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Outline 

•  CMS experiment at LHC 
•  Bs meson study  

•  Underlying physics 
•  Analysis strategy 
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CMS (Compact Muon Solenoid) 
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Bs meson 
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Studied channel:  
BsJ/ψφµ+µ-K+K-  
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CP violation in the SM 
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CP violation is taken into account in the Standard Model including a 
complex phase in the CKM matrix which describes the quark mixing  

βs = arg(−VtsV
∗
tb/VcsV

∗
cb)
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Bs physics: Overview 
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Introduction

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

s –B0
s

oscillation gives rise to a CP violating phase φJ/ψφ
s ≡ φs = ΦM − 2ΦD

WHY:
1 In SM, φJ/ψφ

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

2 In presence of NP in the mixing box, φJ/ψφ
s can be larger

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

s ):

d4Γ(B0
s→ J/ψφ)

dt d cos θ dφ d cos ψ
= f (φs,∆Γs, Γs,∆ms, MB0

s
, |A⊥|, |A�|, δ⊥, δ�)

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

• The flavour eigenstates of Bs can oscillate among them 

•  Interference between Bs decay directly into J/ψφ or via Bs/anti-Bs mixing 
gives rise to a CP violation phase  

Φs = ΦM − 2ΦD

•  In the Standard Model Φs≈-2βs=-(0.0363±0.0017) rad 
•  If in the mixing new physics is present, the measured parameter 
can be larger 
•  Two CP eigenstates of Bs: BL and BH  
•  A disentangling analysis is needed: CP=(-1)L and L=0,1,2 since 
Bs is a pseudo-scalar while J/ψ and φ are vector bosons  
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Group activity 
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Figure 2: Measured differential cross sections dσ/dpB
T (a) and dσ/dyB (b) compared with the-

oretical predictions. The (yellow) band represents the sum in quadrature of statistical and
systematic uncertainties. The dotted (red) line is the PYTHIA prediction; the solid and dashed
(blue) lines are the MC@NLO prediction and its uncertainty, respectively. The common uncer-
tainties of 4% on the data points, due to the integrated luminosity, and of 30% on the theory
curves, due to the B0

s → J/ψ φ branching fraction, are not shown.
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Figure 2: Measured differential cross sections dσ/dpB
T (a) and dσ/dyB (b) compared with the-

oretical predictions. The (yellow) band represents the sum in quadrature of statistical and
systematic uncertainties. The dotted (red) line is the PYTHIA prediction; the solid and dashed
(blue) lines are the MC@NLO prediction and its uncertainty, respectively. The common uncer-
tainties of 4% on the data points, due to the integrated luminosity, and of 30% on the theory
curves, due to the B0

s → J/ψ φ branching fraction, are not shown.

•  Cross section measurement (done) 

•  Measure of the ΔΓs (next step) 
•  Measure of the ϕs  (final step)  

PHYSICAL REVIEW D 84, 052008 (2011) 
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ΔΓs  – disentangling time-angular distribution 
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1 Introduction1

The decay of a Bs meson is caracterized by a possibility of going through the CP-violating mix-2

ing between two flavour eigenstates (Bs − Bs). These CP-even eigenstates are not equal to mass3

eigenstates and are defined as heavy (BH) and light (BL). The BH is a CP-even state, while the4

BL is a CP-Odd one. Mesurement of the decay width of each eigenstate (ΓL and ΓH) gives a pos-5

sibility to determine the difference between these two decay widths ∆Γ = ΓL − ΓH. Since the BS6

is a psdeudoscalar, J/ψ and φ are vector mesons the oprbital angular momentum between two7

decay producs can have the values L=0,1,2. Three different amplitudes with different angular8

dependencies can be introduced and their magnitudes at t = 0 are the following: A0(0) for9

L = 0, A⊥(0) for L = 1 and A||(0) for L = 2. The constraint is that |A0|2 + |A|||2 + |A⊥|2 = 110

and two strong phases are defined as follows: δ1 = arg|A∗
||A⊥| and δ2 = arg|A∗

0
A⊥|. In this11

decay the kinematics are defined by a set of three angles. The definition of the physical an-12

gles used to describe the decay are shown in Fig.1 and the set of the angular variables is:13

