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Outline

● SuperKEKB accelerator and Belle II detector 
○ Road to high Luminosity

■ Operation of Phase 3
○ Performance of Phase 2 and phase 3

● Physics Prospects 
● Particle re-discovered @ Belle II
● Decay mode re-discovered @ Belle II
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B factory experiment milestones
● Belle and Babar experiments 

operated until ~2010 used e-e+ 
accelerator with asymmetry 
energies to produce mass of B 
mesons. 1.5 ab-1 data are 
recorded.

● Target of luminosity of 
SuperKEKB/Belle II is 50 ab-1 .

● High luminosity, boosted B meson.
○ CKM matrix unitary angles
○ CP violation
○ Rare B/D meson decays

● LFV/LNV in tau decays
● Search for tetraquark & 

pentaquark
3



KEKB to SuperKEKB

4

KEKB SuperKEKB
units

LER HER LER HER

Beam energy Eb 3.5 8 4 7.007 GeV

Beam crossing angle φ 22 83 mrad

β function @ IP βx
*/βy 1200/5.9 32/0.27 25/0.30 mm

Beam current Ib 1.64 1.19 3.6 2.6 A

Peak Luminosity L 2.1 x 1034 80 x 1034 cm-2s-1

 X 1/20

 X ~2

 X ~40



SuperKEKB & Belle II schedule

● Phase 1:Background, Optics Commissioning, Feb-June 2016. No Collision.No Belle Detector.
● Belle II Detector rolled-in to the beamline, Apr., 2017

● Phase 2:Pilot run, Superconducting Final Focus, add positron damping ring, 
First Collisions (0.5 fb-1). No VXD detector. April 27-July 17, 2018

● Phase 3:Physics run started in 27 March 2019. Will continue with 7 months/year. Full Belle detector.
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Belle II collaboration
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Korea institutes:
Chonnam, Gyeongsang, 
Hanyang, KISTI, 
Korea, Kyungpook,
Seoul, Soongsil, 
Yonsei

● Belle II now has grown to ~948 researchers from 26 countries. 
● Youth and potential: There are 330 graduate students in the collaboration.



Belle II detector

7



VXD (PXD+SVD) detector installed in Phase 3 

● PXD: Two layers of DEPFET pixel sensors r=14mm, r=22mm.
○ Only inner layer and small part of outer layer installed, replacement 

with full system in 2021
● SVD: Four layers of double sided strip detectors r=39mm to r=140mm
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Installation 
work finished 
Nov. 2018.



First Collisions in Phase 3 
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 BB pair events with whole Belle II.



Luminosity of SuperKEKB/Belle II phase 3
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Parameter Achieved
In phase 3 Target

ILER(A) 0.880 2.6

IHER (A) 0.940 3.6

βy(mm) 2 0.3

# of bunches 1576 2364

Lpeak 
(cm-2s-1)

Det on
6.1 x 1033

8 x 1035

Det off
12 x 1033

Fire accident 
in Linac

Restored in 
One month



Impact parameter resolution
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VXD resolution in impact 
parameter ~14 μm

Impact parameter distributions in 
two-track events. Alignment and 
calibration are working well.

σy~1.5μm

σx=14.8μm

Beam-profile effect is 
Subtracted at this plot.



K/π identification by TOP detector
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K and π tracks are tagged from 
the charge of the slow π 
(daughter of D∗+) in the decay of 
D∗+ → D0[K−π+]π+.

Pion Kaon Proton

A kaon track consist with 
the kaon-hypothesis PDF.



Physic Prospect

13



Rich Physics in Belle II

14

Leptonic/Semi-leptonic

Radiative/EWP

CPV

The Belle II Physics Book
arXiv:1808.10567 
accepted by PTEP

Φ3

Integrated Luminosity target: 50 ab-1

Hadronic

Charm

Tau

Belle II also has Quarkonium and Dark sectors. 

Golden mode

Silver mode

Few selected topics are mentioned later. 
“The Belle II Physics Book” has more exciting topics. 



CKM unitarity triangle global fit
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2016
CKM global fit with 
Belle II 50 ab-1

Error depress much



Leptonic Decays of B+➝μ+ν & B+➝τ+ν

● Leptonic decay: Tree process. Branching fractions of B+➝ℓ+ν in SM is 
proportional to mℓ

2 as below function.

