2e�Gst[cosh(DGst/2) + cos fs sinh(DGst/2)] (2)
O4 = Im(A⇤

||(t)A?(t)) = |A||(0)||A?(0)|e�Gst[� cos(d? � dk) sin fs sinh(DGst/2)]

O5 = Re(A⇤
0(t)A||(t)) = |A0(0)||A||(0)| cos dke�Gst[cosh(DGst/2)� cos fs sinh(DGst/2)]

O6 = Im(A⇤
0(t)A?(t)) = |A0(0)||A?(0)|e�Gst[� cos d? sin fs sinh(DGst/2)] ,

where fs is the mixing phase. Constraining fs to zero allows the terms containing O4(a, t)·g4(Q)
and O6(a, t)·g6(Q) to be omitted. The individual angular distributions are given by the follow-
ing equations:

g1 = 2 cos2(yT)(1 � sin2(qT) cos2(jT)),
g2 = sin2(yT)(1 � sin2(qT) sin2(jT)),
g3 = sin2(yT) sin2(qT),
g4 = � sin2(yT) sin2(2qT) sin(jT), (3)

g5 =
1p
2

sin(2yT) sin2(qT) sin(2jT),

g6 =
1p
2

sin(2yT) sin(2qT) sin(jT) .

The theoretical expectation for the ratio DGs/Gs is 0.12 ± 0.06 [1]. The S-wave component is
assumed to be negligible in the signal model. The analysis uses a data sample corresponding
to an integrated luminosity of 5.0 ± 0.1 fb�1 in pp collisions at

p
s = 7 TeV collected with the

CMS detector in the year of 2011.

2 CMS detector

A detailed description of the CMS detector can be found in Ref. [5]. The main sub-detectors
used for the present analysis are the inner tracker operated at a 3.8 T axial magnetic field and
the muon detection system. The inner tracker consists of silicon pixel and silicon strip layers.
The pixel tracker consists of three barrel layers and two end-cap disks at each barrel end. The
strip tracker has 10 barrel layers and 12 end-cap disks at each barrel end. The tracker configu-
ration provides at least 9 hits in the pseudorapidity region |h| < 2.4 with the pseudorapidity
defined as h = �ln[tan(q/2)], where q is the polar angle with respect to the direction of the
counterclockwise beam. A right-handed coordinate system is used in CMS, with the origin at
the nominal collision point, the x axis pointing to the center of the LHC ring, the y axis pointing
up (perpendicular to the LHC plane), and the z axis along the anticlockwise beam direction.
The azimuthal angle j is the angle relative to the positive x axis measured in the x-y plane. The
muons are detected in the gas-ionization detectors embedded in the steel return yokes. In the
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ing between its two flavour eigenstates (Bs � B̄s). The resulting mass eigenstates from mixing
are expected to have sizeable mass and decay width difference. Since the CP-violating mixing
phase is expected to be small in the Standard Model, the two mass eigenstates are approxi-
mately equal to CP eigenstates. The light mass eigenstate is expected to be a CP-even state
with a shorter lifetime than the heavy mass eigenstate which is a CP-odd state [1]. The decay
width difference of the two Bs eigenstates is found to be several percent of the mean decay
rate [2]. In the decay Bs ! J/yf with J/y ! µ+µ� and f ! K+K�, the final state is an admix-
ture of the CP-even and CP-odd eigenstates. A measurement of the lifetime difference (DGs) of
the two mass eigenstates can be performed using the proper decay time distribution of Bs me-
son [2, 3]. The additional information required to separate the light and heavy mass eigenstates
can be obtained from the angular distribution of the final decay products.

Since the Bs is a pseudo-scalar meson while the J/y and f are vector mesons, the orbital angular
momentum of the two decay products can have the values L = 0, 1, and 2. The two CP
components can be statistically disentangled by measuring the angular distributions of the
final decay products. A set of three angles Q = (qT, yT, jT) in the transversity basis [4], as
illustrated in Fig. 1, is used to describe the decay topology. Here, qT and jT are the polar and
azimuthal angles of the µ+ in the rest frame of the J/y respectively, where the x-axis is defined
by the direction of the Bs and the xy-plane by the decay plane of f ! K+K�. The helicity angle
yT is the angle of the K+ in the f rest frame with respect to the negative Bs flight direction.
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Figure 1: Definition of the three angles, (qT, yT and jT), used for the description of the decay
topology.
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tudes with different angular dependencies. The amplitudes at time t = 0 are defined using the
longitudinal component A0(0) for L = 0, which is CP-even, and the transverse components
A?(0) for L = 1 and A||(0) for L = 2 which are CP-odd and CP-even, respectively. In addition,
the two strong phases are denoted by d|| and d?. The differential decay rate as a function of the
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= f (Q, t; a) =
6

