
Overview of Flavor 
Physics Results at Belle

Yosuke Yusa (Niigata University) 
on behalf of the Belle collaboration



“Overview of Flavor Physics Results at Belle” 
3rd International Conference on New Frontiers in Physics, Crete, Greece, 6 August 2014

Introduction

2

Measurements of various B meson decays with interactions  
of flavor give hints to the new physics beyond the SM (BSM).
- CP violation  
- Branching fractions 
- Rare decay search 
- New particle search 
…

In this talk, I review flavor physics results in the Belle experiment 
together with the most resent updates.

Through precise measurement with a high statistic data  
sample, we can search for a slight signal and open the door 
to the BSM that appears in very high energy scale.  
⇒ Luminosity frontier
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Belle experiment
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In total, 772 million BB pairs 
are accumulated. Studies using  
full data sample are still ongoing. 
All of the new results shown   
today is based on the full data set.

μ / KL detection

 14/15 layers RPC+Fe

Central Drift Chamber 

small cell +He/C2H6

CsI(Tl) EM calorimeter

Si vertex detector

   3/4 layers DSSD

SC solenoid 1.5T

3.5 GeV e+

8 GeV e−

TOF counter

 Aerogel Cherenkov counter

              n=1.015~1.030

- charged particle tracking  
- momentum measurement 
- particle identification 
- e/γ energy measurement 
- KL cluster detection

_
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CP violation
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In past decade, great breakthrough for CP-violation parameters  
measurements in B decays has been achieved by B-factries. 

φ1 (β)= ( 21.50+0.75 )° 
φ2 (α)= ( 85.4+4.0 )° 
φ3 (γ)= ( 70.0+7.0 )° 
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Vud Vub*+ Vcd Vcb*+ Vtd Vtb*= 0

B0 → (cc)K0

B → ππ, πρ, ρρ

B → D(*)K(*)

Quark transition: Cabibbo-Kobayashi-Maskawa (CKM) Matrix 
→ CP violation parameters are angles of the unitary triangle.

Angles from direct measurement  
(Averages by CKMfitter group  
 in winter 2014)

Typical final states used for  
the measurements  
(CP-eigenstates)_
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CP violation in B decays
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     = S sinΔmΔt           +  　　　　 A cosΔmΔt 

    mixing  induced CPV             direct CPV                 
        Δm: mass difference of eigenstates 
         Δt: decay time difference of eigenstates
CP violation parameters S and A are  
measured using decay to the CP  
eigenstate.
ex. b→ccs tree diagram 
B0→J/ψ K0 


“Golden mode”
S= -ξf sin2φ1 

A ~0                   
ξf : CP eigenvalue  

   = −1 for J/ψ K0S 

          +1 for J/ψ K0L

_ Belle 772M BB (2012)
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S= 0.667±0.023±0.012 
A= 0.006±0.016±0.012

B0 tag
B0 tag
_

By checking consistency of CP  
violation parameters, we  
investigate bias from the BSM:  
The triangle is closes? 
(φ1 + φ2 + φ3 is just π ? 
 or some additional phases?)

B0→J/ψ K0S +

B0→J/ψ K0L 

combined 
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Analysis strategy
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アルバトリオン

e- e+ B0

B0
Υ(4S)

K0K
π
μ

μ+
μ-Δz~βγΔt

8x3.5GeV@KEKB, 
9x3.1GeV@PEP-II

Signal side B

Tag side B

!
- Difference of decay times, Δt is  
  measured by vertex positions of B and B. 
- Flavor of B 0 is measured from 
  flavor of companion B 0 decay products.  
  (high momentum lepton, kaon, etc. )  
  Effective tagging efficiency ~30%. 
-  CP violation parameters are obtained 
   by the fit to Δt and B flavor  
   simultaneously to other variables such  
   as reconstructed B kinematics etc.

