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Motivation:

Why a flavor factory in the LHC Era?

• A flavor factory studies processes that occur at 1-loop in the SM but may be O(1) in 
NP: FCNC, neutral meson mixing, CP violation. These loops probe energy scales 
that cannot be accessed directly - even at the LHC.

• If supersymmetry is found at the LHC, it will be important to resolve how it is 
broken. By studying flavor couplings, a flavor factory can address this.

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.

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. 
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The Belle + BaBar Era
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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
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The Belle II Detector:
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Great progress:

Completion of the first SVD clam-shell in Jan 2018.

Superconducting 
final focus QCSL 
being prepared for 
final integration, 
January 2018

PXD L1 ladders ready for half-shell assembly

Event display, 
global cosmic 
ray run
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Schedule:

・・
・2016

JFY2016
2017 2018 2019

JFY2017 JFY2018 JFY2019Japan FY

Calendar year

Summer shutdown
(power saving)

Summer shutdown
(power saving)

phase 1 phase 2 (MR) phase 3

MR renovation for phase 2, including
installation of QCS and Belle II

w/o QCS
w/o Belle II

w/ QCS
w/ Belle II (no VXD)

w/ full Belle II

DR commissioningDR installation & startup

MR startup VXD installationHER start
LER start

(end Feb. – mid Jul. 2018)

Summer shutdown
(power saving)

Power saving
after mid July 2018

Assumes phase 3 operation
9 months/year 
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B physics in Belle II

WG1
Semileptonic & Leptonic B decays

WG2
Radiative & Electroweak Penguins

WG3
a = f1  , b = f2

WG4
g = f3

WG5
Charmless Hadronic B Decay

WG6
Charm

WG7
Quarkonium(like)

WG8
Tau, low multiplicity 

WG9
New Physics

Belle II Theory Interface Platform Workshop series, 2015-2018:

To be submitted to PTEP, 2018

arXiv:1002.5012 (Belle II)

arXiv:1008.1541 (SuperB)  

Initial physics program description:
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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

B 
physics:

Other physics:

Charm

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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B2TIP, to be submitted to PTEP (2017).
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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 LHCb
* = recent update * = 3 fb-1 resultV ∗

ubVud + V ∗
cbVcd + V ∗

tbVtd = 0



A. J. Schwartz High Luminosity LHC Workshop Belle II Physics program 10

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
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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
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1.0
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K

s
Π

o

!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

Branching fractions of B0 ® p0 KS , B0 ® p+ K- , B+ ® p0 K+, B+ ® p+ KS  

constrain CP asymmetry of B0 ® p 0 KS (via isospin):

Belle II 50 ab-1

Colored bands are allowed 
regions based on current 
measurements 
(orange preferred; red is 
inconsistent with SU(3) applied 
to B® pp measurements)

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
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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 B+ ® t +n

PRD 92, 051102 (2015):

§ B+® D(*)0l +n, D*0 ®D0g, D0p0 ; D0®Kp, Kpp0, Kppp...
§ t-® µ-nn, e-nn, p-n, rn (1 charged track)
§ large backgrounds from b® c (BB) and continuum
§ signal is obtained by fitting the ECL (electromagnetic 

calorimeter energy) distribution: peak new zero 
indicates t® lnn, pn decay.

§ ECL simulation is validated with identically tagged 
B+® D(*)0l +n control sample

222 ± 50
(all chan.)
3.8s

Hara et al., PRD 82, 071101 (2010) 605 fb-1 semi.tag
Hara et al., PRL 110, 131801 (2013)  711 fb-1 had.tag
Kronenbitter et al., PRD 92, 051102 (2015) 711 fb-1 semi.tag

Aubert et al., PRD 81, 051101 (2010) 418 fb-1 D0l tag 
Lees et al., PRD 88, 031102 (2013) 426 fb-1 hadr.tag

Excess calorimeter energy (GeV)

µnn

enn
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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 |Vtd| measured in B(B+® t+n )
and f1 (b) and f2 (a):

βsin 2
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f i t t e r

Today: Belle II 50 ab-1: 

