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Motivation

Why a flavor factory?

A flavor factory searches for NP by measuring phases, CP asymmetries, inclusive decay 
processes, rare leptonic decays, absolute branching fractions. There is a wide range of 
observables with which to confront theory. 

Why an e+e- Machine?

• Low backgrounds, high trigger efficiency, excellent g and p0 recontruction (and thus h, 
h’, r+, etc. reconstruction), high flavor-tagging efficiency with low dilution, many control 
samples to study systematics

• Due to low backgrounds, negligible trigger bias, and good kinematic resolutions, Dalitz
plots analyses are straightforward. Absolute branching fractions can be measured. 
Missing energy and missing mass analyses are straightforward.

• Systematics quite different from those at LHCb. If true NP is seen by one of the 
experiments, confirmation by the other would be important.
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Chapter 1

Physics Motivation

In this chapter, we give an overview of the physics
motivation for the SuperKEKB asymmetric B factory.
The overview covers the e+e� environment, achieve-
ments at Belle, and the range of physics achievable at
SuperKEKB with the Belle II experiment. The Su-
perKEKB physics program is diverse, and the range of
physics topics that can be studied is very broad. This
chapter provides justifications for the design integrated
luminosity, and plans for running at di⇥erent centre-of-
mass energies.

1.1 Overview

The SuperKEKB facility designed to collide electrons
and positrons at centre-of-mass energies in the regions
of the � resonances. Most of the data will be collected
at the �(4S) resonance, which is just above thresh-
old for B-meson pair production where no fragmenta-
tion particles are produced. The accelerator is designed
with asymmetric beam energies to provide a boost to
the centre-of-mass system and thereby allow for time-
dependent charge-parity (CP ) symmetry violation mea-
surements. The boost is slightly less than that at KEKB,
which is advantageous for analyses with neutrinos in the
final state that require good detector hermeticity.

SuperKEKB has a design luminosity of 8 ⇥
1035cm�2s�1, about 40 times larger that of KEKB. This
luminosity will produce 5 ⇥ 1010 b, c and � pairs, at a
rate of about 10 ab�1 per year (see Table 1.1).

1.1.1 The Intensity Frontier

The Standard Model (SM) is, at the current level of ex-
perimental precision and at the energies reached so far,
is the best tested theory. Despite its tremendous success
in describing the fundamental particles and their inter-

Table 1.1: Beauty, �, charm and � yields. Per year
integrals are at design luminosity and are for guidance
only.

Channel Belle BaBar Belle II (per year)
BB̄ 7.7⇥ 108 4.8⇥ 108 1.1⇥ 1010

B(⇥)
s B̄(⇥)

s 7.0⇥ 106 � 6.0⇥ 108

�(1S) 1.0⇥ 108 1.8⇥ 1011

�(2S) 1.7⇥ 108 0.9⇥ 107 7.0⇥ 1010

�(3S) 1.0⇥ 107 1.0⇥ 108 3.7⇥ 1010

�(5S) 3.6⇥ 107 � 3.0⇥ 109

�� 1.0⇥ 109 0.6⇥ 109 1.0⇥ 1010

actions, excluding gravity, it does not provide answers
to many fundamental questions.

The SM does not explain why there should be only
three generations of elementary fermions and why there
is an observed hierarchy in the fermion masses. The
masses and mixing parameters of the SM bosons and
fermions are not predicted and must therefore be de-
termined experimentally. The origin of mass of funda-
mental particles is explained within the SM by spon-
taneous electroweak symmetry breaking, resulting in a
scalar particle, the Higgs boson. However, the Higgs bo-
son does not account for neutrino masses. It is also not
yet clear whether there is a only single SM Higgs boson
or whether there may be a more elaborate Higgs sector
with other Higgs-like particle as in supersymmetry or
other NP models.

Studies of symmetries have often illuminated our un-
derstanding of nature. At the cosmological scale, there
is the unresolved problem with the matter-antimatter
asymmetry in the universe. While the violation of CP

2

The Belle + BaBar Era:
The “B Factory” experiments Belle and BaBar ran for ~10 years (2000-2010) and were 
huge successes: 1108 papers published to date, many discoveries (CPV in B0® J/y K0, 
direct CPV in B0® p+p -, D0-D0bar mixing, X(3872), DsJ(2317), etc.), a Nobel Prize 
(Kobayashi and Maskawa, 2008) 

Belle II is a significant upgrade of Belle: new accelerator, new detector, new electronics, 
new DAQ, new trigger. Goal: 50 ab-1 of data
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Belle II physics: “golden modes”
Observables Expected exp. uncertainty Facility (2025)

UT angles & sides
φ1 [◦] 0.4 Belle II

φ2 [◦] 1.0 Belle II
φ3 [◦] 1.0 LHCb/Belle II

|Vcb| incl. 1% Belle II
|Vcb| excl. 1.5% Belle II

|Vub| incl. 3% Belle II
|Vub| excl. 2% Belle II/LHCb

CPV
S(B → φK0) 0.02 Belle II

S(B → η′K0) 0.01 Belle II
A(B → K0π0)[10−2] 4 Belle II
A(B → K+π−) [10−2] 0.20 LHCb/Belle II

(Semi-)leptonic

B(B → τν) [10−6] 3% Belle II
B(B → µν) [10−6] 7% Belle II
R(B → Dτν) 3% Belle II

R(B → D∗τν) 2% Belle II/LHCb

Radiative & EW Penguins
B(B → Xsγ) 4% Belle II
ACP (B → Xs,dγ) [10−2] 0.005 Belle II

S(B → K0
Sπ0γ) 0.03 Belle II

S(B → ργ) 0.07 Belle II

B(Bs → γγ) [10−6] 0.3 Belle II
B(B → K∗νν) [10−6] 15% Belle II

B(B → Kνν) [10−6] 20% Belle II
R(B → K∗ℓℓ) 0.03 Belle II/LHCb

(    covered 
here)

Charm physics:

Dark Photon/Sector:

Tau physics
Quarkonium-like
Bs physics at ¡(5S)

SUSY 2017, B-physics & Belle II Phillip URQUIJO

Dark Sectors in early data (aside: not B-physics)
• In 2018 new Belle II triggers will be used to search for 

dark matter and dark photons.