_

_

- Reconstruct signal B and identify using  
  kinematic variables (mass, energy…)

- qq continuum suppression discriminant  
  (likelihood, neural net, BDT…) based on  
  shape variables of  
   the B decay.  
   Distribution of  
   decay products:  
   B decay: spherically  
   qq continuum: jet-like

  

                    analysis 

●  To obtain signal yield we perform 3D fit to data distribution in 
     

         - likelihood ratio from 
       event shape variables 

Beside new data,  about 25% improvement in 
reconstruction efficiency 5

To separate signal and  
main background, from 

  

                    analysis 

●  To obtain signal yield we perform 3D fit to data distribution in 
     

         - likelihood ratio from 
       event shape variables 

Beside new data,  about 25% improvement in 
reconstruction efficiency 5

To separate signal and  
main background, from 

Beam constraint mass: 
Mbc =√(Ebeam/2)2 - prec2 

Eenergy difference:  
ΔE = ErecCM -Ebeam/2 

qq suppression  
(Likelihood)

_

Time-dependent  
CP violation measurement

_
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Approach to BSM via penguin diagram
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A loop appears in the first order diagrams of Flavor Changing Neutral  
Current transitions: b→sqq and b→sγ. 
⇒ Sensitive to the physics beyond the SM (BSM) contribution  
    The effects can be appeared in parameters we observe: CP phases, branching  
     fractions, forward-backward asymmetries, isospin asymmetries. 
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SM diagrams
BSM diagrams



“Overview of Flavor Physics Results at Belle” 
3rd International Conference on New Frontiers in Physics, Crete, Greece, 6 August 2014

b
_

d

s
_

s

s
_

d

W
g

t―
Penguin loop is sensitive to the new physics contribution. 
 S ≡ -ξf sin2φ1eff = -ξf  sin2φ1 from decay with b→ccs?  

                       or -ξf sin2φ1⊕ extra CP phase from non-SM?

B0→η’K0 – “platinum mode” – Large branching fraction and  
                                                          few possible deviation in the SM.
Belle 772M BB

_

CP violation in decay via penguin diagram

8

→ Consistent with φ1 from decays via b→ccs9

Introduction B0 → η
′K0 B → ωK

Measurement of TCPV in B0
→ η′K0
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Veronika Chobanova veronika@mpp.mpg.de TCPV at Belle
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prelim
inary
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B0 tag
B0 tag
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CP violation in B0→ωK0

9
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Introduction B0 → η
′K0 B → ωK

B0
→ ωK0

S results
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Introduction B0 → η
′K0 B → ωK

Measurement of φ1: B
0
→ ωK0

S

First evidence of CP violation in B0 → ωK0
S
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ruled out by 3.1 standard deviations

Veronika Chobanova veronika@mpp.mpg.de TCPV at Belle

Simultaneous fit to observables of the candidates of B0→ωK0 signal decay  
and B+→ωK+ control sample decay. (reducing systematic uncertainty)

B0→ωK0 fit results

Phys. Rev. D 90,  012002 (2014)

14

Introduction B0 → η
′K0 B → ωK

B → ωK results

Black font: previous measurements
Blue font: Full Belle data set of 772× 106 BB pairs

BB-pairs BR(B0 → ωK0) ACP SCP

Belle 388× 106 (4.4+0.8
−0.7 ± 0.4)× 10−6 - -

Belle 535× 106 - −0.09± 0.29± 0.06 +0.11± 0.46± 0.07

BaBar 467× 106 (5.4± 0.8± 0.3)× 10−6 +0.52+0.22
−0.20 ± 0.03 +0.55+0.26

−0.29 ± 0.02

Belle 772× 106 (4.5± 0.4± 0.3)× 10−6 −0.36± 0.19± 0.05 +0.91± 0.32± 0.05

BB-pairs BR(B+ → ωK+) ACP

Belle 388× 106 (8.1± 0.6± 0.6)× 10−6 +0.05+0.08
−0.07 ± 0.01

BaBar 383× 106 (6.3± 0.5± 0.3)× 10−6 −0.01± 0.07± 0.01

Belle 772× 106 (6.8± 0.4± 0.4)× 10−6 −0.03± 0.04± 0.01

Paper accepted by PRD, to be published in the July ’14 issue; arXiv 1311.6666

Veronika Chobanova veronika@mpp.mpg.de TCPV at Belle

14

Introduction B0 → η
′K0 B → ωK
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Evidence of the time-dependent CP violation is seen. (3.1σ significance) 
Consistent with the results in decays via b→ccs._

