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Motivation for rare B decays

• SM is a very good approx. for reality
i.e. ANature ' ASM for most processes

• Need to look where ASM is small, in order to be sensitive to NP

* Study rare decays
* Compare ANature with ASM,
⇒ find new physics or learn new lessons!

• b→ c decays take O(99%) of all B decays

The others (b→ s, u, d, or b→ NP) are charmless and rare.
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Motivation for hadronic rare B decays
• Belle has excellent hadron identifications for π±, π0, K±, K0

S , p (p̄)
and for `± and γ, as well

* Hadron ID facilities (Cherenkov, TOF, dE/dx for charged; EM Cal for π0)
are optimized for momentum ranges of the particles produced from B decays at Belle

* Typically, ε ∼ 90% and f . 10% for charged hadrons
* Also, very good performance for π0

∴ Hadronic B decays (incl. π0) can be reconstructed (fully) with high
efficiency and purity ⇒ experimentally, very clean!

• Charmless hadronic B decays usually have interference between b→ u
tree and b→ s(d) penguin diagram processes

⇒ sensitive to CPV Remember CKM is not sufficient for the CPV in our universe!

• Some puzzles in rare hadronic B decays

* “Kπ puzzle” (Nature 452, 332 (2008); PRD 87, 031103(R) (2013))

* “V V puzzle” fL ∼ 1 (or not) in B→ V V decays?
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Outline
0. Motivations

1. B0 → φ K∗

* partial wave analysis for J = 0, 1, 2 states of K∗

* search for CPV
* arXiv:1308.1830, submitted to PRD

2. B0 → K+K−π0

* first evidence of the decay
* study of substructures
* PRD 87, 091101(R) (2013)

In both analyses, the full Belle data sample on the Υ(4S) resonance are used:∫
L dt ≈ 711 fb−1, NBB = (772± 11)× 106.
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B0 → φ K∗ – introductionB� ! �K ⇤ – motivation
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• Proceeds by b ! s penguin transition in the SM
• Sensitive to possible new particle contributions in the loop
• QCD factorisation! expected fL ⇠ �
• Longitudinal polarisation fractions are ba�ing:
B� ! �K ⇤(���)� fL = �.�� ± �.�� ± �.�� Belle PRL ��, ������ (����)

fL = �.��� ± �.��� ± �.��� BABAR PRD ��, ������ (����)
B� ! �K ⇤

� (����)� fL = �.���+�.���
-�.��� ± �.��� BABAR PRD ��, ������ (����)

• Negligible CP violation expected in the SM
Marko Petrič (JSI) Rencontres du Vietnam Recent results on hadronic B decays from Belle �/��

�/��

• Decays dominantly via b→ s penguin process in the SM
∴ negligible direct CPV in SM, i.e. a good place to look for CPV in NP

• B→ V V ⇒ fL ∼ 1 is expected by naive factorization hypothesis, but

B0 → φ K∗(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 → φ K∗2(1430)0 fL = 0.901+0.046
−0.058 ± 0.037 BaBar, PRD 78, 092008 (2008)
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B0 → φ K∗ – analysis action plan
• Partial wave analysis of B0 → φ K∗ with K∗ → K+π− including

◦ J = 0 (S-wave) (Kπ) “scalar”
◦ J = 1 (P-wave) K∗(892)0 “vector”
◦ J = 2 (D-wave) K∗2(1430)0 “tensor”

• Analysis, restricted to M(Kπ) < 1.55 GeV/c2

◦ LASS model for S-wave component (incl. K∗0(1430))
◦ Rel. spin-dep. Breit-Wigner for P- and D-wave components

• Describe angular dist. in the helicity
base, with angles θ1, θ2, Φ

• Simultaneous fits to B0 and B
0

for
CPV search

⇒ extract 26 real parameters from
the fits to 9 observables
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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 distin-
guish between CP -even and -odd fractions in the de-
cay B0/B̄0 ! �K0

S⇡
0. This decay channel can also

be used for a time-dependent measurement of the an-
gle �1 = arg (�VcdV

⇤
cb/VtdV

⇤
tb) [8] of the CKM unitarity

triangle 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
contribution, is not 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 transforma-
tion AJ±1 = (AJk ± AJ?)/

p
2 for two of the amplitudes.