Â
i=1

Oi(a, t).gi(Q) , (1)

where Oi are kinematics-independent observables, gi are the angular distributions, and a de-
notes a set of physics parameters of interest (Gs, DGs, |A0|2, |A?|2, d||). The kinematic observ-
ables are described using the following equations:

O1 = |A0(t)|2 = |A0(0)|2e�Gst[cosh(DGst/2)� cos fs sinh(DGst/2)]
O2 = |A||(t)|2 = |A||(0)|2e�Gst[cosh(DGst/2)� cos fs sinh(DGst/2)]

O3 = |A?(t)|2 = |A?(0)|2e�Gst[cosh(DGst/2) + cos fs sinh(DGst/2)] (2)
O4 = Im(A⇤

||(t)A?(t)) = |A||(0)||A?(0)|e�Gst[� cos(d? � dk) sin fs sinh(DGst/2)]
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O6 = Im(A⇤
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where fs is the mixing phase. Constraining fs to zero allows the terms containing O4(a, t)·g4(Q)
and O6(a, t)·g6(Q) to be omitted. The individual angular distributions are given by the follow-
ing equations:

g1 = 2 cos2(yT)(1 � sin2(qT) cos2(jT)),
g2 = sin2(yT)(1 � sin2(qT) sin2(jT)),
g3 = sin2(yT) sin2(qT),
g4 = � sin2(yT) sin2(2qT) sin(jT), (3)

g5 =
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sin(2yT) sin2(qT) sin(2jT),

g6 =
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sin(2yT) sin(2qT) sin(jT) .

The theoretical expectation for the ratio DGs/Gs is 0.12 ± 0.06 [1]. The S-wave component is
assumed to be negligible in the signal model. The analysis uses a data sample corresponding
to an integrated luminosity of 5.0 ± 0.1 fb�1 in pp collisions at

p
s = 7 TeV collected with the

CMS detector in the year of 2011.

2 CMS detector

A detailed description of the CMS detector can be found in Ref. [5]. The main sub-detectors
used for the present analysis are the inner tracker operated at a 3.8 T axial magnetic field and
the muon detection system. The inner tracker consists of silicon pixel and silicon strip layers.
The pixel tracker consists of three barrel layers and two end-cap disks at each barrel end. The
strip tracker has 10 barrel layers and 12 end-cap disks at each barrel end. The tracker configu-
ration provides at least 9 hits in the pseudorapidity region |h| < 2.4 with the pseudorapidity
defined as h = �ln[tan(q/2)], where q is the polar angle with respect to the direction of the
counterclockwise beam. A right-handed coordinate system is used in CMS, with the origin at
the nominal collision point, the x axis pointing to the center of the LHC ring, the y axis pointing
up (perpendicular to the LHC plane), and the z axis along the anticlockwise beam direction.
The azimuthal angle j is the angle relative to the positive x axis measured in the x-y plane. The
muons are detected in the gas-ionization detectors embedded in the steel return yokes. In the

physics parameters of interest
angular distributions

longitudinal amplitudes

transverse amplitudes

strong phase
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SelecLon'cuts'

•  One'pair'of'opposite'sign'(global'&'tracker)'muons'with'pT>4'GeV'and'

''''''|η|<2.2,'muon'overlap'removed;'
•  J/ψ'candidate'with'a'vertex'probability>15%,'pT>7'GeV,'mass'within'150'MeV'

the'PDG'mass,'cosαxy>0.9,'MuonDCA<0.5,'Lxy/σxy>3;''
•  One'pair'of'opposite'sign'tracks'(suppose'to'be'kaons)'pT>0.7'GeV'and'more'

than'5'tracker'hits,'track/muon'overlap'removed,'mass'of'the'φ'within'10'
MeV'the'PDG'mass;'

•  Bs'built'from'4'track'vertex,'constraining'the'dimuon'mass'to'be'the'J/psi'PDG'
mass,''vertex'probability>2%,'5.2<'MBs<5.6'GeV;'

•  In'each'event'selected'the'most'probable'Bs'in'terms'of'vertex'probability.'