28

Dark Sector Physics at BaBar and Belle II (Torben Ferber)

Belle II: Dark Photons to invisible (``Single photon search’’)

16
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The Belle II Physics Book, 
arXiv:1808.10567, to appear in 
Prog. Theor. Exp. Physics

B 
physics:
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Unitarity triangle – determining the angles

B0 ® J/y KS
B0 ® J/y KL
B0 ® y’ KS
B0 ® cc KS
B0 ® hc KS
B0 ® D (*)

CP h0

B0 ® (f/h’/p0/f0)K0

B0 ® (KSKS
/r0/w)KS

B ® p+p- /p+p0 /p0p0

B ® r+r- /r+r0 /r0r0

B0 ® r p
B0 ® a1(rp)+ p-

B- ® D(*)
CP K(*)-

B0 ® DCP K*0

B- ® D(*)(K+p-) K(*)-

B- ® D(*)0 p-

B- ® D(*)(KS p+p-) K(*)-

B- ® D(p0p+p-) K-

B- ® D(KS K+p-) K-

The internal angles of this triangle are phase 
differences that can be measured via various 
strategies:

Belle/BaBar LHCbV ∗
ubVud + V ∗

cbVcd + V ∗
tbVtd = 0
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Determining f1 (b)

B0 ® J/y KS (the “Golden” mode): 

Acc̄s = V ∗
cbVcsT + V ∗

ubVusP

B0 ® f KS ,h’KS ,wKS ,p0KS (“penguin” modes): 

Aqq̄s = V ∗
cbVcsP + V ∗

ubVusT
′

B̄0

J/ψ

KS

b

c c̄

s̄

d̄
W

B̄0

φ

KS

b

s s̄

s̄

d̄
W

t, c, u

t (ps)D
10- 5- 0 5 10

As
ym

m
et

ry

0.4-

0.2-

0

0.2

0.4
Belle II -1 L = 50 abò

  (S = 0.70)
S

 KyJ/
     (S = 0.55)

S
' Kh

WA (2017) 5 ab−1 50 ab−1

Channel σ(S) σ(A) σ(S) σ(A) σ(S) σ(A)

J/ψK0 0.022 0.021 0.012 0.011 0.0052 0.0090

φK0 0.12 0.14 0.048 0.035 0.020 0.011

η′K0 0.06 0.04 0.032 0.020 0.015 0.008

ωK0
S 0.21 0.14 0.08 0.06 0.024 0.020

K0
Sπ

0γ 0.20 0.12 0.10 0.07 0.031 0.021

K0
Sπ

0 0.17 0.10 0.09 0.06 0.028 0.018

expected 50 ab-1 uncertainty: df1  = 0.4o

(this is less than the current theory error of 1-2o)
ACP = A cos(∆M∆t) + S sin(∆M∆t)
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Searching for NP via B0 ® p 0 KS

WA (2017) 5 ab−1 50 ab−1

Channel σ(S) σ(A) σ(S) σ(A) σ(S) σ(A)

J/ψK0 0.022 0.021 0.012 0.011 0.0052 0.0090

φK0 0.12 0.14 0.048 0.035 0.020 0.011

η′K0 0.06 0.04 0.032 0.020 0.015 0.008

ωK0
S 0.21 0.14 0.08 0.06 0.024 0.020

K0
Sπ

0γ 0.20 0.12 0.10 0.07 0.031 0.021

K0
Sπ

0 0.17 0.10 0.09 0.06 0.028 0.018

!0.4 !0.3 !0.2 !0.1 0.0 0.1 0.2

0.0

0.2

0.4

0.6

0.8

1.0

AKs Πo

S
K

s
Π

o

B(B0 ® p0 KS ), B(B0 ® p+ K- ), B(B+ ® p0 K+), B(B+ ® p+ KS ) constrain ACP of  B0 ® p 0 KS

Belle II 50 ab-1

WA (2017) 5 ab−1 50 ab−1

Channel σ(S) σ(A) σ(S) σ(A) σ(S) σ(A)

J/ψK0 0.022 0.021 0.012 0.011 0.0052 0.0090

φK0 0.12 0.14 0.048 0.035 0.020 0.011

η′K0 0.06 0.04 0.032 0.020 0.015 0.008

ωK0
S 0.21 0.14 0.08 0.06 0.024 0.020

K0
Sπ

0γ 0.20 0.12 0.10 0.07 0.031 0.021

K0
Sπ

0 0.17 0.10 0.09 0.06 0.028 0.018B̄0

φ

KS

b

s s̄

s̄

d̄
W

t, c, u

ACP = A cos(∆M∆t) + S sin(∆M∆t)

Preferred region based on 
current branching fractions

Current WA

Belle II 50 ab-1

Isospin symmetry:

The Belle II Physics Book, 
arXiv:1808.10567

Also: Fleischer et al., arXiv:1806.08783
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Determining sides of the Unitarity Triangle

B0® D(*)l n
B0® Xc l n (l energy, hadron

mass moments)
B0® Xs g (g energy moments) 

Caprini et al., Nucl. Phys. B530, 153 (1998)
FNAL/MILC, PRD 89, 114504 (2014)
FNAL/MILC, PRD 92, 034506 (2015)
Benson et al., Nucl. Phys. B665, 367 (2003)
Gambino, Uraltsev, EPJ C34, 181 (2004)
Gambino, JHEP 09, 055 (2011)
Alberti et al., PRL 114, 061802 (2015)
Bauer, Ligeti, et al., PRD 70, 094017 (2004)
Gambino and Schwanda, PRD 89, 014002 (2014)

Bourrely et al., PRD 79, 013008 (2009)
FLAG, arXiv:1607.00299 (2016) 
Bharucha, JHEP 05, 092 (2012)
Detmold et al., PRD 92, 034503 (2015)
Faustov and Galkin, PRD 94, 073008 (2016)

Lange et al. (BLNP), PRD 72, 073006 (2005)
Andersen, Gardi (DGE), JHEP 601, 97 (2006)
Gambino et al. (GGOU), JHEP 10, 058 (2007)
Aglietti et al. (ADFR), EPJ C59 (2009)
Bauer et al. (BLL), PRD 64, 113004 (2001)

Jubb et al., Nucl. Phys. B 915, 431 (2017)
Artuso et al., RMP 88, 045002 (2016) 
Lenz, Nierste, arXiv:1102.4274 (2011) 
FNAL/MILC, PRD 93, 113016 (2016) 
FLAG, EPJC 77, 112 (2017)

B0® p l + n 
B0® Xu l n
B+® t+ n
Lb ® p l+n

B0® r0g
Bs-Bs mixing 

Belle
LHCb
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|Vub| via exclusive B® p ln