In this basis, the longitudinal polarization AJ0 and the
parallel polarization AJk are even under CP transfor-
mation 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 transver-
sity amplitudes. Furthermore, depending on the con-
text, we use either of the two bases with � = �1, 0, +1
or � = 0, k,?. Where necessary, we explicitly state the
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B0 → φ K∗ – physics parameters to extract
• ∃ 28 real parameters (= 2× 2× 7 complext amplitudes A0, A1λ, A2λ;
λ = 0, ±1), but overal phase can be fixed

• ∆φ00 = (1/2)arg(A00/Ā00) is only accessible in B→ φK0
Sπ

0 CPV analysis;
set ∆φ00 = 0 leaving only 26 parameters

B0 ! �K ⇤ - Definitions

�(K⇡)⇤0 �K⇤(892)0 �K⇤
2 (1430)0

Parameter Definition J = 0 J = 1 J = 2

BJ
1
2 (�̄J + �J )/�total B0 B1 B2

fLJ
1
2 (|ĀJ0|2/

P |ĀJ�|2 + |AJ0|2/
P |AJ�|2) – fL1 fL2

f?J
1
2 (|ĀJ?|2/

P |ĀJ�|2 + |AJ?|2/
P |AJ�|2) – f?1 f?2

�kJ
1
2 (arg(ĀJk/ĀJ0) + arg(AJk/AJ0)) – �k1 �k2

�?J
1
2 (arg(ĀJ?/ĀJ0) + arg(AJ?/AJ0) � ⇡) – �?1 �?2

�0J
1
2 (arg(Ā00/ĀJ0) + arg(A00/AJ0)) – �01 �02

ACPJ (�̄J � �J )/(�̄J + �J ) ACP0 ACP1 ACP2

A0
CPJ

|ĀJ0|2/
P |ĀJ�|2�|AJ0|2/

P |AJ�|2

|ĀJ0|2/
P |ĀJ�|2+|AJ0|2/

P |AJ�|2 – A0
CP1 A0

CP2

A?
CPJ

|ĀJ?|2/
P |ĀJ�|2�|AJ?|2/

P |AJ�|2

|ĀJ?|2/
P |ĀJ�|2+|AJ?|2/

P |AJ�|2 – A?
CP1 A?

CP2

��kJ
1
2 (arg(ĀJk/ĀJ0) � arg(AJk/AJ0)) – ��k1 ��k2

��?J
1
2 (arg(ĀJ?/ĀJ0) � arg(AJ?/AJ0) � ⇡) – ��?1 ��?2

��0J
1
2 (arg(Ā00/ĀJ0) � arg(A00/AJ0)) – ��01 ��02

Overview and definition of the 26 real parameters

��00 = 1
2 arg(A00/Ā00) only accessible in B0/B̄0 ! �K 0

S⇡
0
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B0 → φ K∗ – experimental observables
• Reconstruct B0 → φ K∗ with φ→ K+K− and K∗ → K+π−

• 9D fit to B0 and B
0

* Mbc, ∆E – the two most characteristic variables for B decays
* MKK, MKπ
* C′NB – neural network output for continuum suppression
* θ1, θ2, Φ – the three helicity angles
* Q – charge of K from K∗

30 Chapter 3. Continuum Suppression

Tθcos  + Bθcos Variable CSNB_PHIKPI_3: RooKSFW + 
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Figure 3.1: Distribution of the network output NB for signal and background events.

As shown in figure 3.2 there is a good agreement between the background description
in MC and o↵-resonance data events. There only seems to be small shift in the peak
position. Anyway, in the final fit, we will use data sidebands and not rely on MC.

The agreement of the shapes between di↵erent signal samples is also good. The
di↵erences seen are only visible due to the high statistics of the signal MC samples
used. On data we expect about 50 times less events so that the small shape di↵erences
will be within the statistical uncertainties, that are

p
50 ⇡ 7 times larger.

3.1.3 Analysis.ps

Further information about the training and its settings can be obtained from the
CSNB PHIKPI 3 analysis sorted.ps file, which is generated by the NeuroBayes package
for each training.

