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Outline

• Angular analysis of B0 → φK ∗ decays and search for CP
violation
◦ submitted to PRD arXiv:1308.1830 [hep-ex]

• Evidence for the decay B0 → K+K−π0

◦ V. Gaur, et al. (Belle Collaboration), PRD 87, 091101(R) (2013)
• Measurement ofφ2 in
◦ B → π+π− submitted to PRD arXiv:1302.0551 [hep-ex]
◦ B → ρ0ρ0 arXiv:1212.4015 [hep-ex]
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Belle experiment

●  Operating at KEKB collider (1999-2010).

●  Asymmetric beam energy:

●  Boosted B meson pair produced in

●  Collected about 772M BB pairs.    

2

• Operated at KEKB accelerator in
Tsukuba, Japan (1999–2010)

• KEKB took data mostly onΥ(4S)
• 8 GeV e− →← e+ 3.5 GeV
• Υ(4S) decays almost entirely to BB
• (772± 11)× 106 BB pairs recorded
• Very clean environment for physics

studies
• All analyses presented in this talk are

based on the full Belle data sample
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B0 → φK ∗ – motivation
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φu, c , t

• Proceeds via the b → s penguin transition in the SM
• Sensitive to possible new particle contributions in the loop
• A ba�ing pattern in the longitudinal polarisations:
B0 → φK ∗(892)0 fL = 0.45± 0.05± 0.02 Belle PRL 94, 221804 (2005)

fL = 0.494± 0.034± 0.013 BABAR PRD 78, 092008 (2008)
B0 → φK ∗2 (1430)0 fL = 0.901+0.046

−0.058 ± 0.037 BABAR PRD 78, 092008 (2008)

• QCD factorisation→ expected fL ∼ 1
• Negligible direct CP violation expected in the SM
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B0 → φK ∗ – analysis approach

• Partial wave analysis of B0 → φK ∗ with K ∗ → K+π− being
◦ scalar (Kπ)∗0 S–wave, J = 0
◦ vector K∗(892)0 P–wave, J = 1
◦ tensor K∗2 (1430)0 D–wave, J = 2

• Analysis restricted to K+π− invariant mass< 1.55 GeV/c2

◦ LASS model for S–wave component (includes K∗0 (1430)0)
◦ relativistic spin-dependent Breit-Wigner for P– and D–wave

• Angular distributions in the helicity base
• Simultaneous �t to B0 and B0

• in total 26 physics parameters
measured in the
B0 → φK ∗ system
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FIG. 1: Penguin diagram of the decay B0 ! �K⇤.

states. Overall, 26 parameters related to branching frac-
tions, polarization, interference e↵ects and CP violation
are measured.

The measurement of polarization in flavor specific
B0 ! �K⇤ decays can be used further to distinguish
between CP -even and CP -odd fractions in the decay
B0/B̄0 ! �K0

S⇡
0. This decay channel can also be

used for a time-dependent measurement of the angle
�1 = arg (�VcdV

⇤
cb/VtdV

⇤
tb) [8] of the CKM unitarity tri-

angle in b! (ss̄)s transitions.

II. ANALYSIS STRATEGY

We perform a partial wave analysis of the B0 ! �K⇤

system with �! K+K� and K⇤ ! K+⇡�. We use the
K⇤ notation to indicate all possible contributions from
scalar (S-wave, spin J = 0), vector (P-wave, J = 1)
and tensor (D-wave, J = 2) components from (K⇡)⇤0,
K⇤(892)0 and K⇤

2 (1430)0, respectively. We assume no
further resonant contributions. The analysis region is
limited to a K+⇡� invariant mass below 1.55 GeV, as
the LASS model [9], used to parametrize the S-wave con-
tribution, is no longer valid above this value. Further-
more, no significant contribution from K⇤ states beyond
1.55 GeV is observed [10]. We use mass and angular
distributions to distinguish among the three contribut-
ing channels B0 ! �(K⇡)⇤0, B0 ! �K⇤(892)0, and
B0 ! �K⇤

2 (1430)0, and to determine the polarization
in vector–vector and vector–tensor decays, as well as a
number of parameters related to CP violation. We also
determine the branching fraction for each of the three
channels.

