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Motivation

B → φ(Kπ)∗0 is a charmless B decay

These decays are called rare decays B ≈ O(10−6)

Decay only via penguin loop, no tree level b → s transition in the SM

New physics could have a comparable large effect on something that
is small in the standard model (e. g. large CP-violation)
Let’s try to measure as much physics as possible!
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What is the Belle experiment?

Detector at the asymmetric e−e+ collider KEKB in Tsukuba, Japan

KEKB operates mainly on the Υ(4S) resonance

Υ(4S) decays almost entirely into BB pairs

KEKB is called a B-factory∫
L > 1 ab−1 with > 750 million BB pairs

Great place to study B-physics
Initial state known
Clean event topology
No pileup

Michael Prim Angular analysis of B → φ(Kπ)∗0 at Belle and search for CP-violation 09.10.2012 3/20



What does B → φ(Kπ)∗0 stand for?

Decay of a neutral B meson into the final state φK±π∓

(Kπ)∗0 covers two-body decays via different K ∗ resonances and
three-body non-resonant contribution

B → φK ∗(892) → φK±π∓ P-wave, Spin 1
B → φK ∗2 (1430)→ φK±π∓ D-wave, Spin 2
B → φK ∗0 (1430)→ φK±π∓ S-wave, Spin 0
B → φK±π∓ (non-resonant) S-wave, Spin 0

Very similar topology for all decays

We need to separate them somehow
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What Belle measures

5− 10 charged tracks and a few neutral particles

Use PID system to separate between K± and π±

Combine tracks, compute invariant masses and get a B candidate
1 K +K−→ φ
2 K±π∓→ K ∗
3 φK ∗ → B

How to measure the B → φ(Kπ)∗0 system?
1 Use the invariant K±π∓ mass to identify the K ∗ resonance
2 Use the angular distribution to learn about the K ∗ resonance
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Modelling resonances
Resonances can be modelled by relativistic spin-J Breit-Wigners

RJ (m) =
mJ ΓJ (m)

(m2
J −m2)− imJ ΓJ (m)

= sin δJeiδJ and cot δJ =
m2

J −m2
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mJ is resonance mass
ΓJ is resonance width
r is interaction radius
q is momentum of daughter
particles in the resonance
system after 2-body decay
qJ is q evaluated at mJ

 (GeV)
πKm

0.8 1 1.2 1.4

2
R

In
te

n
s

it
y

 

0

0.05

0.1

0.15

0.2

0.25
0

(892)
*

relativ. BW for K
0

(1430)
*

2
relativ. BW for K

Michael Prim Angular analysis of B → φ(Kπ)∗0 at Belle and search for CP-violation 09.10.2012 6/20



Modelling the S-wave
LASS collaboration has studied K−π+ scattering in the reaction
K−p → K−π+n. They found the S-wave can be parametrized as

R0(m) = sin δ0eiδ0 and δ0 = ∆R + ∆B

Resonant part is a relativistic spin-0 Breit-Wigner

cot ∆R =
m2

0 −m2

m0Γ0(m)

Γ0(m) = Γ0
m0

m

(
q
q0

)
Non-resonant part given by
an effective rage
parametrization

cot ∆B =
1

aq
+

1
2

bq

a is scattering length
b is the effective range
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Mass distribution
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We need to determine the weights AJ of the coherent sum of amplitudes
RJ from data.

|M|2 = |
∑

J

AJRJ |2 6=
∑

J

AJ |RJ |2
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Angles that define our system

From the reconstructed tracks, we can compute three angles θ1, θ2 and φ
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What about the angular analysis?

B is a pseudoscalar-meson with spin 0
φ is a vector-meson with spin 1
K ∗ can be scalar-, vector- or tensor-meson with spin 0,1 or 2
Decays of S → VS, S → VV or S → VT are not isotropic
The partial angular decay width of B meson decays is given by a sum
over the helicity amplitudes Hλ

d3Γ

d cos θ1d cos θ2dφ
∝ |
∑
λ

AλY−λJ1
(π − θ1,−φ)YλJ2 (θ2, 0)|2

where λ takes all discrete values between −j and +j , with
j = min(J1, J2) and Yλ

J are the spheric harmonics
Thus our system is a sum of 7 different helicity amplitudes

S → VS with λ = 0 LASS

S → VV with λ = 0,±1 K ∗(892)