3.1. Continuum suppression 31

Transformed and normalized distribution of CSNB_PHIKPI_3
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Figure 3.2: Distribution of the transformed network output NB0 with cut NB > �0.8
applied.
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B0 → φ K∗ – experimental observables
• Reconstruct B0 → φ K∗ with φ→ K+K− and K∗ → K+π−

• 9D fit to B0 and B
0

* Mbc, ∆E – the two most characteristic variables for B decays
* MKK, MKπ
* C′NB – neural network output for continuum suppression
* θ1, θ2, Φ – the three helicity angles
* Q – charge of K from K∗

• 3 components included in the fit

* Signal
* peaking background from B0 → f0(980)K∗(892)0

* combinatorial bkgd. (= continuum + other BB)
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B0 → φ K∗ – Results
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 other three observables; e. g., in (a) a requirement on (b),(c) and (d) is 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.

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 other three observables; such requirements 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
calculate the branching fraction. The results for the
branching fraction are summarized in Table VIII and the
results for the polarization and CP violation asymme-
tries are summarized in Table VII. The results for B0 !
�K⇤(892)0 supersedes our previous results; all results on
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We observe a signal yield of Nsig = 1112± 40 events, a
peaking background yield of Npeak = 140±19 events, and
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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
calculate the branching fraction. The results for the
branching fraction are summarized in Table VIII and the
results for the polarization and CP violation asymme-
tries are summarized in Table VII. The results for B0 !
�K⇤(892)0 supersedes our previous results; all results on

Total PDF
Continuum

B0 ! f0 K⇤

B0 ! � K⇤
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B0 → φ K∗ – Results

13

TABLE VII: Summary of the results on the B0 ! �K⇤ system. See Table II and Eq. (32) for the parameter definition. In this
table, we give the fit fraction FFJ per partial wave instead of the branching fraction BJ , which is given in Table VIII together
with the yields per partial wave. The first error is statistical and the second due to systematics.

�(K⇡)⇤0 �K⇤(892)0 �K⇤
2 (1430)0

Parameter J = 0 J = 1 J = 2

FFJ 0.273 ± 0.024 ± 0.021 0.600 ± 0.020 ± 0.015 0.099+0.016
�0.012 ± 0.018

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

�kJ (rad) · · · 2.23 ± 0.10 ± 0.02 3.76 ± 2.88 ± 1.32

�?J (rad) · · · 2.37 ± 0.10 ± 0.04 4.45+0.43
�0.38 ± 0.13

�0J (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

��kJ (rad) · · · �0.02 ± 0.10 ± 0.01 �0.02 ± 1.08 ± 1.01

��?J (rad) · · · 0.05 ± 0.10 ± 0.02 �0.19 ± 0.42 ± 0.11

��0J (rad) · · · 0.08 ± 0.10 ± 0.01 0.06 ± 0.11 ± 0.02

B0 ! �(K⇡)⇤0, B0 ! �K⇤(892)0, and B0 ! �K⇤
2 (1430)0

are consistent with BaBar measurements [5], with smaller
errors for B0 ! �(K⇡)⇤0 and B0 ! �K⇤(892)0.
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FIG. 6: Scan of the negative log likelihood as function of (a)
�k1 and (b) �?1. One single discrete solution is found for each
of the two phases.

We resolve the ambiguity in the phase parameters �k1
and �?1 from our previous measurement. In Fig. 6, we
show a scan of the negative log-likelihood as a function of
�k1 and �?1, each of which shows a single solution. We
also confirm the large longitudinal polarization fraction
in the decay B0 ! �K⇤

2 (1430)0 observed by BaBar [5].
In general, all parameters related to CP violation in the
S-, P-, and D-wave components are consistent with its
absence.

Due to our requirement on cos ✓1 and the large longi-
tudinal polarization in B0 ! �K⇤

2 (1430)0 we observe a
proportionally large drop in the e�ciency with respect
to the other channels, which results in larger statistical
uncertainties on the related parameters.

The results on the triple-product correlations in B0 !
�K⇤(892)0 are summarized for B0 and B̄0, together with
the asymmetries, in Table IX. They are consistent with
SM predictions of no CP violation.

TABLE VIII: Summary of the branching fraction results for
the B0 ! �K⇤ system. The result for B0 ! �(K⇡)⇤0 is
quoted for MK⇡ < 1.55 GeV. The first error is statistical and
the second due to all systematics. The error on ✏reco,J is due
to MC statistics only. For the overall e�ciency ✏J , defined as
✏reco,J times daughter branching fractions, the error is due to
MC statistics and daughter branching fractions.