ΔE (GeV) Mbc(GeV/c2) qq suppression

M3π (GeV/c2) ω helicity angle

B0 tag
B0 tag
_
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Branching fraction of  
charmless hadronic B decays

10

B+→K*(892)0K*(892)+ : b→d penguin  
   Longitudinal polarization of B decay to  
   2 vector meson state fL is expected to  
   be ~1 from QCD.  
   Recent measurement in B0→φK*(892)0  
   fL = 0.499±0.030±0.018 (Belle 2012)

B0→η’K*(892)0 : b→s penguin 
   Branching fraction predicted from  
   pQCD: (3.4±0.3)×10‒6 
   Large direct CP violation is expected by  
   interference of b→s penguin and b→u tree diagram. 
     A(B+→ηK+) = ‒0.38±0.11±0.01 (Belle 2012),  
                        ‒0.36±0.11±0.03 (BABAR 2009)

Polarizations of Charmless Decays 

Longitudinal Polarization Fraction (fL) 

 0.2  0.4  1.0  1.2  0.6  0.8 

HFAG
Jun 2013

BABAR  
Belle 
Ne w A  vg . 

ρ+ρ−

ρ+ρ0

ρ0ρ0

ωρ+

a±1 a∓1

K∗0K
∗0

K∗+K
∗0

K∗+ρ−

K∗+ρ0

K∗0ρ0

K∗0ρ+

ωK∗0

ωK∗+

ωK∗
2(1430)+

ωK∗
2(1430)0

φK∗0

φK∗+

φK1(1270)+

φK∗
2(1430)0

φK∗
2(1430)+

_
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Branching fraction of  
charmless hadronic B decays

11

B+→K*(892)0K*(892)+
7-dimensional fit to extract the signal.

B(B+→K*(892)0K*(892)+) = (0.77+0.35±0.12) ×10‒6 (2.7σ significance)  
fL = 1.06±0.30±0.14

‒0.30

_ �

B+ → K ∗(892)0K ∗(892)+ ¯�½X��4VIPMQMREV]
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Branching fraction of  
charmless hadronic B decays

12

B0→η’K*(892)0
4-dimensional fit to extract the signal.

8 Extracting Signal Yield

8.1 4D Fit to real data

We perform 4D (∆E, Mbc, NBTRANS and cos θK∗0) fit to real data. The results are
presented in Figure 49 and we have applied following signal region requirement for other
variable.

• Mbc > 5.27 GeV/c2

• −0.10 GeV < ∆E < 0.06 GeV

• 2.0 < NBTRANS < 8.0
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Figure 49: Distributions of Mbc (1st from left), ∆E (2nd from left), NBTRANS (3rd from
left) and cos θK∗0 (4th from left) from real data. Data is shown in points with error and 4D
fit result to extract shape variables is shown by solid curves. The blue, red, green, aqua,
magenta and yellow lines indicate all, signal, qq̄, generic BB̄, rare BB̄ and non-resonant,
respectively.

A signal yield of 31+9
−8 is obtained with statistical-significance (

√

−2 ln(L/Lmax)) of
6.0σ. The likelihood function and the projection plot of statistical NLL is shown in
Figure 50. In addition, we obtain the yields of B0 meson and B̄0 meson from the flavor
of the decaying B meson, and they are 19+6

−5 and 12+6
−5, respectively.

8.2 Systematic error

8.2.1 BF

Following are the possible sources of systematic error for the BF.
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Figure 49: Distributions of Mbc (1st from left), ∆E (2nd from left), NBTRANS (3rd from
left) and cos θK∗0 (4th from left) from real data. Data is shown in points with error and 4D
fit result to extract shape variables is shown by solid curves. The blue, red, green, aqua,
magenta and yellow lines indicate all, signal, qq̄, generic BB̄, rare BB̄ and non-resonant,
respectively.

