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Talk Outline 
• Introduction

• Belle II physics program
• CP violation & CKM
• Lepton universality tests w/ tree and loop processes
• Lepton flavor violation
• Dark sector
• Hadron spectroscopy 

• Status and prospect of SuperKEKB/Belle II

• Summary
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Perfect SM
• CP violation explained by the mechanism proposed by 

Kobayashi and Maskawa.
• Higgs has been discovered and its couplings to fermions 

are being measured. 
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Problems in the SM:  naturalness, dark matter, matter-
antimatter asymmetry in the Universe, …

New Physics beyond the SM



Role of Flavor Physics 
• Search for New Physics (NP) through processes sensitive to 

presence of virtual heavy particles.
• Complementary to direct search at LHC high PT programs.
• Becoming more and more important, since no NP signal at LHC at 

this moment.
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SuperKEKB/Belle II
New intensity frontier facility at KEK
• Target luminosity ; Lpeak = 8 x 1035cm-2s-1

　　　　　　　　　　　　⇒ ~1010 BB, τ+τ- and charms per year !　　　　　
　　                          Lint  > 50 ab-1                            
• Rich physics program

• Search for New Physics through processes sensitive to virtual heavy particles.
• New QCD phenomena (XYZ, new states including heavy flavors)   + more
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The first particle collider after the LHC !

L peak (KEKB) 
=2.1x1034cm-2s-

Peak Luminosity Trends (e+e- collider) SuperKEKB



SuperKEKB Accelerator
• Low emittance (“nano-beam”) scheme employed (originally proposed by P. Raimondi)
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SuperKEKB
LER/HER

KEKB
LER/HER

E(GeV) 4.0/7.0 3.5/8.0

εx (nm) 3.2/4.6 18/24

βy at IP(mm) 0.27/0.30 5.9/5.9

βx at 
IP(mm) 32/25 120/120

Half crossing 
angle(mrad) 41.5 11

I(A) 3.6/2.6 1.6/1.2

Lifetime ~10min 130min/200min

L(cm-2s-1) 80×1034 2.1×1034

Machine parameters

x20

x2



Belle II Detector
• Deal with higher background  (x10-20), radiation damage, higher occupancy, 

higher event rates (L1 trigg. 0.5→30 kHz)

• Improved performance and hermeticity
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electron	(7GeV)

positron	(4GeV)

KL	and	muon	detector:	
Resistive	Plate	Counter	(barrel	outer	layers)	
Scintillator	+	WLSF	+	MPPC	(end-caps,	inner	2	
barrel	layers	)

Particle	Identification		
Time-of-Propagation	counter	(barrel)	
Prox.	focusing	Aerogel	RICH	(fwd)

Central	Drift	Chamber	
He(50%):C2H6(50%),	Small	cells,	long	lever	
arm,		fast	electronics

EM	Calorimeter:	
CsI(Tl),	waveform	sampling	electronics

Vertex	Detector	
2	layers	Si	pixel	(DEPFET	)	+	
4	layers	Si	double	sided	strip	DSSD



The Belle II Collaboration
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• Belle II has now grown to ~ 1000 
researchers from 112 institutions in 
26 countries.

• Large international collaboration 
hosted by KEK, Japan



 9Belle II Physics Program
• Precision CKM

• CPV in b→s penguin decays

• Tauonic decays

• FCNC

• Charm decays

• LFV τ decays

Ultimate measurements down to theory error !

Table 16: Expected errors on several selected flavour observables with an integrated lumi-

nosity of 50 ab�1 of Belle II data. Errors given in % represent relative errors. In the final

column we denote where LHCb is expected to reach a highly competitive level of precision:

if one experiment is expected to be slightly more accurate we list it first.