�(K⇡)⇤0 �K⇤(892)0 �K⇤
2 (1430)0

Parameter J = 0 J = 1 J = 2

NJ (events) 303 ± 29 ± 25 668 ± 34 ± 24 110+18
�14 ± 20

✏reco,J (%) 28.7 ± 0.1 26.0 ± 0.1 16.3 ± 0.1

✏J (%) 9.4 ± 0.1 8.5 ± 0.1 2.6 ± 0.1

BJ (10�6) 4.3 ± 0.4 ± 0.4 10.4 ± 0.5 ± 0.6 5.5+0.9
�0.7 ± 1.0

TABLE IX: Triple-product correlations obtained from the
weights of the B0 ! �K⇤(892)0 partial wave. The first error
is statistical and the second due to systematics.

A0
T A

k
T

B0 0.273 ± 0.039 ± 0.010 0.015 ± 0.029 ± 0.006

B̄0 0.210 ± 0.039 ± 0.014 0.050 ± 0.029 ± 0.011

A0/k
T 0.13 ± 0.12 ± 0.02 �0.55 ± 0.60 ± 0.52

VI. CONCLUSION

In summary, we have performed a partial wave anal-
ysis of the B0 ! �K⇤ system and measured branch-
ing fraction and polarization parameters for the S-, P-,
and D-wave contribution from B0 ! �(K⇡)⇤0, B0 !
�K⇤(892)0, and B0 ! �K⇤

2 (1430)0, respectively. We
have resolved all phase ambiguities present in our previ-
ous polarization measurements in these decays. We have
further searched for CP violation in these decays. Re-
sults are summarized in Tables VII, VIII and IX. All
parameters related to CP violation are consistent with
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TABLE VII: Summary of the results on the B0 ! �K⇤ system. See Table II and Eq. (32) for the parameter definition. In this
table, we give the fit fraction FFJ per partial wave instead of the branching fraction BJ , which is given in Table VIII together
with the yields per partial wave. The first error is statistical and the second due to systematics.

�(K⇡)⇤0 �K⇤(892)0 �K⇤
2 (1430)0

Parameter J = 0 J = 1 J = 2

FFJ 0.273 ± 0.024 ± 0.021 0.600 ± 0.020 ± 0.015 0.099+0.016
�0.012 ± 0.018

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

�kJ (rad) · · · 2.23 ± 0.10 ± 0.02 3.76 ± 2.88 ± 1.32

�?J (rad) · · · 2.37 ± 0.10 ± 0.04 4.45+0.43
�0.38 ± 0.13

�0J (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
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��kJ (rad) · · · �0.02 ± 0.10 ± 0.01 �0.02 ± 1.08 ± 1.01

��?J (rad) · · · 0.05 ± 0.10 ± 0.02 �0.19 ± 0.42 ± 0.11

��0J (rad) · · · 0.08 ± 0.10 ± 0.01 0.06 ± 0.11 ± 0.02

B0 ! �(K⇡)⇤0, B0 ! �K⇤(892)0, and B0 ! �K⇤
2 (1430)0

are consistent with BaBar measurements [5], with smaller
errors for B0 ! �(K⇡)⇤0 and B0 ! �K⇤(892)0.
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FIG. 6: Scan of the negative log likelihood as function of (a)
�k1 and (b) �?1. One single discrete solution is found for each
of the two phases.

We resolve the ambiguity in the phase parameters �k1
and �?1 from our previous measurement. In Fig. 6, we
show a scan of the negative log-likelihood as a function of
�k1 and �?1, each of which shows a single solution. We
also confirm the large longitudinal polarization fraction
in the decay B0 ! �K⇤

2 (1430)0 observed by BaBar [5].
In general, all parameters related to CP violation in the
S-, P-, and D-wave components are consistent with its
absence.

Due to our requirement on cos ✓1 and the large longi-
tudinal polarization in B0 ! �K⇤

2 (1430)0 we observe a
proportionally large drop in the e�ciency with respect
to the other channels, which results in larger statistical
uncertainties on the related parameters.

The results on the triple-product correlations in B0 !
�K⇤(892)0 are summarized for B0 and B̄0, together with
the asymmetries, in Table IX. They are consistent with
SM predictions of no CP violation.