•  Intrinsic'fit'cuts:'5.24<'MBs<5.49'GeV,'0.02<ct<0.3'cm;'
•  Offline'selecLons'as'stringent'as'the'Lghtest'trigger'selecLons'27'Sept'2012' 8'

5

• HLT Dimuon10 Barrel Jpsi v5-v10111

A dimuon pair with pT > 10GeV, the muons |⌅| < 1.25, dimuon mass window of112

2.3-3.35 GeV and cowboy rejection.113

• HLT Dimuon13 Barrel family114

A dimuon pair with pT > 13GeV, the muons |⌅| < 1.25, dimuon mass window of115

2.3-3.35 GeV and cowboy rejection.116

5 Event Reconstruction and Selection117

The analysis is based on the data collected in year 2011 and corresponding to the integrated118

luminosity of 5.0 ± 0.1 f b�1. Reconstruction of the Bs candidate is based on the identifying the119

J/⇧ ⇥ µ+µ� and of a candidate ⇤(1020) ⇥ K+K� meson. The offline selection the cuts are120

introduced which are at least as tight as the trigger selection cuts, in order to have a coherent121

data selection. The muon candidates are requested to be tracker and global muons. In the122

trigger, the muons are required to lie within a kinematic acceptance region pµ
T > 4.0 GeV/c and123

|eta| < 2.2, with an opening angle cos �� < 0.9 . The distance of the closest approach for two124

muons (muon-muon DCA) is requested to be < 0.5. The J/⇧ candidates reconstructed from125

the muon pair are selected by trigger with the variable mass windows for J/⇧ ( 2.8-3.35 GeV126

or 2.9-3.3 GeV). The cuts based on the the vertex fit probability for the muons originating from127

the common vertex are also applied.128

Two oppositely charged muon candidates with transverse momentum pt > 7GeV is selected.129

The pair of reconstructed muons are required to originate from a common vertex using a130

Kalman vertex fit with a significance > 3 for the transverse decay length, which is the dis-131

tance between the offline beam spot and the secondary vertex. In the offline reconstruction,the132

individual muons are required to lie within a kinematic acceptance region of pµ
T > 4.0 GeV/c.133

The invariant mass of J/⇧ are within 150 MeV/c2 of the world-average J/⇧ mass [8] and a cut134

on the fit probability > 15 % was applied on the of the J/⇧ vertex.135

Candidate ⇤(1020) mesons are reconstructed from pairs of oppositely charged tracks with pt >136

0.7 GeV/c that are selected from a sample where all the muon candidate tracks that have been137

already used have been removed. Each such track is assumed to be a kaon and the invariant138

mass of a track pair is required to be to be within 10 MeV/c2 of the world average ⇤(1020)-139

meson mass [8].140

The Bs candidates are formed by combining a J/⇧ with a ⇤(1020) candidate. The two muons141

and the two kaons are subjected to a combined vertex and kinematic fit, where the dimuon142

invariant mass is constrained to the nominal J/⇧ mass [8]. The Bs candidates corresponding143

to (J/⇧,⇤) pair with an invariant mass between 5.20GeV/c2 and 5.65GeV/c2 and having a ⇥2
144

vertex fit probability 2% have been selected. For the events with more than one Bs candidate,145

the one with the highest vertex fit probability is selected. All the studies in this analysis were146

done taking into account a cut in the proper decay length of 0.02 cm and a cut in the mass range147

[5.24 � 5.49] GeV.148

The mass m of the Bs candidate is the invariant mass obtained by full reconstruction of the
kinematic tree. The proper decay length ct is defined as:

ct = mBs

Lxy · pT
pT · pT

(4)

where mBs is the mass of the Bs set to the world best average 5.3663 GeV, Lxy is the decay149

length measured in the laboratory frame; the decay length is the vector formed between the150

Bs''J/ψφμ+μRK+KR''

Event Selection

18

• Build Bs from 4-track vertex fit:

• Constrain the dimuon invariant mass to the 
known J/ψ mass.

• Constrain the K+K- to the φ mass.

• Two oppositely charged muons. 

• Two oppositely charged tracks.
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Efficiency Study

• The overall efficiency includes: detector 
acceptance, the trigger conditions, and the 
selection cuts. 

• No sizable correlation between the proper 
time and the angular variables is found. 

• The correlation amongst the angular 
observables is also negligible. 

• The proper decay length efficiency is 
almost flat in the range [0.02-0.3]cm. 