]2 [GeV2q
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]
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 [1
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)/d
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ln +  l- p 
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(B
Bd
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10 Average Belle + BaBar
LCSR (Bharucha)
 BCL fit (3 + 1 parameter)    
 Data & LQCD (FLAG) & LCSR    

-3 0.12 (theo) ] x 10± 0.09 (exp) ±|= [ 3.67 
ub

 |V   

 Fit prob.:   47%   

HFLAV
Summer 2016

Use BCL parametrization of form factor, fit q2 spectrum for 
BCL parameters and |Vub|

dΓ(B →P ℓ+ν)

dq2
=

G2
F

24π3
|f+(q2)|2|Vub|2p∗3
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Belle II MC
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Belle II MC

Toy MC untagged data
Toy MC tagged data
1� band - lattice only, scaled
1� band - tagged
1� band - untagged

BCL: Bourrely, Caprini, Lellouch, PRD 79, 013008 (2009)
Lattice: Aoki et al., (FLAG), EPJC 77, 112, (2017)
LCSR: Bharucha, JHEP 05, 092, (2012) 
HFLAV: EPJC 77 (2017) 895 [arXiv:1612.07233] 

Belle II 5 ab-1 B® p ln                 

|Vub|  = (3.67 � 0.09exp� 0.12th) x 10-3
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|Vub| via exclusive B® p ln
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untagged + current LQCD
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tagged + LQCD in 10 yrs

untagged + LQCD in 10 yrs

Should help resolve 2 “tensions” (discrepancies):
Exclusive |Vub| vs. inclusive |Vub| Consistency with f1 (b )

Belle II
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Searches for New Physics
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B® D(*)tn

Uncertainties from form factors and Vcb drop out  ⇒ ratios test lepton universality. Measured values are above SM prediction:

H-
B® D(*)tn can also receive contribution from a 
charged Higgs, changing the rate, q2 distribution, etc.

Define ratios: 

RD∗ ≡
B(B →D∗τν)

B(B →D∗ℓν)
RD ≡

B(B →Dτν)

B(B →Dℓν)

R(D) and R(D*) exceed SM predictions by 2.3σ 
and 3.0σ respectively. As R(D)-R(D*) 
correlation = -0.203, two-dimensional χ2 =17.55 

⇒ for 2 deg. of freedom, 
p-value = 1.57 x 10-4 (3.8σ)

[Moriond 2019: 3.1s ]
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B® D(*)tn @ Belle II

R(D)
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
Belle II Projection
Belle Combination
Babar
LHCb
World Combination
SM prediction: PRD92 054410 (2015), PRD85 094025 (2012)

 contourss1 

R(D*)

0.2 0.25 0.3 0.35 0.4

(D
*)

tP

1-

0.5-

0

0.5

1
Belle II Projection
Belle Combination
SM prediction: PRD85 094025 (2012), PRD87 034028 (2013)
Scalar
Vector
Tensor}PRD87 034028 (2013)

Scaling from Belle ® Belle II  (50 ab-1): 

Measurement of ⌧ lepton polarisation in B ! D
⇤⌧⌫

P⌧ (D
⇤) =

�+(D⇤)� ��(D⇤)

�+(D⇤) + ��(D⇤)

�±(D⇤): B ! D⇤⌧⌫ decay rate for ⌧ helicity = ±
1

2

SM prediction

P⌧ (D⇤) = �0.497± 0.013

Tanaka & Watanabe (Phys. Rev. D 87, 034028, 2013)

⌧ polarisation sensitive to NP

Measurement from two-body hadronic ⌧ decays (hadronic tagging)

d�(D⇤
)

d cos#hel
= �(D⇤

)

2
[1 + ↵P⌧ (D⇤) cos#hel ]

↵: sensitivity from ⌧ decay mode (↵ ⇠ 0 from

leptonic ⌧ decays)

⌧ ! ⇡⌫⌧ (↵ = 1)

⌧ ! ⇢⌫⌧ (↵ = 0.45)

⌧ rest-frame

Saskia Falke (Semi)leptonic B decays with Belle 06.07.17 18 / 28

Pτ ≡
Γ+ − Γ−

Γ+ + Γ−

dΓ

d cos θh

∝ 1 + αPτ cos θh

(             )t® pn:  a = 1
t® rn:  a = 0.45

Belle II can measure the t polarization: 

The Belle II Physics Book, 
arXiv:1808.10567
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Inclusive B® X(s,d)l +l - decays 

Observables Belle 0.71 ab−1 Belle II 5 ab−1 Belle II 50 ab−1

B(B → Xsℓ+ℓ−) (1.0 < q2< 3.5 GeV2) 29% 13% 6.6%

B(B → Xsℓ+ℓ−) (3.5 < q2< 6.0 GeV2) 24% 11% 6.4%

B(B → Xsℓ+ℓ−) (q2> 14.4 GeV2) 23% 10% 4.7%

ACP (B → Xsℓ+ℓ−) (1.0 < q2< 3.5 GeV2) 26% 9.7 % 3.1 %

ACP (B → Xsℓ+ℓ−) (3.5 < q2< 6.0 GeV2) 21% 7.9 % 2.6 %

ACP (B → Xsℓ+ℓ−) (q2> 14.4 GeV2) 21% 8.1 % 2.6 %

AFB(B → Xsℓ+ℓ−) (1.0 < q2< 3.5 GeV2) 26% 9.7% 3.1%

AFB(B → Xsℓ+ℓ−) (3.5 < q2< 6.0 GeV2) 21% 7.9% 2.6%

AFB(B → Xsℓ+ℓ−) (q2> 14.4 GeV2) 19% 7.3% 2.4%

∆CP (AFB) (1.0 < q2< 3.5 GeV2) 52% 19% 6.1%

∆CP (AFB) (3.5 < q2< 6.0 GeV2) 42% 16% 5.2%

∆CP (AFB) (q2> 14.4 GeV2) 38% 15% 4.8%

1

2

3

4
5

6

77

88

1010

Belle-2 Projections: Inclusive b→sll
Huber, Ishikawa, Virto '2016
Contours: SM Pull with 50/ab: BR & AFB
Red: Exclusive Fit (arXiv:1510.04239 [hep-ph])
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Belle II 50 ab-1 exclusion contours
(BR and AFB of inclusive b® sll) :

The Belle II Physics Book, 
arXiv:1808.10567

Inclusive decays were measured at Belle/BaBar using a sum-of-exclusives method: e.g., Xs = Kn(p) 
with n<5 and max 1 p0. This can be improved at Belle II in several ways:
• 3 K modes can be included;
• more p+ can possibly be included;
• another p0 can possibly be included;
• improved full reconstruction on tagging side (with neural network) 

may make true inclusive analysis feasible (under study)