TABLE VIII: Summary of the branching fraction results for
the B0 ! �K⇤ system. The result for B0 ! �(K⇡)⇤0 is
quoted for MK⇡ < 1.55 GeV. The first error is statistical and
the second due to all systematics. The error on ✏reco,J is due
to MC statistics only. For the overall e�ciency ✏J , defined as
✏reco,J times daughter branching fractions, the error is due to
MC statistics and daughter branching fractions.
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TABLE IX: Triple-product correlations obtained from the
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ysis of the B0 ! �K⇤ system and measured branch-
ing fraction and polarization parameters for the S-, P-,
and D-wave contribution from B0 ! �(K⇡)⇤0, B0 !
�K⇤(892)0, and B0 ! �K⇤

2 (1430)0, respectively. We
have resolved all phase ambiguities present in our previ-
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sults are summarized in Tables VII, VIII and IX. All
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We resolve the ambiguity in the phase parameters �k1
and �?1 from our previous measurement. In Fig. 6, we
show a scan of the negative log-likelihood as a function of
�k1 and �?1, each of which shows a single solution. We
also confirm the large longitudinal polarization fraction
in the decay B0 ! �K⇤

2 (1430)0 observed by BaBar [5].
In general, all parameters related to CP violation in the
S-, P-, and D-wave components are consistent with its
absence.

Due to our requirement on cos ✓1 and the large longi-
tudinal polarization in B0 ! �K⇤

2 (1430)0 we observe a
proportionally large drop in the e�ciency with respect
to the other channels, which results in larger statistical
uncertainties on the related parameters.

The results on the triple-product correlations in B0 !
�K⇤(892)0 are summarized for B0 and B̄0, together with
the asymmetries, in Table IX. They are consistent with
SM predictions of no CP violation.

TABLE VIII: Summary of the branching fraction results for
the B0 ! �K⇤ system. The result for B0 ! �(K⇡)⇤0 is
quoted for MK⇡ < 1.55 GeV. The first error is statistical and
the second due to all systematics. The error on ✏reco,J is due
to MC statistics only. For the overall e�ciency ✏J , defined as
✏reco,J times daughter branching fractions, the error is due to
MC statistics and daughter branching fractions.
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TABLE IX: Triple-product correlations obtained from the
weights of the B0 ! �K⇤(892)0 partial wave. The first error
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A0/k
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VI. CONCLUSION

In summary, we have performed a partial wave anal-
ysis of the B0 ! �K⇤ system and measured branch-
ing fraction and polarization parameters for the S-, P-,
and D-wave contribution from B0 ! �(K⇡)⇤0, B0 !
�K⇤(892)0, and B0 ! �K⇤

2 (1430)0, respectively. We
have resolved all phase ambiguities present in our previ-
ous polarization measurements in these decays. We have
further searched for CP violation in these decays. Re-
sults are summarized in Tables VII, VIII and IX. All
parameters related to CP violation are consistent with
its absence in the studied decays and no evidence for new
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TABLE VII: Summary of the results on the B0 ! �K⇤ system. See Table II and Eq. (32) for the parameter definition. In this
table, we give the fit fraction FFJ per partial wave instead of the branching fraction BJ , which is given in Table VIII together
with the yields per partial wave. The first error is statistical and the second due to systematics.
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B0 ! �(K⇡)⇤0, B0 ! �K⇤(892)0, and B0 ! �K⇤
2 (1430)0

are consistent with BaBar measurements [5], with smaller
errors for B0 ! �(K⇡)⇤0 and B0 ! �K⇤(892)0.
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FIG. 6: Scan of the negative log likelihood as function of (a)
�k1 and (b) �?1. One single discrete solution is found for each
of the two phases.

We resolve the ambiguity in the phase parameters �k1
and �?1 from our previous measurement. In Fig. 6, we
show a scan of the negative log-likelihood as a function of
�k1 and �?1, each of which shows a single solution. We
also confirm the large longitudinal polarization fraction
in the decay B0 ! �K⇤

2 (1430)0 observed by BaBar [5].
In general, all parameters related to CP violation in the
S-, P-, and D-wave components are consistent with its
absence.