A signal yield of 31+9
−8 is obtained with statistical-significance (

√

−2 ln(L/Lmax)) of
6.0σ. The likelihood function and the projection plot of statistical NLL is shown in
Figure 50. In addition, we obtain the yields of B0 meson and B̄0 meson from the flavor
of the decaying B meson, and they are 19+6

−5 and 12+6
−5, respectively.

8.2 Systematic error

8.2.1 BF

Following are the possible sources of systematic error for the BF.

49

B(B0→η’K*(892)0)  
= (2.6±0.7±0.2) ×10‒6 
(5.0σ significance) 
A(B0→η’K*(892)0) 
= -0.22±0.29+0.02

Mbc(GeV/c2) ΔE (GeV)

qq suppression cosθKπ

̶ Total 
̶ Signal 
̶ qq continuum 
̶ Generic BB 
̶ Rare BB 
̶ B0→η’K+π−

prelim
inary

-0.03

→ Consistent with  
    prediction from pQCD 
    and CPV in B+→ηK+.

_
_

_
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Branching fraction of B→Xsγ
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Br(B→Xsγ) = (3.15±0.23)×10‒4 (Eγ* > 1.6 GeV)
Theoretical estimation with NNLO : 

2

2.5 3 3.5 4 4.5 5

BR(B→X
s
γ)(10-4)(E

γ
>1.6GeV)

CLEO[9.1fb-1]
Inclusive

Babar[429fb-1]
Semi-inclusive

Babar[210fb-1]
Inclusive, Breco-tag

Babar[347.1fb-1]
Inclusive,lep-tag

Belle[5.8fb-1]
Semi-inclusive

Belle[605fb-1]
Full-inclusive

HFAG2012
(Average)

SM prediction
3.15±0.23

3.28±0.53

3.52±0.55

3.32±0.35

3.90±1.11

3.69±0.95

3.50±0.44

3.55±0.26

PDG2013
(Average)

3.43±0.20

Figure 1.2: Measurement results and theoretical calculation of B → Xsγ

hadronic B decay. However, because the measurements are easier and better

defined, there are other useful observables beyond branching fractions, in par-

ticular CP, forward-backward, isospin, and polarization asymmetry. While the

inclusive approach B → Xsγ, in which measures the total s quark final states,

is avoidable the hadronization uncertainty. The branching ratio of B → Xsγ

has been measured by CLEO, Babar, and Belle summarized in Figure 1.2. The

SM calculation for b → sγ has been performed at next-to-next leading order in

the perturbative term and the result is BR(B → Xsγ) = (3.15± 0.23)× 10−4

for a photon energy of Eγ > 1.6 GeV in the B meson rest frame[21]. The cur-

rent world averages by HFAG2012[20] and PDG2013 are in a good agreement

with the SM calculation. This result implies very stringent constraints on NP

models, such as the bound on the charged Higgs mass in the two-Higgs doublet

model(MH+ > 295GeV at 95% CL[25], Figure 1.3[26]) .

Direct CP asymmetry and Isospin asymmetry in b → sγ is also sensitive

to NP. The direct CP asymmetry is defined as

ACP =
Γ(b → sγ)− Γ(b → sγ)

Γ(b → sγ) + Γ(b → sγ)
. (1.1)

SM predicts very small direct CP violation(∼+0.5%). A measurement of ACP

may provide information on NP which can not be extracted from that of the

branching fraction. Futhermore, a new probe of NP is offered by the difference

Several approaches to measure the  
branching fractions 
- Full-inclusive 
  Measure signal photon  
  energy spectrum.  
- Semi-inclusive 
  Reconstruct as much  
  decay modes with  
  Xs as possible and  
  combine the result. 
- Exclusive 
  Reconstruct specific  
  decay modes  
  (B→K*γ, …).