Exclusive decays fit:  JHEP 06 (2016)092

n  s pull to SM fit if true values
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Charm Physics
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The Belle II Vertex Detector

Giulia Casarosa Belle II  Vertex Detector

The Pixel Matrix

5

DEPleted p-channel Field Effect Transistor ~ DEPFET

impinging particle

256 x 250 pixels 
• 55 x 50 µm² (L1) 
• 70 x 50 µm² (L2)

512 x 250 pixels 
• 60 x 50 µm² (L1) 
• 85 x 50 µm² (L2)

➡ fully depleted → large signal & fast signal 
collection

➡ low capacitance & internal amplification        
(0.5 nA/e– ) → low noise

➡ the charge collected in the internal gate is 
digitised only when the FET is on                   
→ low power consumption

➡ 90 step complex fabrication process

Inner layer (L1) Outer layer (L2)

# modules 2 x 8 2 x 12
distance from IP (cm) 
(cm)

1.4 2.2
thickness (µm) 75 75
total # pixels 3.072 x 106 4.608 x 106

pixel size (µm2) 55, 60 x 50 70, 85 x 50

sensitive area (mm2) 44.8 x 12.5 61.44 x 12.5
sensor length (mm) 90 123
frame/row rate 50 kHz / 10 MHz 50 kHz / 10 MHz

➡ active region with different z-
pixel-pitch to optimise readout 
VS wanted precision

➡ most of the readout region is 
outside the tracking volume

➡ active volume

thinned down
to 75 μm

~0.2% X0
per layer

+
–
–
+

PXD half-ladder

θ

X
/X

0 
(%

)

Giulia Casarosa Belle II  Vertex Detector

The SVD Silicon Sensors

9

layer type readout 
strip(p/r-φ)

readout 
strip(n/z)

strip pitch 
(p/r-φ)

strip pitch 
(n/z)

sensors #  
(+ spares)

active area 
(mm2)

4,5,6 Large 768 512 75 µm 240 µm 120+18 122.90x57.72 = 7029.88 

4,5,6 
forward Trapezoidal 768 512 50-75 µm 240 µm 38+6 122.76x(57.59+38.42)/2 = 5893.09

3 Small 768 768 50 µm 160 µm 14+4 122.90x38.55 = 4737.80

se
ns

or
 t

hi
ck

ne
ss
 

= 
30

0-
32

0μ
m

N⁺ strip P⁺ strip

Double Sided Strip Detectors 
DSSD

radiation length VS polar angle

➡ three sensor layouts, to reduce the design and production cost:

➡ 4 layers of DSSD on N-type silicon with AC coupled readout

➡ individual readout on each silicon sensor:
‣ straightforward for sensors facing the non-tracking region
‣ origami concept for all the other sensors (see next slide)

➡ lamp-shade geometry for layers 4,5, and 6
‣ optimize track incident angle
‣ reduced material budget in the forward region (θ<0.7)

Two detectors for vertexing: 
• 2 layers of DEPFET pixels
• 4 layer of silicon strips

Pixel detector: Silicon strip detector:
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D0→K+K– Decay Time Resolution (D* tag)

60 nm
10 µm

K+

K–

D0 decay vertex

D0

D*+ production and
decay vertex coincide

beam spot
profile

TRANSVERSE PLANE

π+

resolution 
of 0.14 ps

BelleII MC
PRELIMINARY

⇒
resolution = 0.14 ps
(2x better than 
Belle/BaBar (0.27 ps)

pulls distribution ok

Kp, pp results similar

D*+→D0π+,
D0→K+K–
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D0-D0 mixing and CPV

Note: statistical error and some systematics scale by luminosity, but other systematics do not.

NOTE: does 
not include 
factor of ~2 
improvement 
in decay time 
resolution

The Belle II Physics Book, 
arXiv:1808.10567

Analysis Observable Uncertainty (%)

Now (∼ 1.0 fb−1) L = 50 fb−1

K0
S π+π− x 0.21 0.11

y 0.17 0.05

|q/p| 0.21 0.074

φ 14◦ 4.2◦

π+π−, K+K− yCP 0.11 0.05

AΓ 0.026 0.026

K+π− x′2 0.022 0.007

y′ 0.34 0.097

|q/p| 0.043

φ 5.4◦
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Mixing Constraints in the D0-D0 system

Current measurements of x, y give many constraints on NP models [Golowich et al., PRD76, 095009 (2007)]

Inserting these errors for yCP , AG , x’2, y’, and KSp+p- observables into the HFAG global fit:
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Direct CP Asymmetries

σBelle II =

√

(σ2
stat + σ2

syst) ·
LBelle

50 ab−1 + σ2
irred

mainly due to K0-
K0bar interaction 
asymmetry

The Belle II Physics Book, 
arXiv:1808.10567

1 Charm Physics

Table 15: Time-integrated CP asymmetries measured by Belle, and the precision expected
for Belle II in 50 ab�1 of data.

Mode L (fb�1) A
CP

(%) Belle II 50 ab�1

D0 ! K+K� 976 �0.32 ± 0.21 ± 0.09 ±0.03
D0 ! ⇡+⇡� 976 +0.55 ± 0.36 ± 0.09 ±0.05
D0 ! ⇡0⇡0 966 �0.03 ± 0.64 ± 0.10 ±0.09
D0 ! K0

S
⇡0 966 �0.21 ± 0.16 ± 0.07 ±0.02

D0 ! K0

S
K0

S
921 �0.02± 1.53± 0.02± 0.17 ±0.23

D0 ! K0

S
⌘ 791 +0.54 ± 0.51 ± 0.16 ±0.07

D0 ! K0

S
⌘0 791 +0.98 ± 0.67 ± 0.14 ±0.09

D0 ! ⇡+⇡�⇡0 532 +0.43 ± 1.30 ±0.13
D0 ! K+⇡�⇡0 281 �0.60 ± 5.30 ±0.40
D0 ! K+⇡�⇡+⇡� 281 �1.80 ± 4.40 ±0.33
D+ ! �⇡+ 955 +0.51 ± 0.28 ± 0.05 ±0.04
D+ ! ⇡+⇡0 921 +2.31± 1.24± 0.23 ±0.17
D+ ! ⌘⇡+ 791 +1.74 ± 1.13 ± 0.19 ±0.14
D+ ! ⌘0⇡+ 791 �0.12 ± 1.12 ± 0.17 ±0.14
D+ ! K0