Due to our requirement on cos ✓1 and the large longi-
tudinal polarization in B0 ! �K⇤

2 (1430)0 we observe a
proportionally large drop in the e�ciency with respect
to the other channels, which results in larger statistical
uncertainties on the related parameters.

The results on the triple-product correlations in B0 !
�K⇤(892)0 are summarized for B0 and B̄0, together with
the asymmetries, in Table IX. They are consistent with
SM predictions of no CP violation.

TABLE VIII: Summary of the branching fraction results for
the B0 ! �K⇤ system. The result for B0 ! �(K⇡)⇤0 is
quoted for MK⇡ < 1.55 GeV. The first error is statistical and
the second due to all systematics. The error on ✏reco,J is due
to MC statistics only. For the overall e�ciency ✏J , defined as
✏reco,J times daughter branching fractions, the error is due to
MC statistics and daughter branching fractions.
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TABLE IX: Triple-product correlations obtained from the
weights of the B0 ! �K⇤(892)0 partial wave. The first error
is statistical and the second due to systematics.
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In summary, we have performed a partial wave anal-
ysis of the B0 ! �K⇤ system and measured branch-
ing fraction and polarization parameters for the S-, P-,
and D-wave contribution from B0 ! �(K⇡)⇤0, B0 !
�K⇤(892)0, and B0 ! �K⇤

2 (1430)0, respectively. We
have resolved all phase ambiguities present in our previ-
ous polarization measurements in these decays. We have
further searched for CP violation in these decays. Re-
sults are summarized in Tables VII, VIII and IX. All
parameters related to CP violation are consistent with
its absence in the studied decays and no evidence for new

13

TABLE VII: Summary of the results on the B0 ! �K⇤ system. See Table II and Eq. (32) for the parameter definition. In this
table, we give the fit fraction FFJ per partial wave instead of the branching fraction BJ , which is given in Table VIII together
with the yields per partial wave. The first error is statistical and the second due to systematics.
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�k1 and (b) �?1. One single discrete solution is found for each
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We resolve the ambiguity in the phase parameters �k1
and �?1 from our previous measurement. In Fig. 6, we
show a scan of the negative log-likelihood as a function of
�k1 and �?1, each of which shows a single solution. We
also confirm the large longitudinal polarization fraction
in the decay B0 ! �K⇤

2 (1430)0 observed by BaBar [5].
In general, all parameters related to CP violation in the
S-, P-, and D-wave components are consistent with its
absence.

Due to our requirement on cos ✓1 and the large longi-
tudinal polarization in B0 ! �K⇤

2 (1430)0 we observe a
proportionally large drop in the e�ciency with respect
to the other channels, which results in larger statistical
uncertainties on the related parameters.

The results on the triple-product correlations in B0 !
�K⇤(892)0 are summarized for B0 and B̄0, together with
the asymmetries, in Table IX. They are consistent with
SM predictions of no CP violation.

TABLE VIII: Summary of the branching fraction results for
the B0 ! �K⇤ system. The result for B0 ! �(K⇡)⇤0 is
quoted for MK⇡ < 1.55 GeV. The first error is statistical and
the second due to all systematics. The error on ✏reco,J is due
to MC statistics only. For the overall e�ciency ✏J , defined as
✏reco,J times daughter branching fractions, the error is due to
MC statistics and daughter branching fractions.
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BJ (10�6) 4.3 ± 0.4 ± 0.4 10.4 ± 0.5 ± 0.6 5.5+0.9
�0.7 ± 1.0

TABLE IX: Triple-product correlations obtained from the
weights of the B0 ! �K⇤(892)0 partial wave. The first error
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B̄0 0.210 ± 0.039 ± 0.014 0.050 ± 0.029 ± 0.011
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VI. CONCLUSION

In summary, we have performed a partial wave anal-
ysis of the B0 ! �K⇤ system and measured branch-
ing fraction and polarization parameters for the S-, P-,
and D-wave contribution from B0 ! �(K⇡)⇤0, B0 !
�K⇤(892)0, and B0 ! �K⇤

2 (1430)0, respectively. We
have resolved all phase ambiguities present in our previ-
ous polarization measurements in these decays. We have
further searched for CP violation in these decays. Re-
sults are summarized in Tables VII, VIII and IX. All
parameters related to CP violation are consistent with
its absence in the studied decays and no evidence for new