Theoretical  
uncertainty due  
to hadronization

Signal  
purity

small

large

low

high

b
_

s
_W t―

γ

u/d u/d
B Xsg

QCD uncertainties
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Branching fraction of semi-inclusive B→Xsγ
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05/07/2014 Radiative decays at Belle  –  Luis Pesantez 5

B→Xs γ  (sum of exclusives), result

K
* Belle preliminary

● Measured BF for:
                     and

05/07/2014 Radiative decays at Belle  –  Luis Pesantez 5

B→Xs γ  (sum of exclusives), result

K
* Belle preliminary

● Measured BF for:
                     and
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The result is reported in Table 9.5.
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Figure 9.5: Mbc fit for each MXs bin(0.6-1.4 GeV, Full data)
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Figure 9.6: Mbc fit for each MXs bin(1.4-2.2 GeV, Full data)
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Figure 9.9: Measurement results and theoretical calculation of B → Xsγ

9.5.3 Constraint to the 2HDM

We evaluate a constraint to the 2HDM as an example, and show two-sided

68%, 95% and 99% CL exclusion regions in MH± versus tanβ in Figure 9.10.

The charged Higgs mass region below 238 GeV/c2 is excluded at 95% CL.

βtan
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68% CL exclusion
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Figure 9.10: Constraints in the 2HDM parameter plane. The regions below the
lines are excluded.

Branching fractions (×10-4) 
(Eγ > 1.6 GeV)

Signal yield is extracted in  
each Xs mass region.

Semi-inclusive reconstruction  
of Xs using 38 states.  
(0.6 < Xs < 2.8 GeV/c2) by  
combinations of K, π and η  
(~70% of total). 

Total branching fraction 
is extracted from 
spectrum of partial one  
as a function of Xs mass  
and photon energy.
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CP asymmetry in B→X(s+d)γ

15

Measure asymmetry of decay rate from B  
and B. (Flavor is tagged by that of a high  
momentum lepton in accompany B decay) 
!
Owing to unitarity, an error from theory cancels when using combined final states  
of X(s+d). 

_

05/07/2014 Radiative decays at Belle  –  Luis Pesantez 7

CP asymmetry in B→X(s+d)γ  

PRL 106, 141801 (2011)

Nucl.Phys.B704(2005) 56-74 

Using tag-lepton 

● Cancellation due to unitarity, theory error becomes negligibly small!

● Inclusive analysis:

– Only reconstruct photon and charged lepton for tagging.

B B

05/07/2014 Radiative decays at Belle  –  Luis Pesantez 7

CP asymmetry in B→X(s+d)γ  

PRL 106, 141801 (2011)

Nucl.Phys.B704(2005) 56-74 

Using tag-lepton 

● Cancellation due to unitarity, theory error becomes negligibly small!

● Inclusive analysis:

– Only reconstruct photon and charged lepton for tagging.

B B

05/07/2014 Radiative decays at Belle  –  Luis Pesantez 8

Selection

BDT

.

● Photon energy: 

● Charged tag-lepton:

● Mass veto for 

● BDT for continuum suppression:

– Topological variables (thrust, Fox-Wolfram 
moments, ...)

– Kinematic variables (missing mass, 
transverse energy, ...) BDT output

05/07/2014 Radiative decays at Belle  –  Luis Pesantez 8

Selection

BDT

.

● Photon energy: 

● Charged tag-lepton:

● Mass veto for 

● BDT for continuum suppression:

– Topological variables (thrust, Fox-Wolfram 
moments, ...)

– Kinematic variables (missing mass, 
transverse energy, ...) BDT output

05/07/2014 Radiative decays at Belle  –  Luis Pesantez 11

Subtracted B→X(s+d)γ  photon spectrum

● Background subtracted spectrum:

● Asymmetry calculated as:

● Measure as function of      threshold:

Belle preliminary
Belle preliminary

Background  
subtracted

ACP = (2.2±4.0±0.8)×10‒2  
(Eγ* > 2.1 GeV)

05/07/2014 Radiative decays at Belle  –  Luis Pesantez 11

Subtracted B→X(s+d)γ  photon spectrum

● Background subtracted spectrum:

● Asymmetry calculated as:

● Measure as function of      threshold:

Belle preliminary
Belle preliminary

prelim
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Continuum background  
is rejected using BDT.
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φ2 measurement strategy
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Introduction