19
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Maximum likelihood fit

• Event likelihood function: 

20

5

the efficiency function. The event likelihood function L can be represented as

L = Lsignal + Lbackground ,
Lsignal = ( f (Q, t; a)⌦ G(t, k, s(t))]) · M(m) · e(t)e(Q) ,

Lbackground = b(Q, t, m) ,
(4)

where Lsignal is the PDF that describes the Bs ! J/yf signal model, Lbackground describes the
background contributions, and f (Q, t; a) is the differential decay rate function defined in Eq. 1.
Here G is a Gaussian resolution function which makes use of the per event proper decay time
uncertainty s(t) scaled by a factor k, e(t) is the proper decay time efficiency function, e(Q)
is the angular efficiency function, and b(Q, t, m) describes the background model. The signal
mass PDF M(m) is given by the sum of two Gaussian functions.

The background mass distribution is described by an exponential function. The background
proper decay time component is described by the sum of two Gaussian and two exponential
functions convoluted with a common resolution function. The angular distributions shape of
the background is obtained from candidates selected from the sidebands of the Bs mass peak,
in the range [5.24 - 5.28] GeV and [5.45 - 5.49] GeV. The angular part of the background PDF
is described analytically by a series of Legendre polynomials for cos(qT) and cos(yT) and a
sinusoidal distribution is used for the angle jT.

In order to extract the physics parameters of interest, the fit is performed in several steps. A
one-dimensional mass fit is first performed on the Bs candidates mass distribution in the full
mass range [5.24 - 5.48] GeV. The mean and the narrower width of two Gaussian function
used for the signal mass distribution are determined and are kept fixed for subsequent steps.
In the next step, angular distributions of background extracted from the data sidebands are
fitted using the background model and their parameters are determined. In the final step, the
extended likelihood fit is performed taking into account both the signal and the background
PDFs. In the final fit all the parameters are left floating, except the mean and width of the
narrower Gaussian for the signal PDF, the parameters of background angular shapes, and a
calibration scale factor for the proper decay time resolution. The latter quantity is determined
from a two-dimensional fit, to the mass and proper time distributions, on a Bs data sample
which was collected with no selection on the decay length significance. The proper time res-
olution for the signal is calculated using the per event error. The validation of these lifetime
resolution methods is performed by measuring the average proper times of the reference chan-
nel B0 ! J/yK⇤ and the signal channel Bs ! J/yf. In this way, the full five-dimensional
likelihood fit, taking into account the signal and background shapes along with the efficiency
functions, is performed on the data.

The mass distribution of the reconstructed Bs candidates is shown in Fig. 2, together with the
overlaid five-dimensional fit projection. The measured signal yield is 14456± 140, with a fitted
mass mean of 5366.8 ± 0.1 MeV. The full fit was finally performed in the full mass range, and
the one-dimensional projections on the distributions of the proper decay length distributions
and the angular variables are shown in Fig. 3 and Fig. 4 respectively.

7 Systematic uncertainties

Several sources of systematic uncertainties on the physics parameters a = (Gs, DGs, |A0|2, |A?|2,
d||) have been considered by testing the various assumptions made in the fit model and those

Gaussian resolution function

proper decay time uncertainty

signal mass PDF 
(sum of two Gaussian)

Legendre polynomials and sinusoidal function

• 5-D fit procedure

• 1-D fit of Bs mass to get the mean and the smaller of the 
two Gaussian function widths. 

• Fit sideband region for the angular background shapes.

• Fit the full mass range. 
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6 7 Systematic uncertainties
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Figure 2: Mass projection of the five-dimensional maximum likelihood fit to the data. The
points are the data distribution, the solid blue line shows the full fit, the green dash-dotted line
is the signal model component, the red long-dashed line is the background component. The
pull between the mass distribution and the fit is shown in the histogram below.

associated with the fit procedure. A number of simulation tests is carried out to check the valid-
ity of the models used for fitting the data, and to investigate potential biases in the method of
selecting and fitting the signal. These tests are performed using the MC generation of pseudo-
experiments based on the data-fitted PDF parameterizations, and then performing the likeli-
hood fit in the same way as it is employed in data. Pull distributions are derived to establish
the consistency of the estimator which serves as a test of the validation of the fitting model and
procedure. The bias of the pull mean for the modified model is checked with respect to the
nominal model bias for each variable from the pseudo-experiments. If they are not in agree-
ment within their statistical uncertainty then the model bias difference is used to calculate the
final systematic uncertainty. In other cases, systematic uncertainties are calculated as the dif-
ference in the physics parameters a obtained from the modified fit configurations with respect
to the nominal results. The individual systematic uncertainties are summarized in Table 1.