Observables Expected the. accu-
racy

Expected
exp. uncertainty

Facility (2025)

UT angles & sides
�1 [�] *** 0.4 Belle II
�2 [�] ** 1.0 Belle II
�3 [�] *** 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
CP Violation
S(B ! �K0) *** 0.02 Belle II
S(B ! ⌘0K0) *** 0.01 Belle II
A(B ! K0⇡0)[10�2] *** 4 Belle II
A(B ! K+⇡�) [10�2] *** 0.20 LHCb/Belle II
(Semi-)leptonic
B(B ! ⌧⌫) [10�6] ** 3% Belle II
B(B ! µ⌫) [10�6] ** 7% Belle II
R(B ! D⌧⌫) *** 3% Belle II
R(B ! D⇤⌧⌫) *** 2% Belle II/LHCb
Radiative & EW Penguins
B(B ! Xs�) ** 4% Belle II
ACP (B ! Xs,d�) [10�2] *** 0.005 Belle II
S(B ! K0

S⇡0�) *** 0.03 Belle II
S(B ! ⇢�) ** 0.07 Belle II
B(Bs ! ��) [10�6] ** 0.3 Belle II
B(B ! K⇤⌫⌫) [10�6] *** 15% Belle II
B(B ! K⌫⌫) [10�6] *** 20% Belle II
R(B ! K⇤``) *** 0.03 Belle II/LHCb
Charm
B(Ds ! µ⌫) *** 0.9% Belle II
B(Ds ! ⌧⌫) *** 2% Belle II
ACP (D0 ! K0

S⇡0) [10�2] ** 0.03 Belle II
|q/p|(D0 ! K0

S⇡+⇡�) *** 0.03 Belle II
�(D0 ! K0

S⇡+⇡�) [�] *** 4 Belle II
Tau
⌧ ! µ� [10�10] *** < 50 Belle II
⌧ ! e� [10�10] *** < 100 Belle II
⌧ ! µµµ [10�10] *** < 3 Belle II/LHCb
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• Hadron spectroscopy

• Dark sector

+



Advantage of e+e- Flavor Factory
• Clean environment

• Efficient detection of neutrals (γ, π0, η, …)
• Quantum correlated B0B0 pairs

• High effective flavor tagging efficiency : 
~34%(Belle II)           ~3% (LHCb) 

• Large sample of τ leptons
• Search for LFV τ decays at O(10-9)
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• Full reconstruction tagging possible
• A powerful tool to measure; 

• b→u semileptonic decays (CKM)
• decays with large missing energy

ϒ(4S)
BsigBtag

π

 ℓ

νπ

π

π

K

Signal sideTag side

B → π l ν
B → τ ν, D τ ν

B → K ν ν 

• Systematics different from LHCb
• Two experiments are required to establish NP



Belle II Full Event Reconstruction 
• Belle II has developed a new “Full Event Interpretation” tool 

based on fast BDT.
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Number of decay modes used in tagging 
(Belle → Belle II)
• B+: 17→29, B0: 14→26
• D+/D*+/Ds+: 18→26, D0/D*0: 12→17

More recent update: 1807.08680



CKM fit w/ Belle II + LHCb 
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CKM fit w/ Belle II + LHCb 
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Belle$II$5ab)1$+$LHCb$70)1$ Belle$II$50ab)1$+$LHCb$500)1$

Relative amplitude (h) phase (σ)

Present



B-B Mixing and New Physics
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W± W⌥B̄0 B0

b

b̄d̄

di

j̄

Vib V ⇤
id

V ⇤
jd Vjb

J. Charles et al., 
PRD89,033016(2014)

Mass reach (CKM-like):  O(1)TeV  → O(10) TeV !



CP Violation by New Physics
• Belle II provides precise time-dependent CP violation measurement 

for rare decays (Penguin decays) to test possible NP phase.
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b
c

s
W

/J Ψ

d d SK
0B

c b s

s

sg

φNP ?

d d SK

0B

sin 2�1(B ! J/ K0) = sin 2�e↵1 (B ! ⌘0K0)

⌘0

Belle II projection for sin2φ1eff 
from b→s s s processes

Improved performance w.r.t. Belle
• vertex resolution
• acceptance for Ks → ππ 

decay vertex 



Lepton Non Universality 

It is important to test lepton universality precisely.
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R(D(*))

R(K*)

Vub incl/excl.
P5’(B→K*µµ)

Bs→φµµ
(g-2)µ

ε’/ε K

Observed deviation from SM
(as of Spring 2018)

b s

+l

−l
, Zγ

t

W −X�  c

τ
νW+X�

X�
W W

ν�

B→D(*) τ ν

(g-2)µ

B→K* ll



B→D(*)τν, B→τν
• New Physics may appear at tree level.