Phenomenology of  mixing-induced CP-violation:

For  c cs transitions / s ss transition in the SM,

where:

Flavor tagging

0
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0.2

-8 -6 -4 -2 0 2 4 6 8

Δt (ps)Δt (ps)Δt (ps)Δt (ps)

1
/N

•d
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t)

 qξf =+1

 qξf =−1

Δt distribution from b→ ccs

= S sinΔmΔt           +  　　　　 A cosΔmΔt 
    mixing  induced CPV         direct CPV 
       where S = -ξf √1-A2 sin2φ2eff 
                ξf : CP eigenvalue 
                Δm: mass difference of eigenstates 
                Δt: decay time difference of eigenstates 
                φ2eff = φ2 - Δφ2 (“effective” φ2)
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1 INTRODUCTION

Large CP -violating effects [1] in the B-meson system are among the most remarkable predictions
of the Cabibbo–Kobayashi–Maskawa (CKM) quark-mixing model [2]. These predictions have been
confirmed in recent years by the BABAR and Belle collaborations, both in the interference of B0

decays to CP eigenstates with and without B0–B0 mixing [3–5] and directly, in the interference
between the decay amplitudes [6] in B0 → K+π− [5, 7].

Effective constraints on physics beyond the Standard Model (SM) are provided by high-precision
measurements of quantities whose SM predictions suffer only small theoretical uncertainties. Both
experimental and theoretical uncertainties often partially cancel out in the determination of CP -
violating asymmetries, which makes CP -violation measurements a sensitive probe for effects of
yet-undiscovered additional interactions and heavy particles that are introduced by extensions to
the SM. All measurements of CP violation to date are in agreement with the indirect predictions
from global SM fits [8,9] that are based on measurements of the magnitudes of the elements of the
CKM quark-mixing matrix; this strongly constrains [10] the flavor structure of SM extensions.

The CKM Unitarity Triangle angle α ≡ arg [−VtdV ∗
tb/VudV ∗

ub] is measured through interference
between decays with and without B0–B0 mixing. Multiple measurements of α, with different
decays, further test the consistency of the CKM model. The time-dependent asymmetry in B0 →
π+π− is proportional to sin2α in the limit that only the b → u (“tree”) quark-level amplitude
contributes to this decay. In the presence of b → d (“penguin”) amplitudes, the time-dependent
asymmetry in B0 → π+π− is modified to

a(∆t) =
|A(∆t)|2 − |A(∆t)|2

|A(∆t)|2 + |A(∆t)|2
= Sππ sin (∆md∆t) − Cππ cos (∆md∆t)

Cππ =
|A|2 − |A|2

|A|2 + |A|2

Sππ =
√

1 − C2
ππ sin (2α − 2∆αππ) =

√

1 − C2
ππ sin 2αeff ,

(1)

where ∆t is the difference between the proper decay times of the signal- and tag-side neutral B
mesons and ∆md is the B0 mixing frequency. Both the phase difference ∆αππ = α − αeff and the
direct CP asymmetry Cππ may differ from zero due to the penguin contribution to the B0 → π+π−

decay amplitude A.
The magnitude and relative phase of the penguin contribution to the asymmetry Sππ may be

unraveled with an analysis of isospin relations between the B → ππ decay amplitudes [11]. The
amplitudes Aij of the B → πiπj decays and Aij of the B → πiπj decays satisfy the relations

A+0 =
1√
2
A+− + A00,

A−0 =
1√
2
A+− + A00.

(2)

The shape of the corresponding isospin triangle is determined from measurements of the branching
fractions and time-integrated CP asymmetries for each of the B → ππ decays. No gluonic penguin
amplitudes are present in the ∆I = 3/2 decay B± → π±π0, so, neglecting electroweak (EW)
penguins, A+0 = A−0. We define the direct CP asymmetry Cπ0π0 in B0 → π0π0 as

Cπ0π0 =
|A00|2 − |A00|2

|A00|2 + |Ā00|2
. (3)

8

(Aij : Decay amplitudes !
of B→πiπj/ρiρj)

- Isospin relations between B→ πiπj / ρiρj decay amplitudes  !
   (Gronau and London, PRL65 3381)

⇒ Δφ2 is determined !
    with four-fold ambiguity.