• BF and polarization parameters are consistent with existing results

• all CPV parameters are consistent with zero direct CPV
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B0 → K+K−π0 – introductionB� ! K+K-⇡� – motivation
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• Suppressed in the SM < �.�⇥ ��-� CLEO PRL ��, ������ (����)
• Contribution from color- and Cabibbo-suppressed b ! u tree

(LEFT) and internal W exchange (RIGHT) transitions
• No information on potential resonance modes available
• BABAR PRL ��, ������ (����) and LHCb LHCb-CONF-����-���

observed a structure in the K+K- invariant mass around
�.� GeV/c� in B+ ! K+K-⇡+

Marko Petrič (JSI) Rencontres du Vietnam Recent results on hadronic B decays from Belle ��/��

��/��

• Decays occur via b→ u color-suppressed or W exchange diagrams
∴ strongly suppressed in SM

BSM(B0 → K∗±K∓) . O(10−7), BSM(B0 → φπ0) ∼ O(10−9)

• Existing limit:
B(B0 → K+K−π0) < 1.9× 10−5 by CLEO (PRL 89, 251801 (2002))

• No experimental information on resonance substructures are available
e.g. K∗(892)±K∓, K∗0(1430)±K∓, f0(980)π0

Y. Kwon (Yonsei Univ.) Charmless hadronic B decays from Belle Aug. 15, 2013 13



Reminder – a related result

5

TABLE I: Summary of the PDF’s used in the measurement of B → φπ decays. Here CB is a Crystal Ball function and 2D
HistoPDF is a PDF based on a histogram. Yields in the parentheses are expected values (fit outputs) for the fixed (floated)
case.

Mode B+ → φπ+ B0 → φπ0

∆E Mbc Method (Yield) ∆E Mbc Method (Yield)

Signal Sum of two Gaussians Gaussian Float(4.5+5.1
−4.3) CB Gaussian Float(−2.2+2.1

−1.2)

e+e− → qq̄ process 1st order poly. ARGUS Float(330.0+19.1
−18.4) 1st order poly. ARGUS Float(265.6+16.9

−16.2)

b → c 2D HistoPDF Fixed(7.1) 2D HistoPDF Fixed(4.8)

b → u, d, s 2D HistoPDF Fixed(4.1) 2D HistoPDF Fixed(13.5)

B+ → φK+ Sum of two Gaussians Gaussian Fixed(33.8) - - -

Nonresonant B → K+K−π Sum of two Gaussians Gaussian Fixed(4.7) CB Gaussian Fixed(1.6)
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FIG. 2: Projection of the data (points with error bars) in the fit region. The fit projections onto ∆E (left) and Mbc (right) for
reconstructed B+ → φπ+ (top) and B0 → φπ0 (bottom); the sum of signal and qq̄ (blue-dotted), qq̄ (red-dashed), nonresonant
B → K+K−π background (green-solid), other B background (magenta-solid) and the total (blue-solid).

fixed yields by ±50%. The uncertainty from the b → c
backgrounds is negligible. The largest difference in yield
between nonresonant B → K+K−π and the other modes
is included in the systematic error. The uncertainty from
this difference, which is the largest contributor to the to-
tal systematic error, is −6.3 (−2.2) events for B+ → φπ+

(B0 → φπ0).
The upper limit (BUL) is determined as

∫ BUL

0 L(B)dB∫ ∞
0 L(B)dB = 0.90, (7)

where L(B) is the likelihood value and B is the branch-
ing fraction. The branching fraction is determined as the

number of the signal events divided by the number of
BB̄ pairs and the reconstruction efficiency. We include
systematic errors by convolving the likelihood function
with a Gaussian whose width is equal to the total sys-
tematic error. The upper limits on the branching frac-
tions are found to be B(B+ → φπ+) < 3.3 × 10−7 and
B(B0 → φπ0) < 1.5 × 10−7 at the 90% CL. The results,
together with the central values for the branching frac-
tions, are listed in Table III.

In summary, using 657× 106 BB pairs collected at the
Υ(4S) with the Belle experiment, we find no significant
signals for B+ → φπ+ and B0 → φπ0. We set upper
limits of B(B+ → φπ+) < 3.3×10−7 and B(B0 → φπ0) <
1.5 × 10−7 at the 90% CL.