S → VT with λ = 0,±1 K ∗2 (1430)

We need to determine the weights Aλ for each amplitude from data
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Angular distribution in S → VV
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Figure: Angular distribution of a longitudinal (H0) (top) or parallel (H‖ = H+1+H−1√
2

)
(bottom) polarized S → VV decay.
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Angular distribution in S → VT
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Figure: Angular distribution of a longitudinal (H0) (top) or parallel (H‖ = H+1+H−1√
2

)
(bottom) polarized S → VT decay.
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Combined 4D mass-angular model

We need to determine the weights for the resonances AJ

We need to determine the weights for the helicity amplitudes Aλ
Combine this to a 4-dimensional mass-angular model

d4Γ

d cos θ1d cos θ2dφdmKπ
∝ |M|2 × FmKφ(mKπ)

with FmKφ(mKπ) being a phase space factor to take into account the
three body kinematic limits in B → φ(Kπ)∗0

How does the combined matrix element look like?
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4D mass-angular matrix element

|M|2 = |A0(mKπ, θ1, θ2, φ) +A1(mKπ, θ1, θ2, φ) +A2(mKπ, θ1, θ2, φ)|2

with each amplitude AJ being a sum over all possible helicity amplitudes,
multiplied with its corresponding description of the invariant Kπ mass
distribution RJ(mKπ):

A0(mKπ, θ1, θ2, φ) = A00Y 0
0 (π − θ1,−φ)Y 0

1 (θ2, 0)× R0(mKπ)

A1(mKπ, θ1, θ2, φ) =
∑

λ=0,±1

A1λY−λ1 (π − θ1,−φ)Yλ
1 (θ2, 0)× R1(mKπ)

A2(mKπ, θ1, θ2, φ) =
∑

λ=0,±1

A2λY−λ2 (π − θ1,−φ)Yλ
1 (θ2, 0)× R2(mKπ)

with AJλ being the complex weight of the corresponding amplitude AJλ.
⇒We need to determine 7 magnitudes and phases from data.
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Can’t there be CP-violation?

Direct CP-violation means AJλ 6= ĀJλ

Measure the weights for B0→ φK +π− and B0→ φK−π+

Doubles the amount of parameters

Probability density function for signal

P±sig(mKπ, θ1, θ2,Φ) =
|M±(mKπ, θ1, θ2,Φ)|2 × FmKφ(mKπ)

N
with the normalization N being averaged

N = 1
2 (

∫
|M+|2 × FmKφd cos θ1d cos θ2dφdmKπ

+

∫
|M−|2 × FmKφd cos θ1d cos θ2dφdmKπ)
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Combining everything to a maximum likelihood fit

1 Signal model P±sig(mKπ, θ1, θ2,Φ)

2 Background model Pbkg(mKπ, θ1, θ2,Φ) from MC studies
3 4 additional observables that distinguish between signal and

background: P±sig(mbc,∆E ,mKK ,C′NB) and Pbkg(mbc,∆E ,mKK ,C′NB)

mbc is the beam constraint mass of the B candidate
∆E is the difference of EB to half the beam energy
mKK invariant K±K∓ mass
C′NB neural network to suppress continuum background

Everything is combined in a simultaneous 8D maximum likelihood fit
to determine the signal probability, the angular distribution and CP
violation of the B → φ(Kπ)∗0 system

I. e. we determine all the complex weights AJλ and ĀJλ in a single fit
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8D fit example
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Figure: Exemplary toy MC fit and projection on mbc , ∆E , mKK and C′NB for
B0→ φK +π− (top) and B0→ φK−π+ (bottom) with signal enriching cuts on
the other three corresponding dimensions.
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8D fit example
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Figure: Exemplary toy MC fit and projection on mKπ , cos θ1, cos θ2 and Φ for
B0→ φK +π− (top) and B0→ φK−π+ (bottom) with signal enriching cuts on
mbc , ∆E , mKK and C′NB .
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Physics parameters

φ(Kπ)∗0
0 φK∗(892) φK∗2 (1430)