The uncertainty due to the modeling of the Bs candidate mass is obtained considering a differ-
ent mass shape. The signal mass PDF was changed to a three-Gaussian model instead of the
nominal double-Gaussian model.

The systematic uncertainty associated with the incorporation of the proper time efficiency in
the fit is determined by using three alternative e(t) parameterizations, namely a flat model,
a second order polynomial and a sigmoid plus linear efficiency function fitted in the [0.015 �
0.3] cm range. The largest difference relative to the nominal fit is taken as the associated sys-
tematic uncertainty.

There is an uncertainty in the proper time resolution associated with the proper time scale fac-
tor k that is determined from a distinct data sample, with no decay length bias. To estimate the
effect of different kinematic properties between this calibration sample and the signal sample,
corresponding differences in the scale factor are estimated using MC simulation. A systematic
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Figure 3: Proper decay length projection of the five-dimensional maximum likelihood fit to
the data. The points are the data distribution, the solid blue line shows the full fit, the green
dash-dotted line is the signal model component, with the CP-even (odd) component shown
in blue short dashed line (magenta dash-dot-dotted line), and the red long dashed line is the
background component. The pull between the proper decay length distribution and the fit is
shown in the histogram below.

uncertainty is evaluated by generating pseudo-data with the modified scale factor and fitting
with the nominal value.

To evaluate the effect of assuming fs to be zero in the fitting model, pseudo-experiments have
been generated with fs = �0.04 rad, which is the Standard Model expected value. Similarly,
the systematic uncertainties due to non-inclusion of S-wave components in the signal PDF is
estimated using pseudo-experiments by adding the model components of the S-wave by setting
the |As|2 to 0.03 and the phase equal to previous measurements. In both cases, the pull mean
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Figure 4: The angular projection of the five-dimensional maximum likelihood fit to the data.
The plots show the projections on the angular variables cos(yT), cos(qT) and the angle f. The
various fit components are represented as in Fig. 3.
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Figure 3: Proper decay length projection of the five-dimensional maximum likelihood fit to
the data. The points are the data distribution, the solid blue line shows the full fit, the green
dash-dotted line is the signal model component, with the CP-even (odd) component shown
in blue short dashed line (magenta dash-dot-dotted line), and the red long dashed line is the
background component. The pull between the proper decay length distribution and the fit is
shown in the histogram below.

uncertainty is evaluated by generating pseudo-data with the modified scale factor and fitting
with the nominal value.

To evaluate the effect of assuming fs to be zero in the fitting model, pseudo-experiments have
been generated with fs = �0.04 rad, which is the Standard Model expected value. Similarly,
the systematic uncertainties due to non-inclusion of S-wave components in the signal PDF is
estimated using pseudo-experiments by adding the model components of the S-wave by setting
the |As|2 to 0.03 and the phase equal to previous measurements. In both cases, the pull mean
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Figure 4: The angular projection of the five-dimensional maximum likelihood fit to the data.
The plots show the projections on the angular variables cos(yT), cos(qT) and the angle f. The
various fit components are represented as in Fig. 3.

Signal yield:
14456 ± 140

mass: 
5366.8 ± 0.1 MeV

           PDG 
5366.77 ± 0.24 MeV
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reconstructions of about 15,000 signal events. A five-dimensional unbinned maximum likeli-
hood fit has been performed to the mass, proper time, and transversity angle distributions of
the decay. The Bs decay width difference, Bs mean lifetime, transversity amplitudes (|A?|2 and
|A0|2) and the strong phase (d||) are measured to be

DGs = 0.048 ± 0.024 (stat.)± 0.003 (syst.)ps�1 ,
tBs = 0.04580 ± 0.00059 (stat.)± 0.00022 (syst.) cm ,

|A0|2 = 0.528 ± 0.010 (stat.)± 0.015 (syst.) ,
|A?|2 = 0.251 ± 0.013 (stat.)± 0.014 (syst.) ,

d|| = 2.79 ± 0.14 (stat.)± 0.19 (syst.) rad .