61.2k events 430k events (5 ab-1)
4300k events (50 ab-1)
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|Vub| via exclusive B® p ln
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 BCL fit (3 + 1 parameter)    
 Data & LQCD (FLAG) & LCSR    
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ub

 |V   

 Fit prob.:   47%   

HFLAV
Summer 2016

Use BCL parametrization of form factor, fit q2

spectrum for BCL parameters and |Vub|
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(
B⃗ − ∆Γ⃗ τ

)T
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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 
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~11k events
d(Vub) ~ 4.7%
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|Vub| via all

Belle II Projection
(exp. + param. uncertainties)

4.65 4.70 4.75
4.0

4.1

4.2

4.3

4.4

4.5

Statistical Systematic Total Exp Theory Total

(reducible, irreducible)

|Vub| exclusive (had. tagged)

711 fb−1 3.0 (2.3, 1.0) 3.8 7.0 8.0

5 ab−1 1.1 (0.9, 1.0) 1.8 1.7 3.2

50 ab−1 0.4 (0.3, 1.0) 1.2 0.9 1.7

|Vub| exclusive (untagged)

605 fb−1 1.4 (2.1, 0.8) 2.7 7.0 7.5

5 ab−1 1.0 (0.8, 0.8) 1.2 1.7 2.1

50 ab−1 0.3 (0.3, 0.8) 0.9 0.9 1.3

|Vub| inclusive

605 fb−1 (old B tag) 4.5 (3.7, 1.6) 6.0 2.5−4.5 6.5−7.5

5 ab−1 1.1 (1.3, 1.6) 2.3 2.5−4.5 3.4−5.1

50 ab−1 0.4 (0.4, 1.6) 1.7 2.5−4.5 3.0−4.8

|Vub| B → τν (had. tagged)

711 fb−1 18.0 (7.1, 2.2) 19.5 2.5 19.6

5 ab−1 6.5 (2.7, 2.2) 7.3 1.5 7.5

50 ab−1 2.1 (0.8, 2.2) 3.1 1.0 3.2

|Vub| B → τν (SL tagged)

711 fb−1 11.3 (10.4, 1.9) 15.4 2.5 15.6

5 ab−1 4.2 (4.4, 1.9) 6.1 1.5 6.3

50 ab−1 1.3 (2.3, 1.9) 2.6 1.0 2.8
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Searches for New Physics
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Constraint on Type II charged Higgs: B+® t+n

2-Higgs doublet model:

Taking fB = (185 ± 3) MeV  and |Vub| = (3.60 ± 0.20) x 10-3  gives  BSM = (1.09 +0.27 
–0.24) x 10-4  

⇒ WA B = (1.06 ± 0.19) x 10-4  gives a constraint in the tanb-mH plane:

H-

current measured value of 
B(b® sg) excludes mH<400 
GeV/c2 for all tanb. 

Theory: Hermann, Misiak,& 
Steinhauser, JHEP 1211 
(2012) 036; Misiak et al., 
PRL 98, 022002 (2007)

allowed

ATLAS

B(B+ →τ+ν) = BSM ·
(

1 − m2
B

tan2 β

m2
H

)2

Compare to direct search at LHC 
(ATLAS-CONF-2016-088):

Resonant Decay Into ⌧ Lepton And Neutrino

interpretation as limits on mH± in
hMSSM and MSSM m

mod+
h

significant improvement with respect
to only 2015 data

parameter space for low mass charge
Higgs boson very restricted
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+
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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)
0.2 0.4 0.6

BaBar had. tag
 0.042± 0.058 ±0.440 

Belle had. tag

 0.026± 0.064 ±0.375 

Average 

 0.024± 0.039 ±0.407 

FNAL/MILC (2015) 

 0.011±0.299 

HPQCD (2015) 