Ω = (cos(θ), cos(ψ), φ).14

Figure 1: Definition of the three angles used for the describtion of the deacy

To descride the decay the differential decay rate can be represented as:

d4Γ(Bs(t))
dΘdt

= f (Θ, α, t) =
6

∑
i=1

Oi(α, t).gi(Θ), (1)

Where Oi are kinematics-idependat obserables, gi are the angular distributions, α is a set of15

physics parameters and Ω represents the angles. The kinematics observables are described16

Appendix

Definition of amplitudes and angular functions

The bilinear combinations of the time-dependent amplitudes Ai(t) in Eq. 1 are functions
of the total decay width Γs, the decay width difference ∆Γs and the mixing phase φs.
They are defined (see Ref. [5]) as:
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The angular dependent functions fi(Ω) in the partial decay rates are given by:

f1(Ω) = 9
32π2 cos2 ψ
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For the description of S-wave contribution considered in the analysis of the B0
d →

J/ψK∗(Kπ) events the definition of the additional angular functions f7,8,9,10(Ω) follows
the prescription of the BABAR experiment [17]:
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Figure 1: Angle definition for the decay B0
s → J/ψφ and B0

d → J/ψK∗: θ is the angle
formed by the positive lepton (�+) and the z axis in the J/ψ rest frame. The angle ϕ
is the azimuthal angle of �+ in the same frame. In the φ → K+K− meson rest frame
(K∗ → K+π− meson rest frame respectively) ψ is the angle between �p(K+) and −�p(J/ψ)

both direct CP violation and CP violation in mixing, the summed differential decay distri-
butions of produced B0

s and B̄
0
s mesons are described by the time and angular dependent

differential decay width:

d4Γ

dtdΩ
∝ |A0(t)|2 · f1(Ω) +

��A�(t)
��2 · f2(Ω) +

|A⊥(t)|2 · f3(Ω) + �
�
A∗
�(t)A⊥(t)

�
· f4(Ω) +

�
�
A∗

0(t)A�(t)
�

· f5(Ω) + � (A∗
0(t)A⊥(t)) · f6(Ω). (1)

The bilinear combinations of the time-dependent amplitudes Ai(t) are functions of the
total decay width Γs, the decay width difference ∆Γs and the mixing phase φs. They
are given in the appendix together with the angular dependent functions fi(Ω). For a
vanishing mixing phase φs the differential decay rate for B0

s → J/ψφ simplifies to

d4Γ

dtdΩ
= e−Γst

�
|A0(0)|2f1(Ω)e−

∆Γs
2 t + |A�(0)|2f2(Ω)e−

∆Γs
2 t

+ |A⊥(0)|2f3(Ω)e+∆Γs
2 t + cos δ�|A0(0)||A�(0)|f5(Ω)e−

∆Γs
2 t

�
. (2)

For the decay B0
d → J/ψK∗ the final state is flavour specific, with the kaon charge

identifying the flavour of the decaying neutral B meson. This decay channel provides
a valuable control sample since it occurs via similar (parity-odd and parity-even) decay
amplitudes which are already well measured [3, 6, 7, 8]. Summing over the initially
produced B0

d and B̄
0
d mesons and assuming ∆Γd = 0 yields the following differential decay

2

1 Introduction

Neutral B mesons (B
0

d
, B

0

s
) exhibit the phenomenon of particle-antiparticle mixing, that

is, transitions between the two flavour eigenstates B
0

q
and B̄

0

q
. As a consequence, the

flavour eigenstates B
0

q
and B̄

0

q
are not equal to the mass eigenstates, which are usually

denoted by BH and BL. In the Standard Model, CP violation in mixing is small and the

two mass eigenstates of the B
0

q
mesons are to a good approximation pure CP eigenstates.

For the B
0

s
meson, the light mass eigenstate is expected to be the CP-even state with a

larger decay width and a shorter lifetime than the heavy mass state. By measuring decays

with known CP content it is possible to disentangle the two decay widths ΓL and ΓH , and

to determine the decay width difference ∆Γq = ΓL−ΓH , which for the B
0

s
meson is found

to be several percent of the mean decay rate [1, 2, 3, 4]. The decay width difference is

negligible for the B
0

d
meson.