S
⇡+ 977 �0.36 ± 0.09 ± 0.07 ±0.02

D+ ! K0

S
K+ 977 �0.25 ± 0.28 ± 0.14 ±0.04

D+
s ! K0

S
⇡+ 673 +5.45 ± 2.50 ± 0.33 ±0.29

D+
s ! K0

S
K+ 673 +0.12 ± 0.36 ± 0.22 ±0.05

measurement is performed in bins of the cosine of the polar angle in the centre-of-mass of 1014

the charmed meson (cos ✓⇤). This angle is a good approximation for the direction of the 1015

charmed quark. The forward-backward asymmetry is an odd function of cos ✓⇤, while the 1016

CP asymmetry is of course independent; thus the value of ACP can be extracted with a 1017

fit with a constant to the averages of the number-of-candidates asymmetry in symmetric 1018

bins of cos ✓⇤. This is also clearly a reducible systematic error since with more data the 1019

determination of AFB will be more precise and less dependent on the binning in cos ✓⇤ and 1020

the impact on the determination of the CP asymmetry will be smaller. 1021

K0
S

in the final state Many interesting channels have a K0
S

in the final state. Particular 1022

attention must be paid in these cases because the final CP asymmetry will contain a contri- 1023

bution due to CP violation in the K0K0 system. This contribution can be calculated, e.g., 1024

for the Belle D+ ! K0

S
K+ analysis [138] it is �(0.328± 0.006)%. 1025

Moreover additional contributions to the measured asymmetry arise from: 1026

(1) K0K0 regeneration e↵ect in the material; 1027

(2) K0
S
�K0

L
interference. 1028

These are conservatively considered irreducible systematics. However, for Belle II it may be 1029

possible to reduce these with further simulation studies, as the physics underlying them is 1030

well-understood. (For Belle and BaBar analyses, it was not necessary to reduce these as the 1031

statistical error dominated.) 1032

49/56

singly Cabibbo-
suppressed

doubly Cabibbo-
suppressed
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Lepton-flavor-violating (LFV) decays

Belle II is ideally suited for searching for LFV decays: Mµγ =
√

E2
µγ − p2

µγ

∆E = ECM
µγ − ECM

beam
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Lepton-flavor-violating (LFV) decays
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Theory predictions:
SUSY extension to SM: B(t ® µg) ~ [10-4 – 10-9]
SUSY Seesaw model: B(t ® µg) ~ [10-9 – 10-13]

The Belle II Physics Book, 
arXiv:1808.10567
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Belle II contribution to 
aµ = (g-2)/2
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aµ = (g-2)/2

Contribution Magnitude (10-11) Uncertainty (10-11)

QED 116584718.951 0.080

electroweak 153.6 1.0

NLO hadronic -98.2 0.4

NNLO hadronic 12.4 0.1

light-by-light hadronic 105 26

LO hadronic 6931
6932.6
6925

34
24.6
27

Experimental uncertainty: 
daµ = 63 x 10-11 ®   ~16 x 10-11

E-989

Theoretical uncertainty:  [T. Blum, talk at Moriond Electroweak 2019] 

Discrepancy: 
aµ [Experiment – Theory] = (260 ± 72) x 10-11

talk at Colloquium at Saito-san’s group, Nov 19, 2009 Daisuke Nomura

Standard Model Prediction for Muon g − 2

QED contribution 11 658 471.810 (0.016) ×10−10 Kinoshita & Nio

EW contrib. 15.4 (0.2) ×10−10 Czarnecki et al

Hadronic contrib.

LO hadronic 689.4 (4.0) ×10−10 HLMNT prelim.

NLO hadronic −9.8 (0.1) ×10−10 HLMNT prelim.

light-by-light 10.5 (2.6) ×10−10 Prades, de Rafael & Vainshtein

Theory TOTAL 11 659 177.3 (4.8) ×10−10

Experiment 11 659 208.9 (6.3) ×10−10 world avg

Exp − Theory 31.6 (7.9) ×10−10 4.0 σ discrepancy

(Numbers taken from HLMNT prelim. results presented at Phipsi09)
n.b.: hadronic contributions:

. .

. .

had.

LO

µ

had.

NLO

µ

γ

had.

l-by-l

µ

Hadronic contributions:

errors from lattice. But LO hadronic 
can be determined more precisely 
using data
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aµ = (g-2)/2

Summary of HVP theory results (lattice and dispersive) arXive 1902.04223

16

TABLE VI. Individual flavor contributions to the leading Taylor coe�cients of the vacuum-polarization function and the muon
anomaly. The first error quoted for the u/d contributions is from the lattice analysis; the second comes from uncertainties
in our estimates of the e�ects of strong isospin-breaking, electromagnetism, and quark disconnected diagrams. Results for
strange and heavier quarks include only the quark-connected contributions and are not new, but come from earlier HPQCD
calculations [16–18]; disconnected contributions are expected to be negligible. The definitions of the Taylor coe�cients include
the factor of the quark’s electric charge squared.

Contribution 1010aHVP,LO
µ �HVP,LO

1 (GeV�2) �HVP,LO
2 (GeV�4)

light 623.1(8.3)(13) 0.0921(13)(19) �0.2104(56)(71)
strange 53.40(60) 0.007291(78) �0.00587(12)
charm 14.40(40) 0.001840(49) �0.0001240(43)
bottom 0.270(40) 0.0000342(48) �2.28(37)e � 07
Total 691(15) 0.1000(23) �0.2104(90)

610 630 650 670 690 710 730

1010aHVP,LO
µ

no new physics

Keshavarzi et al.
1802.02995e+e�

Davier et al., 1706.09436e+e�

Jegerlehner, 1705.00263e+e� + �
Benayoun et al.
1507.02943e+e� + �

HPQCD/RV
1601.03071

Mainz/CLS, 1705.01775
Nf = 2

BMW, 1711.04980

RBC/UKQCD
1801.07224

ETMC, 1808.00887

Fermilab/HPQCD
/MILC 2019

u, d sea

u, d, s, c sea

sum rules

Lattice QCD

Pheno.