 0.008±0.300 

HFLAV
FPCP 2017

/dof = 0.4/ 1 (CL = 52.00 %)2χ

R(D*)
0.2 0.3 0.4

BaBar had. tag
 0.018± 0.024 ±0.332 

Belle had. tag
 0.015± 0.038 ±0.293 

Belle sl.tag
 0.011± 0.030 ±0.302 

Belle (hadronic tau)
 0.027± 0.035 ±0.270 

LHCb
 0.030± 0.027 ±0.336 

LHCb (hadronic tau)
 0.029± 0.019 ±0.285 

Average 
 0.007± 0.013 ±0.304 

S. Fajfer et al. (2012) 
 0.003±0.252 

HFLAV
FPCP 2017

/dof = 0.4/ 1 (CL = 52.00 %)2χ

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)
0.2

0.25

0.3

0.35

0.4

0.45

0.5 BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

SM Predictions

 = 1.0 contours2χ∆

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017

3.9s discrepancy,  p-value = 8.3 x 10-5
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B® D(*)tn: results confirmed by Belle

§ Use hadronically tagged events (as done for B→Dℓν analysis, 1149 possible 
states)

§ On signal side consider only t® enn, t® µnn, select D(*)µ and D(*) e

§ calculate missing mass squared:

§ for M2
miss < 0.85 (B→D(*) ℓν dominated), fit M2

miss spectrum for B→Dℓν yield

§ for M2
miss > 0.85 (B→D(*)tν dominated), fit a NN spectrum to obtain B→D(*)tν

yield, because M2
miss cannot discriminate between D(*)tν signal and D**ℓν

background. 

711 fb-1 Huschle, PRD 92, 072014 (2015) RD∗ ≡
B(B →D∗τν)

B(B →D∗ℓν)
RD ≡

B(B →Dτν)

B(B →Dℓν)

M2
miss =

(
Pbeam − PD − Pℓ

)2

RD∗ = 0.293 ± 0.038 ± 0.015

RD = 0.375 ± 0.064 ± 0.026

RSM
D∗ = 0.252 ± 0.003

RSM
D = 0.297 ± 0.017

Higher than SM:

R(D)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

R
(D
*)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

1

2

3

4

SM
BaBar
Belle

1 Physics Analysis Software

The total training duration for a typical analysis is in the order of days instead of weeks. 749

In consequence, it is also feasible to retrain the FEI if better MC data or optimised MVCs 750

become available. 751

Fig. 15: Diagram of a signal decay tagged by the FEI.

1.6.2. Hadronic, Semileptonic and Inclusive Tagging. As previously described, the FEI 752

automatically reconstructs one out of the two B mesons in an ⌥ (4S) decay to recover infor- 753

mation about the remaining B meson. In fact, there is an entire class of analysis methods, 754

so-called tagging-methods, based on this concept. In the past there were three distinct 755

tagging-methods: hadronic, semileptonic and inclusive tagging. 756

� Hadronic tagging solely uses hadronic decay channels for the reconstruction. Hence, the 757

kinematics of the reconstructed candidates are well known and the tagged sample is very 758

pure. Then again, hadronic tagging is only possible for a tiny fraction of the dataset on 759

the order of a few per mille. 760

� Semileptonic tagging uses semileptonic B decays. Due to the high branching fraction of 761

semileptonic decays this approach usually has a higher tagging e�ciency. On the other 762

hand, the semileptonic reconstruction su↵ers from missing kinematic information due to 763

the neutrino in the final state of the decay. Hence, the sample is not as pure as in the 764

hadronic case. 765

� Inclusive tagging combines the four-momenta of all particles in the rest of the event 766

of the signal-side B candidate. The achieved tagging e�ciency is usually one order of 767

magnitude above the hadronic and semileptonic tagging. Yet the decay topology is not 768

explicitly reconstructed and cannot be used to discard wrong candidates. In consequence, 769

the methods su↵ers from a high background and the tagged sample is very impure. 770

The FEI combines the first two tagging-methods: hadronic and semileptonic tagging, into 771

a single algorithm. Simultaneously it increases the tagging e�ciency by reconstructing more 772

decay channels in total. The long-term goal is to unify all three methods in the FEI. 773

1.6.3. Hierarchical Approach. The basic idea of the FEI is to reconstruct the particles 774

and train the MVCs in a hierarchical approach. At first the final-state particle candidates 775