We first explain the parametrization of the angular dis-
tribution, which is followed by a description of the K+⇡�

invariant-mass distribution. Finally, we derive the com-
bined model of mass and angular distributions of partial
waves used for the parameter extraction in a maximum
likelihood fit.

A. Angular distribution

The angular distribution in the B0 ! �K⇤ system
with � ! K+K� and K⇤ ! K+⇡� is described by the

three helicity angles ✓1, ✓2, and �, which are defined in
the rest frame of the parent particles as illustrated in
Fig. 2.

FIG. 2: Definition of the three helicity angles given in the rest
frame of the parent particles for the B0 ! �K⇤ decay.

In general, due to the angular momentum conserva-
tion, the partial decay width for a two-body decay of a
pseudoscalar B meson into particles with spins J1 and J2

is given by

d3�

d cos ✓1d cos ✓2d�
/

�����
X

�

A�Y �
J1

(✓1,�) Y ��
J2

(�✓2, 0)

�����

2

,

(1)
where Y m

l are the spherical harmonics, the sum is over
the helicity states �, and A� is the complex weight of the
corresponding helicity amplitude. The parameter � takes
all discrete values between �j and +j, with j being the
smaller of the two daughter particle spins J1 and J2. As
the � is a vector meson, J2 = 1 in this analysis, whereas
J1 = 0 for (K⇡)⇤0, J1 = 1 for K⇤(892)0, and J1 = 2 for
K⇤

2 (1430)0. The partial decay width of each partial wave
with spin J ⌘ J1 is therefore

d3�

d cos ✓1d cos ✓2d�
/

�����
X

�

AJ�Y �
J (✓1,�) Y ��

1 (�✓2, 0)

�����

2

,

(2)
with AJ� being the complex weight of the corresponding
helicity amplitude of the partial wave with spin J .

The helicity basis is not a basis of CP eigenstates. Po-
larization measurements are commonly performed in the
transversity basis of CP eigenstates with the transfor-
mation AJ±1 = (AJk ± AJ?)/

p
2 for two of the ampli-

tudes. In this basis, the longitudinal polarization AJ0

and the parallel polarization AJk are even under CP
transformation while the perpendicular component AJ?
is CP -odd. Throughout this article we use A for B0

and Ā for B̄0 related complex weights of the helicity and
transversity amplitudes. We further use, depending on
the context, either of the two bases, � = �1, 0, +1 or
� = 0, k,?. Where necessary, we explicitly state the
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B0 → φK ∗ – physics parameters
φ(Kπ)∗0 φK ∗(892)0 φK ∗2 (1430)0

Parameter De�nition J = 0 J = 1 J = 2
BJ

1
2(Γ J + ΓJ)/Γtotal B0 B1 B2

fLJ
1
2(|AJ0|

2/
∑

|AJλ|
2 + |AJ0|

2/
∑

|AJλ|
2) – fL1 fL2

f⊥J
1
2(|AJ⊥|2/

∑
|AJλ|

2 + |AJ⊥|2/
∑

|AJλ|
2) – f⊥1 f⊥2

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

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

δ0J
1
2(arg(A00/AJ0) + arg(A00/AJ0)) – δ01 δ02

ACPJ (Γ J − ΓJ)/(Γ J + ΓJ) ACP0 ACP1 ACP2

A0
CPJ

|AJ0|
2/

∑
|AJλ|

2−|AJ0|
2/

∑
|AJλ|

2

|AJ0|
2/

∑
|AJλ|2+|AJ0|

2/
∑

|AJλ|2
– A0

CP1 A0
CP2

A⊥CPJ
|AJ⊥|2/

∑
|AJλ|

2−|AJ⊥|2/
∑

|AJλ|
2

|AJ⊥|2/
∑

|AJλ|2+|AJ⊥|2/
∑

|AJλ|2
– A⊥CP1 A⊥CP2

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

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

∆δ0J
1
2(arg(A00/AJ0) − arg(A00/AJ0)) – ∆δ01 ∆δ02

• Overview and de�nition of the 26 physics parameters
• ∆φ00 = 1

2 arg(A00/A00) only accessible in B0/B0 → φK 0
Sπ

0
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B0 → φK ∗ – selection and �t
• Reconstructing B0 → φK ∗ withφ→ K+K−, K ∗ → K+π−