Table 1: Systematic uncertainties associated to the quantities measured in the analysis.
Uncertainty source DGs [ps�1] ct [cm] |A0|2 |A?|2 d|| [rad]
Signal PDF modeling

Signal mass model 0.00072 0.00012 0.0022 0.0006 0.039
Proper time resolution 0.00170 0.00006 0.0007 0.0000 0.007
fs approximation 0.00000 0.00001 0.0000 0.0000 0.002
S-wave assumption 0.00109 0.00001 0.0130 0.0066 0.056

Background PDF modeling
Background mass model 0.00019 0.00000 0.0000 0.0001 0.003
Background lifetime model 0.00040 0.00000 0.0001 0.0002 0.003
Peaking B0 background 0.00025 0.00006 0.0002 0.0022 0.050
Background angular model 0.00175 0.00003 0.0001 0.0064 0.161

Limited simulation statistics
Angular efficiency parameters 0.00019 0.00002 0.0057 0.0055 0.037
Temporal efficiency parameters 0.00000 0.00005 0.0000 0.0000 0.000

Temporal efficiency parametrization 0.00181 0.00014 0.0005 0.0007 0.001
Angular efficiency parametrization 0.00063 0.00003 0.0021 0.0086 0.007
Likelihood function bias 0.00000 0.00004 0.0004 0.0000 0.014
Total uncertainty 0.00341 0.00022 0.0146 0.0140 0.187
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reconstructions of about 15,000 signal events. A five-dimensional unbinned maximum likeli-
hood fit has been performed to the mass, proper time, and transversity angle distributions of
the decay. The Bs decay width difference, Bs mean lifetime, transversity amplitudes (|A?|2 and
|A0|2) and the strong phase (d||) are measured to be

DGs = 0.048 ± 0.024 (stat.)± 0.003 (syst.)ps�1 ,
tBs = 0.04580 ± 0.00059 (stat.)± 0.00022 (syst.) cm ,

|A0|2 = 0.528 ± 0.010 (stat.)± 0.015 (syst.) ,
|A?|2 = 0.251 ± 0.013 (stat.)± 0.014 (syst.) ,

d|| = 2.79 ± 0.14 (stat.)± 0.19 (syst.) rad .

Table 1: Systematic uncertainties associated to the quantities measured in the analysis.
Uncertainty source DGs [ps�1] ct [cm] |A0|2 |A?|2 d|| [rad]
Signal PDF modeling

Signal mass model 0.00072 0.00012 0.0022 0.0006 0.039
Proper time resolution 0.00170 0.00006 0.0007 0.0000 0.007
fs approximation 0.00000 0.00001 0.0000 0.0000 0.002
S-wave assumption 0.00109 0.00001 0.0130 0.0066 0.056

Background PDF modeling
Background mass model 0.00019 0.00000 0.0000 0.0001 0.003
Background lifetime model 0.00040 0.00000 0.0001 0.0002 0.003
Peaking B0 background 0.00025 0.00006 0.0002 0.0022 0.050
Background angular model 0.00175 0.00003 0.0001 0.0064 0.161

Limited simulation statistics
Angular efficiency parameters 0.00019 0.00002 0.0057 0.0055 0.037
Temporal efficiency parameters 0.00000 0.00005 0.0000 0.0000 0.000

Temporal efficiency parametrization 0.00181 0.00014 0.0005 0.0007 0.001
Angular efficiency parametrization 0.00063 0.00003 0.0021 0.0086 0.007
Likelihood function bias 0.00000 0.00004 0.0004 0.0000 0.014
Total uncertainty 0.00341 0.00022 0.0146 0.0140 0.187

References

[1] I. Dunietz, R. Fleischer, and U. Nierste, “In pursuit of new physics with Bs decays”,
Phys.Rev. D63 (2001) 114015, doi:10.1103/PhysRevD.63.114015,
arXiv:hep-ph/0012219.

[2] LHCb Collaboration, “Time-dependent angular analysis of Bs to J/yf events at LHCb”,
PoS BEAUTY2011 (2011) 051.

[3] For the CDF Collaboration, “New Measurement of the Bs Mixing Phase at CDF”, PoS
ICHEP2010 (2010) 236, arXiv:1012.0962.

[4] I. I.Dighe and R.Fleischer, “Extracting CKM phases and Bs � B̄s mixing parameters from
angular distributions of non-leptonic B decays”, Eur.Phys.J.C 6 (1999)
doi:10.1007/s100529800954.

[5] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 (2008) S08004,
doi:10.1088/1748-0221/3/08/S08004.