31/36
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B® D(*)t+n : two more Belle analyses

711 fb-1 Sato et al., PRD 94, 072007 (2016)

§ Use semileptonically tagged events: Btag→ D*+ℓ-ν

§ On signal side consider only t® enn, t® µnn, select D(*)µ and D(*) e on signal side

§ most discrimination power comes from EECL (unassociated energy in calorimeter)

RD∗ = 0.302 ± 0.030 ± 0.011

711 fb-1

§ Use hadronically tagged events (1104 possible states); On signal 
side:  t-® p-n, t-® r-n

§ Measure t polarization via helicity angle: 
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Hirose et al., PRL 118, 211801 (2017); arXiv:1709.00129 

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

RD∗ = 0.270 ±0.035 +0.028
−0.025

Pτ(D
∗) = −0.38 ±0.51 +0.21

−0.16

RD∗ = 0.292 ±0.020 ±0.012

Pτ ≡
Γ+ − Γ−

Γ+ + Γ−

dΓ

d cos θh

∝ 1 + αPτ cos θh

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

SM: -0.497
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B® D(*)tn @ Belle II
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Belle 0.71 ab-1: Belle II 50 ab-1: 

Careful scaling from Belle ® Belle II: 

Type II 2HDM 
tanb/MH = 0.5
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Inclusive B® X(s,d)g  radiative decays 

b s
W±

u, c, t
Vqb Vqs

g

W± , H±

Both ACP (residual photon contribution) and isospin asymmetry D0+ (S78) reduce theoretical uncertainties in the inclusive BF

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

Br(B → Xsγ)lep-tag
inc 5.3% 3.9% 3.2%

Br(B → Xsγ)had-tag
inc 13% 7.0% 4.2%

Br(B → Xsγ)sum-of-ex 10.5% 7.3% 5.7%

∆0+(B → Xsγ)sum-of-ex 2.1% 0.81% 0.63%

∆0+(B → Xs+dγ)had-tag
inc 9.0% 2.6% 0.85%

ACP(B → Xsγ)sum-of-ex 1.3% 0.52% 0.19%

ACP(B0 → X0
s γ)sum-of-ex 1.8% 0.72% 0.26%

ACP(B+ → X+
s γ)sum-of-ex 1.8% 0.69% 0.25%

ACP(B → Xs+dγ)lep-tag
inc 4.0% 1.5% 0.48%

ACP(B → Xs+dγ)had-tag
inc 8.0% 2.2% 0.70%

∆ACP(B → Xsγ)sum-of-ex 2.5% 0.98% 0.30%

∆ACP(B → Xs+dγ)had-tag
inc 16% 4.3% 1.3%

Br(B → Xdγ)sum-of-ex 30% 20% 14%

∆0+(B → Xdγ)sum-of-ex 30% 11% 3.6%

ACP(B+ → X+
ud̄γ)sum-of-ex 42% 16% 5.1%

ACP(B0 → X0
dd̄γ)sum-of-ex 84% 32% 10%

ACP(B → Xdγ)sum-of-ex 38% 14% 4.6%

∆ACP(B → Xdγ)sum-of-ex 93% 36% 11%
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Exclusive B® Vg  radiative decays 