• Cut based selection with neural network (NeuroBayes) based
continuum e+e− → qq background suppression

• 9D �t to B0 and B0 using the observables

Mbc beam-constrained mass

S/
B

se
pa

ra
tio

n

∆E energy di�erence
MKK K+K− invariant mass
C ′NB continuum suppression network output

MKπ K+π− invariant mass

PW
A

φ, cos θ1, cos θ2 the three helicity angles
Q charge of primary kaon from B �

� CP

• With three components included in the �t
◦ signal
◦ peaking background from B0 → f0(980)K∗(892)0

◦ continuum background
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B0 → φK ∗ – �t results (Preliminary)
Total PDF continuum B0 → f0(980)K ∗(892)0 B0 → φK ∗

12

FIG. 4: Projections onto the observable (a) Mbc, (b) �E, (c) MKK , and (d) C0
NB for B0 ! �(K+⇡�)⇤ and B̄0 ! �(K�⇡+)⇤

combined. The data distributions are shown by black markers with error bars whereas the overall fit function, combinatorial
background, signal and peaking background are shown with solid black, dotted black, dashed red and dash-dotted blue curves,
respectively. For each projection the data points and fit projections are shown after a signal enhancing selection (see text) on
the corresponding other three observables, e. g., in (a) a requirement on (b),(c) and (d) was applied.

FIG. 5: Projections onto the observables (a) MK⇡, (b) cos ✓1, (c) cos ✓2, and (d) � for B0 ! �(K+⇡�)⇤ and B̄0 ! �(K�⇡+)⇤

combined. The data distributions are shown by black markers with error bars whereas the overall fit function, combinatorial
background, signal and peaking background are shown with solid black, dotted black, dashed red and dash-dotted blue curves,
respectively. For each projection the data points and fit projections are shown after a signal enhancing selection (see text) on
Mbc, �E, MKK and C0

NB shown in Fig. 4.

D+ ! K0
SK+ [31] and D+ ! K0

S⇡
+ [32] decays; it is

found to be consistent with zero. We assign the uncer-
tainty of 1.2% in this estimate as a systematic uncer-
tainty.

All systematics that neither cancel nor are negligi-
ble are evaluated in terms of their e↵ects on the triple-
product correlations and the parameters defined in Ta-
bles II as well as on the fit fraction per partial wave, which
is defined in Sec. V. The systematic errors are summa-
rized in Tables V and VI together with the total uncer-
tainty by adding the individual errors in quadrature. All
parameters in Table VI that enter the calculation of the
branching fraction are also summarized with relative er-
rors.

V. RESULTS

We observe a signal yield of Nsig = 1112± 40 events, a
peaking background yield of Npeak = 140±19 events, and
a combinatoric background yield of Ncomb = 14522±122
events, where the errors are statistical only. To illustrate

the fit result we show projections of the fit onto various
discriminating observables in Figs. 4 and 5. In each plot
of Fig. 4 we apply a signal enhancing requirement on
the corresponding other three observables; such require-
ments applied for each observable are Mbc > 5.27 GeV,
�40 MeV < �E < 40 MeV, 1.01 GeV < MKK <
1.03 GeV and C 0

NB > �3. In each plot of Fig. 5 we apply
a signal enhancing requirement on all four observables
shown in Fig. 4.

To obtain the branching fraction per partial wave we
calculate the fit fraction FFJ per partial wave AJ , which
is defined as

FFJ =

R
|AJ |2R
|M|2 =

R
|AJ |2R

|A0 + A1 + A2|2
. (32)

The fit fractions are given in Table VII and their sum
is (97.2 ± 0.7)%, where the error is statistical only. This
indicates the presence of destructive interference between
the partial waves.