The decays B
0

s
→ J/ψφ and B

0

d
→ J/ψK

∗
which are discussed in this document are

both pseudo-scalar to vector-vector transitions. Both decays are described by three decay

time dependent decay amplitudes corresponding to transitions in which the J/ψ and φ (or

K∗0) have a relative orbital momentum L of 0, 1, or 2. In the transversity formalism [5],

the initial amplitudes at time t = 0, A0(0) and A�(0) describe the decays with L = 0, 2
while A⊥(0) describes the L = 1 final states. The arguments of these complex amplitudes

are strong phases denoted δ0, δ� and δ⊥. Only two amplitudes and two strong phases are

independent. We choose the convention:

• δ0 = 0, δ� = arg(A�(0)A∗
0
(0)) and δ⊥ = arg(A⊥(0)A∗

0
(0)),

• |A⊥(0)|2 +
��A�(0)

��2 + |A0(0)|2 = 1.

For the decays B
0

s
→ J/ψφ and B

0

d
→ J/ψK

∗
an analysis of the decay products is

required to disentangle, statistically, the three angular distributions. The three final state

decay angles are given by Ω = {cos θ, ϕ, cos ψ} as shown in Figure 1. In the coordinate

system of the J/ψ rest frame2 the transversity polar and azimuthal angles (θ, ϕ) describe

the direction of the µ+. In the rest frame of the φ meson (K∗ meson respectively), ψ is

the angle between the two momentum vectors �p(K+) and −�p(J/ψ).

For the analysis discussed here, the fully reconstructed decays B
0

d
→ J/ψK

∗
(with

J/ψ → µ+µ− and K∗0 → K+π−) and B
0

s
→ J/ψφ (with J/ψ → µ+µ− and φ→ K+K−)

and their charge conjugates are used to measure the polarisation amplitudes. In both

cases only the final state is analysed and we do not determine the flavour of the initial B

meson (untagged analysis).
In the decay B

0

s
→ J/ψφ the observed final state has a definite CP-value depending

on the relative orbital angular momentum of the two vector mesons. The decay widths

and thus the decay width difference ∆Γs of the B
0

s
mass eigenstates can be determined by

measuring the three angular distributions as a function of the B
0

s
proper time. Ignoring

2Where the φ or the K∗ and B meson move in the x direction, the z axis is perpendicular to the decay
plane of φ→ K+K− (K∗ → K+π−), and py(K+) > 0.

1

[Mass, ctxy, cosθ, cosψ, φ] 
 [ΔΓs, Γs, cosδ, Α0, Αperp] 
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Reconstruction and selections 
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•  One pair of opposite sign muons with pT>4 GeV and |η|<2.2; 
•  J/ψ candidate with a vertex probability>15%, pT>7 GeV, mass within 150 MeV 
the PDG mass, cosα>0.9;  
•  One pair of opposite sign tracks (suppose to be kaons) pT>0.7 GeV and >5 
tracker hits; 
•  Bs built from 4 track vertex, constraining the dimuon mass to be the J/psi PDG 
mass,  vertex probability>2%, pT>8 GeV, 5.2<mass<5.6 GeV, Lxy/σ>3. 
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Fit ΔΓs model to Monte Carlo 
simulation 
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Final goal: Φs measurement 
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15/ 84

Tag initial B0
s flavour

εtag = R+W
R+W+U , ω = W

R+W , Tagging power = εeff = εtagD2 = εtag(1− 2ω)2

Mistag fraction, ω, estimated event by event

Tagging algorithm optimized and calibrated on real data with B0→ D∗−µ+νµ, B+→ J/ψK+ and

B0→ J/ψK∗0

O. Leroy (CPPM) CP violation in B0
s → J/ψφ at LHCb 2 March 2011 15 / 78

(Olivier Leroy) 

Flavour tagging: find the correlation between the initial flavour of the Bs and the 
other particles in the events.  
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Conclusions 
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•  Challenges to deal with:  
•  High luminosity  high number of interactions per single event  
•  Lifetime measurement with decay length cut 
•  No π-K discrimination in CMS  

- Cross section measurement (done) 
- Measure of the ΔΓs, no flavour tagging needed (soon) 
- Measure of the ϕs  (final step)  

(LHCb – CDF – D0 results) 