• 3rd generation quark (b) and lepton 
(τ) involved.
• large masses → sensitivity to NP
• Charged Higgs, Leptoquark, … 

• B→D(*) τ ν and  B→ τ ν are 
complementary

• Quantities of interest
• Lepton Flavor Universality :
• R(D), R(D*)

• Polarization: Pτ, PD*

• q2 distribution etc.

�16

cb

τ -

ντ
W-/H-

τ -

ντ

cb
LQ

W-/H-

τ -

νb

u



R(D), R(D*) R(D)

�17

Spring 2019 update

3.1σ deviation from SM

R(D*)



Belle II Projections

• More observables (distributions) !
• P(τ), P(D*)

• dΓ/dq2, dΓ/dpD(*), dΓ/dpe, …

• More modes !
• B → π τ ν, 

• BS → DS τ ν (at 5S runs) , …

• Lepton universality violation may be established even with 5ab-1 (2020).

• High statistics data will  provide more detailed information, such as τ 
polarization, q2 distribution, to discriminate type of NP.

�18

Will soon hit the systematic limit !



Lepton non-Universality (loop)
 19

Tension in existing data …

RK*0

RK

R(K) =
Br(B ! Kµµ)

Br(B ! Kee)
= 0.745+0.09

�0.07 ± 0.036(1 < q2 < 6GeV2)

R(K) =
Br(B ! Kµµ)

Br(B ! Kee)
= 0.745+0.09

�0.07 ± 0.036(1 < q2 < 6GeV2)

R(K) =
Br(B ! K⇤µµ)

Br(B ! K⇤ee)
= 0.66+0.11

�0.07 ± 0.03(0.045 < q2 < 1.1GeV2)

= 0.69+0.11
�0.07 ± 0.05(1.1 < q2 < 6GeV2)

R(K⇤) =
Br(B ! K⇤µµ)

Br(B ! K⇤ee)

2.1-2.5 σ from SM

2.6 σ from SM
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Tension in existing data …

RK*0

RK

R(K) =
Br(B ! Kµµ)

Br(B ! Kee)
= 0.745+0.09

�0.07 ± 0.036(1 < q2 < 6GeV2)

R(K) =
Br(B ! Kµµ)

Br(B ! Kee)
= 0.745+0.09

�0.07 ± 0.036(1 < q2 < 6GeV2)

R(K) =
Br(B ! K⇤µµ)

Br(B ! K⇤ee)
= 0.66+0.11

�0.07 ± 0.03(0.045 < q2 < 1.1GeV2)

= 0.69+0.11
�0.07 ± 0.05(1.1 < q2 < 6GeV2)

R(K⇤) =
Br(B ! K⇤µµ)

Br(B ! K⇤ee)

Precision at Belle II : ~3% at 50ab-1.

2.1-2.5 σ from SM

2.6 σ from SMupdate in Mar. 2019
2.5 σ from SM

Recent result from Belle
arXiv: 1904.02440v2 RK*



b → s l l inclusive at Belle II  
 20

1808.10567

Belle II can provide data from inclusive measurements (less theory ambiguity)
• sum of exclusive, as done by Belle



LFV τ Decays
 21

• Lepton flavor violated in 
the neutrino sector.

• Some NP models predict 
LFV to be observed in 
‘near’ future experiments.

• τ is the heaviest charged 
lepton, sensitive to NP.

• τ LFV complementary to 
muon programs

• μ→eγ, eee

• µ→e conversion

Talk by Ami Rostomyan
at TAU2018

SuperKEKB provides N(τ+τ-) ~ N(BB) 



Tau LFV prospect at Belle II   
 22

• Belle II will push down the current bounds further by more than 
an order of magnitude.

• Trying to increase sensitivity by improved analysis technique.



Dark Sector Physics   
 23

• Dark photon → invisible

• A single, monochromatic high energy 
ISR photon.

• Background from e+e-→γγ(γ), e+e-
γ→γ(γ) due to finite acceptance & 
imperfect detector

• Dedicated single photon trigger.

Search for the direct production of low-mass new particles 
will be highlights in early running period of Belle II

E⇤
� = E⇤

beam � m2
A0

4E⇤
beam

Belle II projection (20fb-1)1808.10567

BaBar (50fb-1)
PRL 119, 1318-4 (2017)

* New result from NA62 
[ JHEP 05, 182 (2019) ] 

• Anticipated results also for
      Axion Like Particle      Z’ → invisible 



Hadron Spectroscopy   
 24

• In 2003, Belle observed X(3872) in B decays.