CMS

c



Solenoid Coil Barrel 
Calorimeter

Drift 
Chamber
Inner Drift Chamber /

Beampipe

Endcap
Calorimeter

Iron
Polepiece

Barrel Muon
Chambers

Magnet
Iron

Rare Earth
Quadrupole

SC  
Quadrupoles

SC Quadrupole
Pylon

2230104-002

CLEO-c

Ring Imaging Cherenkov
Detector

Solenoid Coil Barrel 
Calorimeter

Drift 
Chamber
Inner Drift Chamber /

Beampipe

Endcap
Calorimeter

Iron
Polepiece

Barrel Muon
Chambers

Magnet
Iron

Rare Earth
Quadrupole

SC  
Quadrupoles

SC Quadrupole
Pylon

2230104-002

CLEO-c

Ring Imaging Cherenkov
Detector

Kruger 2012Xin Shi

Summary

• CMS is a powerful detector for studying B 
physics because of its excellent tracking and 
lepton identification. 

• New measurement of the Λb lifetime:  

• New measurement of the Bs lifetime difference:

• Stay tuned for more exciting B physics results!
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reconstructions of about 15,000 signal events. A five-dimensional unbinned maximum likeli-
hood fit has been performed to the mass, proper time, and transversity angle distributions of
the decay. The Bs decay width difference, Bs mean lifetime, transversity amplitudes (|A?|2 and
|A0|2) and the strong phase (d||) are measured to be

DGs = 0.048 ± 0.024 (stat.)± 0.003 (syst.)ps�1 ,
tBs = 0.04580 ± 0.00059 (stat.)± 0.00022 (syst.) cm ,

|A0|2 = 0.528 ± 0.010 (stat.)± 0.015 (syst.) ,
|A?|2 = 0.251 ± 0.013 (stat.)± 0.014 (syst.) ,

d|| = 2.79 ± 0.14 (stat.)± 0.19 (syst.) rad .

Table 1: Systematic uncertainties associated to the quantities measured in the analysis.
Uncertainty source DGs [ps�1] ct [cm] |A0|2 |A?|2 d|| [rad]
Signal PDF modeling

Signal mass model 0.00072 0.00012 0.0022 0.0006 0.039
Proper time resolution 0.00170 0.00006 0.0007 0.0000 0.007
fs approximation 0.00000 0.00001 0.0000 0.0000 0.002
S-wave assumption 0.00109 0.00001 0.0130 0.0066 0.056

Background PDF modeling
Background mass model 0.00019 0.00000 0.0000 0.0001 0.003
Background lifetime model 0.00040 0.00000 0.0001 0.0002 0.003
Peaking B0 background 0.00025 0.00006 0.0002 0.0022 0.050
Background angular model 0.00175 0.00003 0.0001 0.0064 0.161

Limited simulation statistics
Angular efficiency parameters 0.00019 0.00002 0.0057 0.0055 0.037
Temporal efficiency parameters 0.00000 0.00005 0.0000 0.0000 0.000

Temporal efficiency parametrization 0.00181 0.00014 0.0005 0.0007 0.001
Angular efficiency parametrization 0.00063 0.00003 0.0021 0.0086 0.007
Likelihood function bias 0.00000 0.00004 0.0004 0.0000 0.014
Total uncertainty 0.00341 0.00022 0.0146 0.0140 0.187
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1.503 ± 0.052 (stat.) ± 0.031 (syst.) ps

All public results can be found at: 
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH
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2 2 CMS detector

proper decay time t and angular variables Q can be represented [4] as

d4G(Bs(t))
dQ dt

= f (Q, t; a) =
6

Â
i=1

Oi(a, t).gi(Q) , (1)

where Oi are kinematics-independent observables, gi are the angular distributions, and a de-
notes a set of physics parameters of interest (Gs, DGs, |A0|2, |A?|2, d||). The kinematic observ-
ables are described using the following equations:

O1 = |A0(t)|2 = |A0(0)|2e�Gst[cosh(DGst/2)� cos fs sinh(DGst/2)]
O2 = |A||(t)|2 = |A||(0)|2e�Gst[cosh(DGst/2)� cos fs sinh(DGst/2)]

O3 = |A?(t)|2 = |A?(0)|2e�Gst[cosh(DGst/2) + cos fs sinh(DGst/2)] (2)
O4 = Im(A⇤

||(t)A?(t)) = |A||(0)||A?(0)|e�Gst[� cos(d? � dk) sin fs sinh(DGst/2)]

O5 = Re(A⇤
0(t)A||(t)) = |A0(0)||A||(0)| cos dke�Gst[cosh(DGst/2)� cos fs sinh(DGst/2)]