b s
W±

u, c, t
Vqb Vqs

g

W± , H±
Observables Belle 0.71 ab−1 (0.12 ab−1) Belle II 5 ab−1 Belle II 50 ab−1

∆0+(B → K∗γ) 2.0% 0.70% 0.53%

ACP(B0 → K∗0γ) 1.7% 0.58% 0.21%

ACP(B+ → K∗+γ) 2.4% 0.81% 0.29%

∆ACP(B → K∗γ) 2.9% 0.98% 0.36%

SK∗0γ 0.29 0.090 0.030

Br(B0 → ρ0γ) 24% 7.6% 4.5%

Br(B+ → ρ+γ) 30% 9.6% 5.0%

Br(B0 → ωγ) 50% 14% 5.8%

∆0+(B → ργ) 18% 5.4% 1.9%

ACP(B0 → ρ0γ) 44% 12% 3.8%

ACP(B+ → ρ+γ) 30% 9.6% 3.0%

ACP(B0 → ωγ) 91% 23% 7.7%

∆ACP(B → ργ) 53% 16% 4.8%

Sρ0γ 0.63 0.19 0.064

|Vtd/Vts|ρ/K∗ 12% 8.2% 7.6%

Br(B0
s → φγ) 23% 6.5% –

Br(B0 → K∗0γ)/Br(B0
s → φγ) 23% 6.7% –

Br(B0
s → K∗0γ) – 15% –

ACP(B0
s → K∗0γ) – 15% –

Br(B0
s → K∗0γ)/Br(B0

s → φγ) – 15% –

Br(B0 → K∗0γ)/Br(B0
s → K∗0γ) – 15% –

Theory:

D0+(K*g) = (4.9 ± 2.6)%
ACP(K*g) = (0.3 ± 0.1)%

D0+(rg) = (5.2 ± 2.8)%

Lyon and Zwicky, PRD D88, 
094004 (2013)

Paul and Straub, JHEP 04, 027 
(2017)

systematics 
limited: f+-/f00
statistics 
limited

statistics 
limited
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Inclusive B® X(s,d)l +l - electroweak 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%
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B® hnn (h = p+, p0, r+, r0, K+, KS , K*0, K*+)

• Semileptonic tag: use Neural Network (NN) to identify B® D(*)ln decay on tagging side. Including 
D0 and D+ modes, there are 108 different decay channels considered.

• Require only relevant tracks on signal side: no extra tracks, extra p0’s, or KL’s.
• Suppress continuum background (uu, dd, ss, cc) with a second NN based on Fox-Wolfram moments, 

event topology
• Reject backgrounds with a third NN based on 17-31 kinematic variables
• Fit EECL (unassociated energy in the calorimeter) distribution for signal

711 fb-1 Grygier et al. (Belle), PRD 96, 091101 (2017)

r0
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• no signals observed. most limits are the world’s best
• limits are a factor of 2.7 (K*) – 3.9 (K) above SM prediction   
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Summary

• Belle II is now (almost) fully constructed and installed. The entire detector  except for the 
VTX is now undergoing commissioning (with cosmic rays since August, with beam in 
April/May)

• Belle II will take its first physics (“Phase II”) run in May-June-July. This should fully 
commission the detector, and there will be early physics (e.g., D0® gg , dark photon search, 
etc.)

• VTX detector (SVD + pixels) will be installed in the fall, physics run with full Belle II detector 
to begin in early 2019

• Physics potential is enormous: there is much better vertexing and particle ID than in Belle, 
there will be much higher statistics, and full reconstruction on the tag side is greatly 
improved over Belle/BaBar
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Extra

Extra Slides
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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 but very difficult 
at a hadron 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

e+

e-
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B® D(*)tn: constraint on Type II charged Higgs

Lees et al., 
PRD 88, 
072012 
(2013); 
PRL 109, 
101802 
(2012)

Results inconsistent with 2HDM at 3.1s level
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0.44 ±0.02
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0.75 ±0.04

tanb / mH (GeV-1)

2-Higgs  
doublet 
model:

R2HDM
D(∗) = RSM

D(∗) + A(∗)

(
tan β

mH

)2

+ B(∗)

(
tan β

mH

)4
D∗ D

RSM 0.252 ±0.003 0.297 ±0.017

A −0.230 ±0.029 −3.25 ±0.32

B 0.643 ±0.085 16.9 ±2.0

For a Type II charged Higgs doublet model (2HDM), the kinematic distribution of the tn changes, and thus the 
PDFs used to fit the data changes  ® must refit  ⇒ results depend on tanb/MH .
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Huschle et al., 
PRD 92, 
072014 
(2015)

R(2HDM)
D∗ = 0.301 ± 0.039 ± 0.015

R(2HDM)
D = 0.329 ± 0.060 ± 0.022

Results consistent with 2HDM