• Following discoveries of many exotic states (XYZ) at B factories 
and hadron colliders have brought new era of hadron spectroscopy.

• + Recent discoveries of Pc at LHCb.

Production channels at 
B factories



Hadron Spectroscopy   
 25

• High statistics data at Belle II enables us to do

• Variety of approaches

• B decays

• ISR → study XYZ at threshold

• >1fb-1/10MeV at Ecm ~ 4GeV

• Recoil mass → measure absolute 
branching fraction

• b sector by running on Υ(5S) …

• Search for new states near thresholds

• Amplitude analyses to determine JPC

• Precise determination of resonance 
parameters

 e.x.:  X(3872) width X→D0D0π0

Belle II MC
(H. Hirata, 
FPCP2019)

B → K Xcc by Belle (772MBB)

Br[B→KX(3872) ] can be measured at Belle II

PRD97, 012005 (2018)

Also spectroscopies of non exotic quarkonium and baryons.



SuperKEKB/Belle II Plan
 26

Phase 1 (w/o QCS/Belle II)
• Accelerator basic tuning 

with single beams

Phase 2 (w/ QCS/Belle II but 
w/o VXD)
• Verification of nano-beam 

scheme
• Understand beam 

background

Phase 3 (w/ full detector)
• 1ab-1 after 1 year
• 5ab-1 by ~2022
• 50ab-1 by ~2027
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Global Schedule

�14

Phase 1: SuperKEKB commissioning without final focusing and without Belle II detector.          
(January - June 2016)

Phase 2: Collision data taking with final focusing. Belle II with no final vertex detector. (April 
- July 2018. Recorded ~500 pb−1)

Phase 3: Collision data taking with full Belle II detector. STARTED MARCH 2019!  

Global Schedule



First Collision !
0:38, April 26, 2018
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First Collision !
0:38, April 26, 2018
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First Collision !
0:38, April 26, 2018
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Collision with Nano-Beam
 28

Belle case 1999 data

Phase 2 vertex data verify collision spot 
much shorter than the bunch length.



B reconstruction in Phase 2  
 29

• B meson signals have been seen in Phase 2 data.



Phase 3 just started !   
 30

See talk by Martin Besner (#113, Future Facilities, June 6)

 VXD (PXD+SVD) has been installed. Physics run started on Mar. 25

 Integrated luminosity (/pb)

 several x fb-1 by 
summer 2019



Summary
• The Belle II experiment at SuperKEKB aims to find New 

Physics beyond the SM with ultimate precision 
measurement (a few %, typically) of heavy flavor decays 
(O(1010) samples / year).

• Complementary to LHC high Pt (ATLAS/CMS).

• Complementary and competing with LHCb.

• Variety of subjects (including low-energy QCD physics).

• Belle II physics run has just started !

• We expect many exciting results in coming years ! 
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Stay Tuned !



Also public HP: belle2.jp

Belle II Outreach

http://belle2.jp


Thank you !

Also public HP: belle2.jp

Belle II Outreach

http://belle2.jp


Backup Slides



Prospect for CKM
• For |Vxb|, Belle II is able to perform both inclusive and exclusive 

measurements with B tagging, including 

• detailed studies of exclusive decays to understand the 
difference, which is presently seen.

• Interplay with theoretical studies is important.

 34

Belle II prospect for |Vxb|
1808.10567



 35
Time-dep. CPV in b→s,d + γ

• In SM, photon from b→s,d + γ is 
almost left-handed.

• Right-handed photon causes 
interference, and large CPV.

S(B ! V �) ' �2ms

mb
sin2�1

|S(B ! K⇤�)|  0.02

|S(B ! ⇢�)| ⇠ 0

SUSY models

SM prediction



Measurement of τ polarization
 36

• Belle II will be able to measure distributions; such as τ 
polarization, q2 distribution, to discriminate type of NP.

Measurement of τ polarization

Known
• PB ← B tagging
• PD ← D recon.



B → τ ν, l ν at Belle II
 37

B→τν
• Exploits high efficiency of the hadronic 

tag method through the Full Event 
Interpretation (FEI).