O6 = Im(A⇤
0(t)A?(t)) = |A0(0)||A?(0)|e�Gst[� cos d? sin fs sinh(DGst/2)] ,

where fs is the mixing phase. Constraining fs to zero allows the terms containing O4(a, t)·g4(Q)
and O6(a, t)·g6(Q) to be omitted. The individual angular distributions are given by the follow-
ing equations:

g1 = 2 cos2(yT)(1 � sin2(qT) cos2(jT)),
g2 = sin2(yT)(1 � sin2(qT) sin2(jT)),
g3 = sin2(yT) sin2(qT),
g4 = � sin2(yT) sin2(2qT) sin(jT), (3)

g5 =
1p
2

sin(2yT) sin2(qT) sin(2jT),

g6 =
1p
2

sin(2yT) sin(2qT) sin(jT) .

The theoretical expectation for the ratio DGs/Gs is 0.12 ± 0.06 [1]. The S-wave component is
assumed to be negligible in the signal model. The analysis uses a data sample corresponding
to an integrated luminosity of 5.0 ± 0.1 fb�1 in pp collisions at

p
s = 7 TeV collected with the

CMS detector in the year of 2011.

2 CMS detector

A detailed description of the CMS detector can be found in Ref. [5]. The main sub-detectors
used for the present analysis are the inner tracker operated at a 3.8 T axial magnetic field and
the muon detection system. The inner tracker consists of silicon pixel and silicon strip layers.
The pixel tracker consists of three barrel layers and two end-cap disks at each barrel end. The
strip tracker has 10 barrel layers and 12 end-cap disks at each barrel end. The tracker configu-
ration provides at least 9 hits in the pseudorapidity region |h| < 2.4 with the pseudorapidity
defined as h = �ln[tan(q/2)], where q is the polar angle with respect to the direction of the
counterclockwise beam. A right-handed coordinate system is used in CMS, with the origin at
the nominal collision point, the x axis pointing to the center of the LHC ring, the y axis pointing
up (perpendicular to the LHC plane), and the z axis along the anticlockwise beam direction.
The azimuthal angle j is the angle relative to the positive x axis measured in the x-y plane. The
muons are detected in the gas-ionization detectors embedded in the steel return yokes. In the

2 2 CMS detector

proper decay time t and angular variables Q can be represented [4] as

d4G(Bs(t))
dQ dt

= f (Q, t; a) =
6

Â
i=1

Oi(a, t).gi(Q) , (1)

where Oi are kinematics-independent observables, gi are the angular distributions, and a de-
notes a set of physics parameters of interest (Gs, DGs, |A0|2, |A?|2, d||). The kinematic observ-
ables are described using the following equations:

O1 = |A0(t)|2 = |A0(0)|2e�Gst[cosh(DGst/2)� cos fs sinh(DGst/2)]
O2 = |A||(t)|2 = |A||(0)|2e�Gst[cosh(DGst/2)� cos fs sinh(DGst/2)]

O3 = |A?(t)|2 = |A?(0)|2e�Gst[cosh(DGst/2) + cos fs sinh(DGst/2)] (2)
O4 = Im(A⇤

||(t)A?(t)) = |A||(0)||A?(0)|e�Gst[� cos(d? � dk) sin fs sinh(DGst/2)]

O5 = Re(A⇤
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where fs is the mixing phase. Constraining fs to zero allows the terms containing O4(a, t)·g4(Q)
and O6(a, t)·g6(Q) to be omitted. The individual angular distributions are given by the follow-
ing equations:
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The theoretical expectation for the ratio DGs/Gs is 0.12 ± 0.06 [1]. The S-wave component is
assumed to be negligible in the signal model. The analysis uses a data sample corresponding
to an integrated luminosity of 5.0 ± 0.1 fb�1 in pp collisions at

p
s = 7 TeV collected with the

CMS detector in the year of 2011.

2 CMS detector

A detailed description of the CMS detector can be found in Ref. [5]. The main sub-detectors
used for the present analysis are the inner tracker operated at a 3.8 T axial magnetic field and
the muon detection system. The inner tracker consists of silicon pixel and silicon strip layers.
The pixel tracker consists of three barrel layers and two end-cap disks at each barrel end. The
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the nominal collision point, the x axis pointing to the center of the LHC ring, the y axis pointing
up (perpendicular to the LHC plane), and the z axis along the anticlockwise beam direction.
The azimuthal angle j is the angle relative to the positive x axis measured in the x-y plane. The
muons are detected in the gas-ionization detectors embedded in the steel return yokes. In the
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