- Dalitz analysis for πππ0 3-body system !
  (A. Snyder and H. Quinn, PRD 48 2139 (1993))!
   Interference between three B→ρπ states
Δt fit with coefficients of Dalitz plot functions

⇒ Constrain φ2 with a small ambiguity, !
    the most powerful constraint for φ2 !

      at present.

2 strategy to determine φ2 without CP phase from penguin contamination

2φ∆2

+-A
2
1

00A

+-A
2
1

00A

-0A = +0A

FIG. 2: Complex isospin triangles from which ∆φ2 can be determined.

in the mixing, and that the difference in decay rates between the two mass eigenstates is
negligible. The parameter ACP measures the direct CP violation, while SCP is a measure
of the amount of mixing-induced CP violation.

In the limit that only the dominant tree amplitude contributes, no flavor-dependent direct
CP violation is expected and SCP is sin 2φ2. However, in the B0 → π+π− final state and
other b̄ → ūud̄ self-conjugate modes, the value of φ2 is shifted by an amount ∆φ2, due
to the presence of additional penguin contributions that interfere with the dominant tree
contribution (see Fig. 1). Thus, the observable mixing-induced CP parameter becomes
SCP =

√

1−A2
CP sin(2φ2 + 2∆φ2).

Despite penguin contamination, it is still possible to determine φ2 in B0 → π+π− with an
SU(2) isospin analysis [16] by considering the set of B → ππ decays into the three possible
charge states for the pions. Here, the two pions in B+ → π+π0 decays must have a total
isospin of I = 1 or I = 2, since I3 = 1. For the penguin contributions, only I = 0 or
I = 1 is possible because the gluon is an isospin singlet carrying I = 0. However, I = 1 is
forbidden by Bose-Einstein statistics; thus, strong loop decays cannot contribute and hence
B+ → π+π0 decays only through the tree diagram in the limit of negligible electroweak
penguins.

The complex B0 → ππ and B̄0 → ππ decay amplitudes obey the relations

A+0 =
1√
2
A+− + A00, Ā−0 =

1√
2
Ā+− + Ā00, (2)

respectively, where the subscripts refer to the combination of the pion charges. The decay
amplitudes can be represented as the triangles shown in Fig. 2. As B+ → π+π0 is a pure tree
mode, these triangles share the same base, A+0 = Ā−0, and ∆φ2 can be determined from the
difference between the two triangles. These triangles and φ2 can be fully determined from
the branching fractions, B(B0 → π+π−), B(B0 → π0π0) and B(B+ → π+π0), and the CP
violation parameters, ACP (B0 → π+π−), SCP (B0 → π+π−) and ACP (B0 → π0π0). This
method has an eightfold discrete ambiguity in the determination of φ2, which arises from
the four triangle orientations about A+0 and the two solutions of φeff

2 in the measurement of
SCP .

Belle, BaBar and LHCb have reported measurements [7–9], summarized in Table I, of
the CP violation parameters reported here. The previous Belle measurements were based
on a sample of 535 million BB̄ pairs and are superseded by the analysis presented here.

In Sec. II, we briefly describe the data set and Belle detector. We explain the selection
criteria used to identify signal candidates and suppress backgrounds in Sec. III, followed by
the fit method used to extract the signal component in Sec. IV. In Sec. V, the results of the

5
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Isospin relation analysis in B→ππ

17

Signal yield = 224±29 
⇒ Br(B0→π0π0)   
      = (0.90±0.12±0.10)×10‒6 
　　(significance level = 6.7σ) 
   A= -0.054±0.086 
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prelim
inary

PRD 88 092003 (2013)B0→π+π−  
   S= -0.64±0.08±0.03 
   A= 0.33±0.06±0.03 

PRD 87 031103(R) (2013)B+→π+π0  
   A= 0.025±0.043±0.007 

Recently B0→π0π0 is updated with full data.