• Selection of photon candidates is 
important to cope with machine 
background in Belle II (x20 w.r.t. Belle)

• Cluster energy, timing, shape (E9/E25)

• Multivariate continuum suppression 

B→μν
• Tagged searches are possible, but 

efficiency is too low 

• Extrapolation from Belle to Belle II 

• Branching fraction error : 7%(stat.) 
at 50ab-1

• 5σ observation at 6 ab-1

8 Leptonic and Semileptonic B Decays
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(a) EECL distribution for signal (red), BB background
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to an integrated luminosity of 1 ab�1
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(b) Comparison of signal EECL distribution for this analysis
(red) and the Belle measurement with hadronic tag (blue).
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(c) Maximum likelihood fit to pseudo-data EECL distribu-
tion sampled from simulation. The red and blue histograms
represent the signal and background fit functions (templates
from simulation). The events correspond to an integrated
luminosity of 1 ab�1.

Fig. 62: EECL distributions for signal and background in the analysis of B ! ⌧⌫ .

signal and background events are taken from simulation. In Fig. 62(c) an illustrative plot of

the fit to one pseudo-dataset is shown.
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Fig. 65: The distributions of the muon momentum p⇤
µ in the centre-of-mass and the neural

net output variable NNout in the signal enhanced region NNout > 0.84 and 2.6 GeV/c <

p⇤
µ < 2.85 GeV/c, respectively based on Belle MC and equivalent to the full Belle data of

711 fb�1.

is shown in Fig. 65. For 2.6 GeV/c < p⇤
µ < 2.85 GeV/c and NNout > 0.84 the figure-of-

merit is FOMBelle = Nsig/
p

Nsig + Nbkg = 31.5/
p

31.5 + 300 ⇡ 1.73 and can be scaled to

the full Belle II statistics as FOMBelleII = FOMBelle ⇥
q

50 ab�1/0.711 ab�1 ⇡ 14.5 or ⇠ 7%

statistical precision in the branching fraction. Naively, to reach 5� significance Belle II should

collect approximately 6 ab�1. A toy MC study of a two dimensional fit to the NNout vs p⇤
µ

distribution shows better separation than naive event counting, and statistical precision is

expected to be better than 5% with the full Belle II data set. With a much larger data set at

Belle II, systematic uncertainties will be as good or better than the statistical uncertainty

in this channel.

8.3.3. Sensitivity to new physics. In the following, we will consider the scenario that new

physics only measurably a↵ects the tau mode, that is, rµ
NP = re

NP = 0. The dominant sources

of theoretical uncertainty in B� ! `�⌫̄` are fB and |Vub|, therefore to mitigate them, we

can form ratios to light leptonic modes defined as.

Rps =
⌧B0

⌧B�

B(B� ! ⌧�⌫̄⌧ )

B(B̄0 ! ⇡+`�⌫̄`)
, Rpl =

B(B� ! ⌧�⌫̄⌧ )

B(B� ! µ�⌫̄µ)
. (127)

The former has the advantage that B̄0 ! ⇡+`�⌫̄` is experimentally well known, whereas the

latter has a very precise theoretical prediction in the SM. On the other hand, Rps still includes

theoretical uncertainties from fB/f+, while Rpl has not been measured yet. Predictions for

these ratios are calculated in Ref. [227] and are as follows,.

RNP
ps = (0.539 ± 0.043)

��1 + r⌧
NP

��2 , (128)

RNP
pl =

m2
⌧

m2
µ

(1 � m2
⌧/m2

B)2

(1 � m2
µ/m2

B)2
��1 + r⌧

NP

��2 ' 222.37
��1 + r⌧

NP

��2 . (129)

The current experimental constraints on B� ! ⌧�⌫̄⌧ [69] and B̄0 ! ⇡+`�⌫̄` [214] result in

Rexp
ps = 0.73 ± 0.14. This is compared with Eq. 128 to find the following constraint on r⌧

NP:
��1 + r⌧

NP

�� = 1.16 ± 0.11 (from Rps) . (130)

We find that Rps provides a slightly tighter bound than the direct branching fraction

measurement. The present experiment uncertainty in Rexp
ps of 0.14 is expected to improve sub-

stantially, as discussed in Sec.8.3.1. Such a reduction allows for a more stringent test for new

166/688
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