FIG. 12. (color online.) Comparison of our result in Eq. (5.1)
for the leading-order hadronic-vacuum-polarization contribu-
tion to the muon anomalous magnetic moment (magenta
square) with results from Nf � 2 lattice QCD [14, 15, 20, 51]
(blue and purple squares), and from experimental e+e� cross-
section data [5–7, 52] (red and orange triangles). The filled
black circle shows the value of aHVP,LO

µ that is implied by the
measurement of aµ by BNL experiment E821 [1] assuming
no contributions beyond the Standard Model; vertical dashed
lines denote the ±1� range [22].

term [58]. Our result is 1.7� below the “no new physics”
value, with about twice the uncertainty.

Clearly the theoretical error on aHVP,LO
µ in Eq. (5.1)

is still too large to draw any conclusions regarding the
presence of new physics, and must be reduced by around
a factor of ten to reach the 0.2% target precision of
the Muon g � 2 Experiment. Three key ingredients are
still missing from our calculation of aHVP,LO

µ described
here: the e�ect of the di�erence between the u- and d-

quark masses and of the quarks’ electric charges on the
light-quark connected contribution, and the contribution
to the total from quark-disconnected diagrams involv-
ing u, d, s, and c quarks. Work on all of these is in
progress [26, 59]. Because they are all small corrections,
however, relatively high accuracy is not needed. Ulti-
mately calculations will be done on gluon-field config-
urations in which the sea quarks have both color and
electric charges. Generation of such an ensemble is un-
derway [60].

We must also further reduce the uncertainty on
the light-quark connected contribution all

µ(conn.) in
Eq. (5.4). The error budget (Table IV) is dominated
by the lattice-spacing uncertainty, statistical errors and
the continuum extrapolation. The last two can be re-
duced by increasing statistics, so that the results at each
lattice spacing value are more precise, and hence provide
better constraints on the continuum extrapolation. We
have demonstrated here that a calculation with nearly
0.5 million correlators (our high statistics sample at a
= 0.15fm) resolves issues around how to handle statisti-
cal uncertainties at large Euclidean times. Such a sam-
ple is numerically expensive to obtain on finer lattices,
although tripling the statistics is certainly feasible us-
ing the truncated solver method. We estimate that this
would reduce our total uncertainty to 1%. Further im-
provements may be achieved by analyzing additional cor-
relation functions that include two-pion operators to bet-
ter resolve the large-time behavior of the vector-current
correlation functions [61, 62]. To get below 1% requires a
reduction in the uncertainty on the physical value of w0

that determines the lattice spacing (w0/a is determined
very precisely, see Table I). This uncertainty currently
relies on a determination of the pion decay constant, f�,
on the lattice [36]. The error budget in [36] shows that
the dominant uncertainties are related to statistical pre-
cision and extrapolation to the physical point where w0f�

is fixed against experiment (assuming a value of Vud from
nuclear physics). An improvement by a factor of two in
this uncertainty seems feasible with the higher statistics
gluon-field ensembles now available with physical mu/d

on finer lattices. Analysis on QCD+QED gluon field en-
sembles will be important here too to take into account

3
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Light+Strange (64I)

FIG. 4. Comparison of wtC(t) obtained using R-ratio data
[1] and lattice data on our 64I ensemble.

lation presented here, we only include diagram M. For
the meson masses this corresponds to neglecting the sea
quark mass correction, which we have previously [17] de-
termined to be an O(2%) and O(14%) e�ect for the pi-
ons and kaons, respectively. This estimate is based on
the analytic fits of (H7) and (H9) of Ref. [17] with ratios
C

m�, K

2 /C
m�, K

1 given in Tab. XVII of the same reference.
For the hadronic vacuum polarization the contribution of
diagram R is negligible since �mup � ��mdown and di-
agram O is SU(3) and 1/Nc suppressed. We therefore
assign a corresponding 10% uncertainty to the SIB cor-
rection.

We also compute the O(↵) correction to the vector
current renormalization factor ZV used in C(0) [17, 18]
and find a small correction of approximately 0.05% for
the light quarks.

We perform the calculation of C(0) on the 48I and 64I
ensembles described in Ref. [17] for the up, down, and
strange quark-connected contributions. For the charm
contribution we also perform a global fit using additional
ensembles described in Ref. [22]. The quark-disconnected
contribution as well as QED and SIB corrections are com-
puted only on ensemble 48I.

For the noisy light quark connected contribution, we
employ a multi-step approximation scheme with low-
mode averaging [23] over the entire volume and two levels
of approximations in a truncated deflated solver (AMA)
[24–27] of randomly positioned point sources. The low-
mode space is generated using a new Lanczos method
working on multiple grids [28]. Our improved statisti-
cal estimator for the quark disconnected diagrams is de-
scribed in Ref. [29] and our strategy for the strange quark
is published in Ref. [30]. For diagram F, we re-use point-
source propagators generated in Ref. [31].

The correlator C(t) is related to the R-ratio data
[11] by C(t) = 1

12�2

� �
0 d(

�
s)R(s)se�

�
st with R(s) =

3s
4��2 �(s, e+e�

! had). In Fig. 4 we compare a lattice
and R-ratio evaluation of wtC(t) and note that the R-
ratio data is most precise at very short and long dis-
tances, while the lattice data is most precise at interme-
diate distances. We are therefore led to also investigate
a position-space “window method” [11, 32] and write

aµ = aSD
µ + aW

µ + aLD
µ (6)

with aSD
µ =

�
t C(t)wt[1 � �(t, t0, �)], aW

µ =�
t C(t)wt[�(t, t0, �) � �(t, t1, �)], and aLD

µ =�
t C(t)wt�(t, t1, �), where each contribution is

accessible from both lattice and R-ratio data. We define
�(t, t�, �) = [1 + tanh [(t � t�)/�]] /2 which we find to
be helpful to control the e�ect of discretization errors
by the smearing parameter �. We then take aSD

µ and
aLD

µ from the R-ratio data and aW
µ from the lattice.

In this work we use � = 0.15 fm, which we find to
provide a su�ciently sharp transition without increasing
discretization errors noticeably. This method takes the
most precise regions of both datasets and therefore may
be a promising alternative to the proposal of Ref. [33].

ANALYSIS AND RESULTS

In Tab. I we show our results for the individual as well
as summed contributions to aµ for the window method
as well as a pure lattice determination. We quote sta-
tistical uncertainties for the lattice data (S) and the R-
ratio data (RST) separately. For the quark-connected
up, down, and strange contributions, the computation is
performed on two ensembles with inverse lattice spacing
a�1 = 1.730(4) GeV (48I) as well as a�1 = 2.359(7) GeV
(64I) and a continuum limit is taken. The discretization
error (C) is estimated by taking the maximum of the
squared measured O(a2) correction as well as a simple
(a�)4 estimate, where we take � = 400 MeV. We find
the results on the 48I ensemble to di�er only a few per-
cent from the continuum limit. This holds for the full
lattice contribution as well as the window contributions
considered in this work. For the quark-connected charm
contribution additional ensembles described in Ref. [22]
are used and the maximum of the above and a (amc)4

estimate is taken as discretization error. The remain-
ing contributions are small and only computed on the
48I ensemble for which we take (a�)2 as estimate of dis-
cretization errors.