From the product of signal yield and fit fraction, we
obtain the yield per partial wave NJ , which is used to cal-
culate the branching fraction. The results on the branch-
ing fraction are summarized in Table VIII, whereas the

Signal enhanced Mbc (a),∆E (b), MKK (c) and C ′NB (d) distribution

Signal enhanced MKπ (a), cos θ1 (b), cos θ2 (c) andφ (d) distributions
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B0 → φK ∗ – results (Preliminary)
φ(Kπ)∗0 φK ∗(892)0 φK ∗2 (1430)0

Parameter J = 0 J = 1 J = 2
BJ (10−6) 4.3± 0.4± 0.4 10.4± 0.5± 0.6 5.5+0.9

−0.7 ± 1.0
fLJ · · · 0.499± 0.030± 0.018 0.918+0.029

−0.060 ± 0.012
f⊥J · · · 0.238± 0.026± 0.008 0.056+0.050

−0.035 ± 0.009
φ‖J (rad) · · · 2.23± 0.10± 0.02 3.76± 2.88± 1.32
φ⊥J (rad) · · · 2.37± 0.10± 0.04 4.45+0.43

−0.38 ± 0.13
δ0J (rad) · · · 2.91± 0.10± 0.08 3.53± 0.11± 0.19
ACPJ 0.093± 0.094± 0.017 −0.007± 0.048± 0.021 −0.155+0.152

−0.133 ± 0.033
A0

CPJ · · · −0.030± 0.061± 0.007 −0.016+0.066
−0.051 ± 0.008

A⊥CPJ · · · −0.14± 0.11± 0.01 −0.01+0.85
−0.67 ± 0.09

∆φ‖J (rad) · · · −0.02± 0.10± 0.01 −0.02± 1.08± 1.01
∆φ⊥J (rad) · · · 0.05± 0.10± 0.02 −0.19± 0.42± 0.11
∆δ0J (rad) · · · 0.08± 0.10± 0.01 0.06± 0.11± 0.02

• B and polarisation parameters consistent with existing results
• Parameters related to direct CP violation consistent with zero
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B0 → K+K−π0 – motivation

b

d

u

su
d

s

d

W +
B0

K−

K+

π0

b

d

us

su

W +
B0

K−/K ∗−

K ∗+/K+

• Suppressed in the SM< 1.9× 10−5 CLEO PRL 89, 251801 (2002)
• Contribution from colour- and Cabibbo-suppressed b → u

tree (LEFT) and internal W exchange (RIGHT) transitions
• No information on potential resonance modes available
• BABAR PRL 99, 221801 (2007) and LHCb LHCb-CONF-2012-028

observed a structure in the K+K− invariant mass around
1.5 GeV/c2 in B+ → K+K−π+
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B0 → K+K−π0 – evidence for the decay
B0 ! K +K�⇡0 - Evidence for the decay
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Cut based selection with neural network (NeuroBayes) based
continuum e+e� ! qq̄ (q 2 {u, d , s, c}) background suppression
2D fit of events in the ±3� region of beam-constraint B0 mass Mbc

Fit is using energy difference �E and network output C0
NB

Nsig = 299 ± 83 B(B0 ! K +K�⇡0) = (2.17 ± 0.60 ± 0.24)⇥ 10�6 3.5�

Michael Prim EPS HEP 2013 - Hadronic B Decays at Belle 20.07.2013 11/13

B0 ! K+K�⇡0

Total PDF
Total background
Continuum and BB̄
Continuum

• Cut based selection with neural network (NeuroBayes) based
continuum e+e− → qq background suppression

• 2D �t of events in the±3σ region of beam-constrained B0

mass
• Fit is using energy di�erence∆E and network output C ′NB

V. Gaur et al. [Belle], PRD 87, 091101 (2013) 3.5σ
Nsig = 299±83 B (B0 → K+K−π0) = (2.17±0.60±0.24)×10−6
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B0 → K+K−π0 – resonant substructure
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• Signal yield �tted in bins of mK+K− and mK+π0

• No de�nite statement can be made about low-mass structure
seen in mK+K− by BABAR and LHCb

• Excess of events at around mK+π0 = 1.4 GeV/c2

• Amplitude analysis and more statistics required→ Belle II
Marko Petrič (JSI) Rencontres du Vietnam Recent results on hadronic B decays from Belle 12/19

12/19

mailto:marko.petric@ijs.si


B0 → π+π− – motivation

b
d
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d
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π−

b
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d

d
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u

W +

B0

π−

π+u, c , t

• Decay dominated by b → uud transitions
• Time evolution:

P(∆t , q) = e−|∆t|/τB0

4τB0
{1 + q [ACP cos∆md∆t + SCP sin∆md∆t]}

• If only tree contribution (LEFT)→ SCP = sin 2φ2, however
penguin contribution (RIGHT) SCP =

√
1 −A2

CP sin(2φ2 + ∆φ2)
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B0 → π+π− – analysis and results
• 9D �t using the observables∆E , Mbc , L+

Kπ, L−
Kπ, Rs/b , ∆t , q
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ACP(B0 → π+π−) = +0.33± 0.06± 0.03
SCP(B0 → π+π−) = −0.64± 0.08± 0.03
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B0 → π+π− – results
• determineφ2 with a SU(2) isospin analysis of B0 → ππ into all

possible charge states M. Gronau, PRL 65, 3381 (1990)

2∆φ2

1√
2 A+−

1√
2 A+−

A00

A00

A+0 = A−0

• Need S, A, B from B0 → π+π−, π0π0 and B+ → π+π0

• φ2 isospin analysis of only Belle data
772× 106 B0B0

◦ B0 → π+π−

◦ B+ → π+π0

253× 106 B0B0

◦ B0 → π0π0

◦ updating

Excluded at 1σ C.L.
23.8◦ < φ2 < 66.8◦

arXiv:1302.0551 [hep-ex] �� [�]
.
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B0 → ρ0ρ0 – motivation

b

d

u

d
d

u
W +B0

ρ0

ρ0 b

d

d

d
d

d

W +

B0

ρ0

ρ0u, c , t

• Decay dominated by b → uud transitions
◦ tree dominated (LEFT)
◦ color suppressed (RIGHT)

• With isospin analysis sensitive toφ2

• ρ0ρ0 �nal state is not a pure CP eigenstate
• Longitudinal component CP even, transverse CP odd + even
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B0 → ρ0ρ0 – analysis approach
• Helicity analysis to extract polarisation information

• 6D �t using∆E , M 1
π+π− , M2

π+π− , cos θ1
H , cos θ2

H , Rs/b
• Dominant background e+e− → qq, large B0 → 4π±
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B0 → ρ0ρ0 – results (Preliminary)
I. Adachi et al. [Belle], arXiv:1212.4015 2.9σ

B (B0 → ρ0ρ0) = (1.02± 0.30± 0.22)× 10−6

< 1.5× 10−6 at 90% C.L.

fL = 0.21+0.18
−0.22 ± 0.11

• First evidence (3.0σ) for
B(B0 → f0ρ

0)×B(f0 → π+π−) = (0.86± 0.27± 0.15)× 10−6

• φ2 isospin analysis results
world average
◦ B(B0 → ρ+ρ−)L
◦ B(B+ → ρ+ρ0)
◦ A+−, S+−

BABAR

◦ B0 → ρ0ρ0

◦ A00, S00

φ2 = 91.0◦ ± 7.2◦

∆φ2 = 0.0◦ ± 5.4◦ �� [�]
.
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Summary
• Angular analysis of B0 → φK ∗, no evidence for CP violation

fL(φK∗2 (1430)) = 0.918+0.029
−0.060 ± 0.008

fL(φK∗(892)) = 0.499± 0.030± 0.018

• Evidence (3.5σ) for the decay B0 → K+K−π0

◦ B(B0 → K+K−π0) = (2.17± 0.60± 0.24)× 10−6

• Two measurements that provide new constraints onφ2

◦ most precise measurement of CPV in B0 → π+π−

ACP(B0 → π+π−) = +0.33± 0.06± 0.03

SCP(B0 → π+π−) = −0.64± 0.08± 0.03

◦ excluding 23.8◦ < φ2 < 66.8◦ (isospin + Belle)
◦ measured B0 → ρ0ρ0 at 2.9σ signi�cance
◦ B(B0 → ρ0ρ0) = (1.02± 0.30± 0.22)× 10−6

◦ evidence for B0 → f0ρ
0

◦ measurement of φ2 = 91.0◦ ± 7.2◦ (iso.+Belle+BABAR+world)
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