B0 ! �⇡0

Mbc�E

PRD 86, 031102(R), (2012)
BELLE

Total 
signal+qq
qq
non-res.
other BB

B(B0 → φπ0) < 1.5× 10−7 at 90% CL
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some puzzles in MK+K−
A beast from BaBar  

 An important motivation for the 
study comes from the recent 
observation of B+  K+K-+ 

 
 
 

 A structure is seen at 1.5 GeV/c2 
in  the K+K- mass spectrum, which 
accounts  for half of the event 

 BF = [5.0±0.5(stat)±0.5(syst)]10−6 

 Can either observe or rule out  the structure, fx(1500), in our 
channel B0  K+K−0 

PRL 99 (2007) 221801 

Vipin Gaur (TIFR, Mumbai) 7 

Similar structure is seen by LHCb in the same channel 
 
 
 
 
 
 
 
 
 
 

 
 

B± →  K+ K- π± 
           LHCb-CONF-2012-028 (2012) 

  Empty (filled) triangles are B- (B+) events 
 

  The structure is only present in B+ events 

Similar structure was seen in different channels by Belle and BaBar 
B0 →  K+ K- Ks

0 B+ →  K+ K- K+ 

           PRD 82 (2010) 073011             PRD 85 (2012) 112010 
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Similar structure was seen in different channels by Belle and BaBar 
B0 →  K+ K- Ks

0 B+ →  K+ K- K+ 

           PRD 82 (2010) 073011             PRD 85 (2012) 112010 

B± ! K+K�⇡±

B-

B+

Similar structure is seen by LHCb in the same channel 
 
 
 
 
 
 
 
 
 
 

 
 

B± →  K+ K- π± 
           LHCb-CONF-2012-028 (2012) 

  Empty (filled) triangles are B- (B+) events 
 

  The structure is only present in B+ events 

Similar structure was seen in different channels by Belle and BaBar 
B0 →  K+ K- Ks

0 B+ →  K+ K- K+ 

           PRD 82 (2010) 073011             PRD 85 (2012) 112010 

B0 ! K+K�K0
S

B+ ! K+K�K+

A peak at MKK ∼ 1.5 GeV/c2? ACP 6= 0 in the LHCb result?
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B0 → K+K−π0 – Results
• Neural-net-based suppression of e+e− → qq̄ continuum⇒ C′NB

• Select ±3σ region of Mbc: 5.271 < Mbc < 5.287 GeV/c2

• 2D fit on ∆E and C′NB with the components: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�
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B0 ! K+K�⇡0

Total PDF
Total background
Continuum and BB̄
Continuum

|�E| < 30MeVC 0
NB > 3.0

Nsig = 299± 83, B(B0 → K+K−π0) = (2.17± 0.60± 0.24)× 10−6 (3.5σ)

First evidence!
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B0 → K+K−π0 – Resonance substructure?
B0 ! K +K�⇡0 - Resonant substructure
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Signal yield fitted in bins of mK+K� and mK+⇡0

No definite statement about low-mass structure seen in mK+K� by
BaBar and LHCb

Excess of events at around mK+⇡0 = 1.4 GeV/c2

Amplitude analysis and more statistics required ! Belle II
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• Signal yields fitted in MK+K− and MK+π0 bins

• Nothing definitely stated about MKK ∼ 1.5GeV/c2 structure observed by
BaBar and LHCb

• Excess of events in MK+π0 ∼ 1.4GeV/c2

Amplitude analysis with much more statistics is required⇒ Belle II
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Closing words
• Partial wave analysis of B0 → φ K∗ and search for CPV

* BF and polarizations consistent with existing results

B(B0 → φ (Kπ)∗0) = (4.3± 0.4± 0.3)× 10−6

B(B0 → φ K∗(892)0) = (10.4± 0.5± 0.5)× 10−6

B(B0 → φ K∗2(1430)0) = (5.5+0.9
−0.7 ± 0.7)× 10−6

fL = 0.499± 0.030± 0.018 (φ K∗)
fL = 0.918+0.029

−0.060 ± 0.012 (φ K∗2(1430)0)

* No evidence for CP violation

• B0 → K+K−π0

* First evidence with 3.5σ significance

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

* No definite statement on the substructures⇒ Belle II
→ Sven Vahsen’s talk tomorrow @ QLF-I
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