φ2 ∈[85.0°,148.0°] (Belle results only)

PRL 94 181803 (2005)B0→π0π0  
   A= 0.44+0.53±0.17 -0.52
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Measurements for CKM matrix elements 
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CKM matrix elements are measured from B decays. 
In semi-leptonic decays B→D(*)lν, Vcb appears in the  
differential decay width for a kinematic variable

To cope with the form factor, several measurements are done. 
 → Identify signal with high momentum lepton. (inclusive) 
     Reconstruct many final states and combine results. (semi-inclusive) 
     Reconstruct specific decay mode. (exclusive)

w : inner product of B and D velocities.

2014/07/05 Robin Glattauer, ICHEP 2014 4

B→D νℓ

● Di8erential decay width:

● Kinematics: 

● We want to measure:  

constants form factorelectroweak 
correction

Can be calculated by e.g. Lattice QCD

CKM matrix

Parametrization from Caprini et al (arXiv:hep-ph/9712417)
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B→D νℓ

● Di8erential decay width:

● Kinematics: 

● We want to measure:  

constants form factorelectroweak 
correction

Can be calculated by e.g. Lattice QCD

CKM matrix

Parametrization from Caprini et al (arXiv:hep-ph/9712417)

Signal can not be fully reconstructed due to neutrino in the final state. 
→ Reconstruct companion B and signal is reconstructed using remaining  
    observed particles.

Vcb

 B D(*)
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Semi-inclusive B→Dlν 
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2014/07/05 Robin Glattauer, ICHEP 2014 7

B→D ν: Signal yields extraction and final fitℓ

● Extract signal yield in 10 di8erent w-bins (from 1.0 to 1.6)

● Use MC distribution as template

● Floating: signal, D*- and wrong tag background

● Fixed to MC: other bg (e.g. fake- and non prompt leptons etc.)

● χ² Ht of predicted yield (based on di8erential decay width) to measured yield

Belle preliminary

Belle preliminary

Mmiss : Missing mass 
calculated by subtracting  
energies of all measured 
particles from a beam energy 
→ Correspond to neutrino 
    mass (~0) in the signal.

Mmiss2

Data fit in 1.30<     <1.36

2014/07/05 Robin Glattauer, ICHEP 2014 4

B→D νℓ

● Di8erential decay width:

● Kinematics: 

● We want to measure:  

constants form factorelectroweak 
correction

Can be calculated by e.g. Lattice QCD

CKM matrix

Parametrization from Caprini et al (arXiv:hep-ph/9712417)
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2014/07/05 Robin Glattauer, ICHEP 2014 8

B→D ν: results ℓ (preliminary)

Belle preliminary
Belle preliminary

● This results in 

● Current HFAG averages:

Belle preliminary
Belle preliminary

prelim
inary

Reconstruct B0→D+l–ν with 7 D+  decay modes and B–→D0l–ν with  
8 D0  decay modes. 

_ _
_

2014/07/05 Robin Glattauer, ICHEP 2014 8

B→D ν: results ℓ (preliminary)

Belle preliminary
Belle preliminary

● This results in 

● Current HFAG averages:

Belle preliminary
Belle preliminary

2014/07/05 Robin Glattauer, ICHEP 2014 8

B→D ν: results ℓ (preliminary)

Belle preliminary
Belle preliminary

● This results in 

● Current HFAG averages:

Belle preliminary
Belle preliminary

Consistent with a HFAG average  
of exclusive measurements.
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Summary and Prospects
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Using a 711 fb‒1 data sample, we investigate a signal  
of the BSM in various flavor physics in the B decays:  
CP violation, CKM matrix elements,  
branching fractions and polarization. 
!
Most of the results are obtained with  
the best accuracy in the world.  
Evidence of the BSM has not seen. 
!
Further approaches to the  
luminosity frontier will be expected  
through new analyses with a full  
data of the Belle and upcoming  
50 ab‒1 data from the Belle II.

Constraints 
in 2013

Constraints in 20xx 
(50 ab-1 Belle II and 
  50 fb-1 LHCb)
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