Parameter Definition J = 0 J = 1 J = 2

BJ
1
2

(Γ̄J +ΓJ )/Γtotal B0 B1 B2

fLJ
1
2 (|ĀJ0|2/

∑
|ĀJλ|2 + |AJ0|2/

∑
|AJλ|2) 1 fL1 fL2

f⊥J
1
2 (|ĀJ⊥|2/

∑
|ĀJλ|2 + |AJ⊥|2/

∑
|AJλ|2) – f⊥1 f⊥2

φ‖J
1
2 (arg(ĀJ‖/ĀJ0) + arg(AJ‖/AJ0)) – φ‖1 φ‖2

φ⊥J
1
2 (arg(ĀJ⊥/ĀJ0) + arg(AJ⊥/AJ0)− π) – φ⊥1 φ⊥2

δ0J
1
2 (arg(Ā00/ĀJ0) + arg(A00/AJ0)) 0 δ01 δ02

ACPJ (Γ̄J−ΓJ )/(Γ̄J +ΓJ ) ACP0 ACP1 ACP2

A0
CPJ

(|ĀJ0|
2/

∑
|ĀJλ|

2−|AJ0|
2/

∑
|AJλ|

2)

(|ĀJ0|
2/

∑
|ĀJλ|

2+|AJ0|
2/

∑
|AJλ|

2)
0 A0

CP1 A0
CP2

A⊥CPJ
(|ĀJ⊥|

2/
∑
|ĀJλ|

2−|AJ⊥|
2/

∑
|AJλ|

2)

(|ĀJ⊥|
2/

∑
|ĀJλ|

2+|AJ⊥|
2/

∑
|AJλ|

2)
– A⊥CP1 A⊥CP2

∆φ‖J
1
2 (arg(ĀJ‖/ĀJ0)− arg(AJ‖/AJ0)) – ∆φ‖1 ∆φ‖2

∆φ⊥J
1
2 (arg(ĀJ⊥/ĀJ0)− arg(AJ⊥/AJ0)− π) – ∆φ⊥1 ∆φ⊥2

∆δ0J
1
2 (arg(Ā00/ĀJ0)− arg(A00/AJ0)) 0 ∆δ01 ∆δ02

Table: Definition of 26 real physics parameters in the B → φ(Kπ)∗0 system
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Summary

Studying B → φ(Kπ)∗0 means studying a system of decays

Understanding the system means studying mass and angular
distributions

Working with complex amplitudes implies to deal with interferences

Combining everything opens the door to a large amount of physics
that can be measured

Final results on data are expected soon
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BACKUP
Acceptance – 4D numeric integration – Correlations
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Acceptance and orthogonality theorem

Angular acceptance is not uniform
An acceptance function ε(mKπ, θ1, θ2,Φ) needs to be included

P±sig(mKπ, θ1, θ2,Φ) =
ε|M±(mKπ, θ1, θ2,Φ)|2 × FmKφ(mKπ)

N
with the normalization N being averaged

N = 1
2 (

∫
ε|M+|2 × FmKφd cos θ1d cos θ2dφdmKπ

+

∫
ε|M−|2 × FmKφd cos θ1d cos θ2dφdmKπ)

Orthogonality theorem from scattering theory
Interference effects between states of different spins cancel out in the
projection on e. g. invariant mass during integration over the full phase
space if the acceptance is uniform.
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4D numeric integration

Below a simple example of a sum of two complex amplitudes (A0, A1)
with complex weights (a0eiφ0 , a1eiφ1) is shown
If only the weights are free parameters in the fit, we simplify the
calculation of

∫
|M|2 by calculating the integrals in advance

∫
|M|2 =

∫
|a0eiφ0 A0 + a1eiφ1 A1|2

= a0
2
∫
|A0|2 + a1

2
∫
|A1|2 + a0a1

∫
2 Re{ei∆φA0A1}

= · · ·+ a0a1

∫
2 Re{(cos ∆φ+ i sin ∆φ)×

(
Re{A0A1}+ i Im{A0A1}

)
}

= a0
2
∫
|A0|2 + a1

2
∫
|A1|2 + 2a0a1 cos ∆φ

∫
Re{A0A1} − 2a0a1 sin ∆φ

∫
Im{A0A1}

During the fit, only the complex weights are free parameters
The amplitudes are fixed and integrals can be calculated in advance
Acceptance ε appears below each integral but was omitted here
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Correlations in maximum likelihood fits
Q: How to deal with the correlations in a 8D maximum likelihood fit?
A: By identifying them and modelling with conditional pdfs
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