For the up and down quark-connected and discon-
nected contributions, we correct finite-volume e�ects to
leading order in finite-volume position-space chiral per-
turbation theory [34]. Note that in our previous pub-
lication of the quark-disconnected contribution [29], we
added this finite-volume correction as an uncertainty but
did not shift the central value. We take the largest ratio
of p6 to p4 corrections of Tab. 1 of Ref. [35] as systematic
error estimate of neglected finite-volume errors (V). For
the SIB correction we also include the sizeable di�erence
of the corresponding finite and infinite-volume chiral per-
turbation theory calculation as finite-volume uncertainty.
For the QED correction, we repeat the computation us-
ing an infinite-volume photon (QED� [36]) and include
the di�erence to the QEDL result as a finite-volume er-
ror. Further details of the QED� procedure are provided
as supplementary material.

Lattice and dispersive results agree well [Blum et al., 2018]

5 / 25

Method 1: e+e- ® hadrons, 1-2 GeV region
[BaBar, PRL 103, 231801 (2009)]

talk at Colloquium at Saito-san’s group, Nov 19, 2009 Daisuke Nomura

T.Teubner, talk at Phipsi09, Oct, 2009
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Method 2: t+ ® p+p0n spectral function
[Belle, PRD 78, 072006 (2008)]
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KL→ p 0nn : the original ‘golden channel’
PHYSICAL REVIEW D VOLUME 39, NUMBER 11

CP-violating decay XL = n. vv

1 JUNE 1989

Laurence S. Littenberg
Department ofPhysics, Brookhauen National Laboratory, Upton, New York 11973

(Received 6 January 1989)

The process KL ~+ vv offers perhaps the clearest window yet proposed into the origin of CP
violation. The largest expected contribution to this decay is a direct CP-violating term at
=few X 10 ' . The indirect CP-violating contribution is some 3 orders of magnitude smaller, and
CP-conserving contributions are also estimated to be extremely small. Although this decay has nev-
er been directly probed, a branching ratio upper limit of —1 /o can be extracted from previous data
on KL—+2m. . This leaves an enormous range in which to search for new physics. If the
Kobayashi-Maskawa (KM) model prediction can be reached, a theoretically clean determination of
the KM product sin02sin03sin5 can be made.

The Glashow-Iliopoulos-Maiani- (GIM-) mechanism'-
suppressed processes K +~m. +vv (Refs. 2—5) and
KL ~m. e+e (Ref. 6) have been much discussed recently
as tests of the standard model (SM). In each case the
current experimental limit ' lies more than 2 orders of
magnitude above the SM prediction, affording a large
window for new physics. If the predicted levels can be
reached, these decays put interesting constraints on the
Kobayashi-Maskawa (KM) matrix parameters and on
the top-quark mass. The latter process is particularly in-
teresting from the point of view of CP since the predicted
direct CP violation is of the same order of magnitude as
the indirect (state-mixing) contribution. By contrast, rel-
atively little attention has been paid to the closely related
and no less interesting process KL ~m vv (Ref. 10). As I
will discuss below, this decay is expected to have a
branching ratio of —10 ". Since there is no published
upper limit on this decay, it offers a potentially enormous
range in which to search for new effects. As in the case
of KL ~~ e+e, Ki ~~ vv is CP violating in leading
order. However, unlike the former process, there is no
potentially large, 2y-mediated CP-conserving contribu-
tion. " In fact the potential long-distance contributions
in general are suppressed by CP violation and/or the
GIM mechanism to extremely small levels.
In the excellent approximation that X+~m+vv and

K —+n vv are short-distance dominated, ' their ampli-
tudes are related by isospin: 2 (K ~n. vv) =(1/
&2)A (K+~m+vv). It then follows that the amplitudes
for decays of the CP eigenstates E, and Kz into ~ vv are
equal to the real and imaginary parts, respectively, of the
amplitude for K ~vr+vv (Ref. 10). Ignoring higher-
order CP-violating effects,

A (K vr vv)=eA (K, m vv)+A(K ~ vv) .

In principle this leads to interference effects, but as will
be shown, the first term is so much smaller than the
second that these can be ignored. Note that modulo very
small QCD corrections and assuming massless leptons, '

8(K+ tr vV)=8(K+ m e+v) 2'
16m sin 0~

X g V*, Vj.dD(x ).V„,

for each neutrino flavor, where sz, s3, and 5 are the usual
KM parameters. Currently favored values of the KM pa-
rameters and m, give 0.5—8.0X10 ' for the branching
ratio summed over three neutrino flavors. '
The branching ratio for the indirect CP-violating con-

tribution is then

K
8(KL ~tr vv), =i@i 3X0.70X10

X[D(x, )+sz(sz+s3cs )D (x, ) ]
while that of the direct is

B(KL ~m. vv)d;„„=
7 +

3 x0.70x10-'

X [s,s,ssD (x, )]'
In the context of the standard model with three genera-

tions, bounds have been derived ' on s2, s3, and to some
extent on 5 and m„ from measurements of or limits on
~b, 8(b~cev), 8 Bmixing, I (b~-uev)/I'(b~cev), ex-
clusive B decay branching ratios, E, E', etc. Neither ex-
periment nor theory is sufficiently advanced to allow
specific predictions, but sets of parameters which are con-

for each neutrino flavor, where V, are the KM matrix
elements, x.=(m. /mn, ), and D(x) is a kinematic func-
tion which is -0.004 for m„and of order 1 for reason-
able values of m, . Substituting for the constants and the
K 3 branching ratio, assuming small mixing angles, and
ignoring QCD corrections, '

8 (K+~n+vv) =0.70X 10 ~D(x, )+sz(s2+S3e' )

XD(x, )i
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Search for KL → π0 νν̄ and KL → π0 X0 Decays at the J-PARC KOTO Experiment
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A search for the rare decayKL → π0νν̄was performed. With the data collected in 2015, corresponding to
2.2 × 1019 protons on target, a single event sensitivity of ð1.30 " 0.01stat " 0.14systÞ × 10−9 was achieved
and no candidate events were observed. We set an upper limit of 3.0 × 10−9 for the branching fraction of
KL → π0νν̄ at the 90% confidence level (C.L.), which improved the previous limit by almost an order of
magnitude. An upper limit for KL → π0X0 was also set as 2.4 × 10−9 at the 90% C.L., where X0 is an
invisible boson with a mass of 135 MeV=c2.

DOI: 10.1103/PhysRevLett.122.021802

Introduction.—The KL → π0νν̄ decay is a CP-violating
process and is highly suppressed in the standard model
(SM) due to the s → d flavor-changing neutral current
transition [1,2]. The branching fraction for this decay can
be accurately calculated, and is one of the most sensitive
probes to search for new physics beyond the SM (see, e.g.,
Refs. [3–10]). The SM prediction is ð3.00 " 0.30Þ × 10−11

[11], while the best upper limit was 2.6 × 10−8 (90% C.L.)
[12] set by the KEK E391a experiment [13]. An indirect
upper limit, called the Grossman-Nir bound [14], of 1.46 ×
10−9 is based on the Kþ → πþ νν̄measurement by the BNL
E949 experiment [15].
The KOTO experiment [16,17] at the Japan Proton

Accelerator Research Complex (J-PARC) [18] is dedicated
to studying the KL → π0νν̄ decay. The first physics run was
conducted in 2013 and achieved a comparable sensitivity to
E391a with 100 h of data taking [19]. KOTO is also
sensitive to the KL → π0X0 decay [20,21], where X0 is an
invisible light boson. The upper limit for this decay was set,
for the first time in Ref. [19], as 3.7 × 10−8 (90% C.L.) for
the X0 mass of 135 MeV=c2.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.
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June 1989, Littenberg: indirect 
and direct CPV  contributions to KL→ 
p0nn  can be estimated from real and 
imaginary parts of A(K+→p+nn ). The 
direct CPV piece is much larger. 
Estimated B: ~10-11 . This seems 
~impossible to measure.

The theoretical prediction is 
subsequently refined by Buras and 
others to 
B(KL→ p0nn) = (3.0 ± 0.3) x 10-11 

Sensitive to height h:

15 January 2019, KOTO 
publishes in PRL: 
B(KL→ p0nn) < 3.0 x 10-9 (90% CL)

30 years later: 
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KL→ p 0nn : KOTO Measurement
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2015 Data [PRL 122, 021802 (2019)]:               2016-2018 Data [M. Cambell’s talk]: 

Signal: 0.023
Backgrnd: 0.42
S/B: 1/18 

Signal: 0.037
Backgrnd: 0.15
S/B: 1/4 

Future [Y.-C. Tung, CERN EP Seminar, 26 Feb 2019]:  

SM 0.03
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Summary

• Belle II is now (essentially) fully constructed and installed. The experiment is 
beginning its first physics run (“Phase III”) run (April-July). This will fully 
commission the detector, and there will be early physics (e.g., D0® gg , dark 
photon search, etc.)

• Accelerator commissioning is proceeding, but there are growing pains as 
expected: background is high, so current is kept low. by is slowly being 
reduced. 

• Physics potential is huge: there is much better vertexing, particle ID than in 
Belle; factor of 50x statistics; and full reconstruction on tag side is notably 
improved over Belle/BaBar. 

• KOTO has come a long way since the first 100-hour analysis. SES is now 
near the Grossman-Nir bound. It looks very promising the experiment will get 
to 10-10 ; while this is still larger than the SM, it is significantly greater 
sensitivity to NP than previous searches. 
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The Belle II Detector
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|Vub| via B+ ® t +n

World average:    B(B+® t+n ) = (1.06 ± 0.19) x 10-4 

⇒ |Vub| = (3.55 ± 0.12) x 10-3 using fB = (185 ± 3) MeV  (FLAG 2017)

There is tension coming from |Vub| measured in B(B+® t+n ) and f1 (b) and f2 (a):
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Today: Belle II 50 ab-1: 61.2k events 430k events (5 ab-1)
4300k events (50 ab-1)
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|Vcb| from B® Dln

B→Dℓν Reconstruction:
Divide event into 2 hemispheres: “signal” side and 
“flavor tag” side. Tag side is fully reconstructed (using 
neural net)

711 fb-1

charged tags neutral tags charged signals neutral signals

Note: over 1000 decay topologies considered.
[This is straightforward at an e+e- machine]

B−→D∗0π−

B−→D∗0π−π0

B−→D∗0π−π+π−

B−→D∗0π−π+π−π0

B−→D0π−

B−→D0π−π0

B−→D0π−π+π−

B−→D∗0D∗−
s

B−→D∗0D−
s

B−→D0D∗−
s

B−→D0D−
s

B−→J/ψK−

B−→J/ψK−π+π−

B−→J/ψK−π0

B−→J/ψKSπ
−

B−→D0K−

B−→D+π−π−

B0 →D∗+π−

B0 →D∗+π−π0

B0 →D∗+π−π+π−

B0 →D∗+π−π+π−π0

B0 →D+π−

B0 →D+π−π0

B0 →D+π−π+π−

B0 →D∗+D∗−
s

B0 →D∗+D−
s

B0 →D+D∗−
s

B0 →D+D−
s

B0 →J/ψKS

B0 →J/ψK−π+

B0 →J/ψKSπ
+π−

B0 →D0π0

D+ →K−π+π+

D+ →K−π+π+π0

D+ →K−π+π+π+π−

D+ →K−K+π+

D+ →KS π+

D+ →KS π+π0

D+ →KS π+π+π−

D+ →KS K+

D+ →π+π0

D+ →π+π+π−

D0 →K−π+

D0 →K−π+π0

D0 →K−π+π+π−

D0 →K−π+π+π−π0

D0 →KS π+π−

D0 →KS π+π−π0

D0 →KS π0

D0 →K−K+

D0 →π+π−

D0 →KSKS

D0 →π0π0

D0 →KS π0π0

D0 →π+π+π0

Glattauer at al. (Belle), 
PRD 93, 032006 (2016)

Hadronic B meson tagging

Analysis performed with hadronic tagging (fully reconstructed Btag ):

! reduce non-B background

! know kinematics of signal B

S. Hirose

Btag reconstructed in
1104 di↵erent
hadronic decay modes

E�ciency: ⇠ 10�3

Performed using neural network

E�ciency correction in MC using reference channel

Saskia Falke (Semi)leptonic B decays with Belle 06.07.17 7 / 28
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