●
● Clean processes with accurate theoretical BF.
● Small theoretic uncertainties in SM

○ Good probe for new physics in tree process.
● The effect of two Higgs doublet models (2HDM II) to branching ratio of 

μ+ν is as below:
●
● If NP affects only on τ+ν mode, to eliminate uncertainties of fB and 

|Vub|. The below ratios are used to prove NP.

16

Lepton BSM

e (8.89±0.73)x10-12

μ (3.80±0.31)x10-7

τ (8.45±0.70)x10-5

PRL 121, 031801

arXiv:1903.0301



B+➝τ+ν

● |Vub| measurement
● Exploit new method of Full Event 

Interpretation (FEI) to select correct 
reconstruction of Bsig & Btag.

○ Btag can be hadronic tag or semileptonic
○ Efficiency (total few 10-3) is higher than 

the method used in Belle.
● Feature: 2 or 3 neutrinos in final state. 

Mmiss
2 :large in τ leptonic, small in τ 

hadronic
● Due high rate of beam background, cluster 

timing, crystal energy E9/E25 → select π
0.
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(PRD 92(5),051102,2015)

Belle 2015

(PRL 110,131801,2013)

Belle result: 
Semileptonic tag
BF=[1.25±0.28(stat.)±0.27(syst.)]×10−4.
Hadronic tag
BF=[0.72+0.27-0.25(stat.)±0.11(syst.)]×10−4

Belle 2013



B+➝μ+ν

● As the tag efficiency is low, better not 
to use tag method.

● Background: continuum, πℓν, ρℓν, and BB 
generic.

● Neural Network/GBDT is used to suppress 
background. 

○ 14 input parameters that is 
uncorrected with |Pμ|. Output:Onn 

● Pμ
* in CM frame

● Feature: Pμ
B~MB/2 in B rest frame. 

○ Convert Pμ
* to Pμ

B

● Likely to claim observation at 5 ab-1. 18

Belle result: 
BF=[6.46±2.22(stat.)±1.60(syst.)]×10−7.@ 2.4σ

(PRL 121,031801,2018)

Belle 2018



B0➝π0π0 decay
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Belle
PRD 96, 032007(2017)

● Color suppressed tree process. Experimental 
result is BF=[1.31±0.19(stat.)±0.18 (syst.)]×10−6 

Belle 2017
○ Theory paper for this enhancement:PRD 

73,114014 (2006), PRD 83,034023 (2011)
○ More data and lower sys error are needed.

● Φ2 angle measurement by direct CP 
violation.

● Due to high rate of beam background, timing 
and E9/E25 selection of γ are important.

● Flavor tag of Btag 
● Spreaded signal shape in ΔE



B0➝π0π0 decay
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Belle
PRD 96, 032007(2017)

● Color suppressed tree process. Experimental 
result is BF=[1.31±0.19(stat.)±0.18 (syst.)]×10−6 

Belle 2017
○ Theory paper for this enhancement:PRD 

73,114014 (2006), PRD 83,034023 (2011)
○ More data and lower sys error are needed.

● Φ2 angle measurement by direct CP 
violation.

● Due to high rate of beam background, timing 
and E9/E25 selection of γ are important.

● Flavor tag of Btag 
● Spreaded signal shape in ΔE

Belle

Belle II



Charmless Baryonic B decays
Baryonic B decay is B meson decay 
to two baryons+etc.
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Threshold enhancement:
MBB’ peak at low mass region: MBB’~mB+mB’

First found rare baryonic 
decay in Belle, 2002

Rare baryonic decay
Through b->sγ process, 
Belle 2005

● Threshold enhancement is 
an universal feature in 
baryonic B decay.

● Possible Theory
○ Baryon form factor

■ Cheng & Yang PRD 66 
014020 (’02)

■ Chua, Hou, Tsai PRD 
66 054004 (’02)

○ Quasi 2-body decay
■ Chua, Hou, Tsai PLB 

544 139 (’02)
● Direct CP violation is also 

shown in B+->ppK+ at Mpp<2.85 
GeV by LHCb



Angular asymmetries of Baryonic B decays 
θp:angle between p direction and the meson/photon direction 
in BB-bar rest frame.
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● Angle asymmetries are large and unexpected.
● LHCb found that angle asymmetries is function of Mpp in 

B+→ppK+ and B+→ppπ+ (PRL 113, 141801 (2014))
● This issue is still a puzzle.

○ Need more data for search asym. in more modes.



Possible topics

● B+→ppρ+

● B0→pΣ0π-

● B0→ppπ0

● B-→ppℓν
● B-→pnK-

● B0→nΛ0γ
● etc.
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Lepton Flavor Violation 𝜏 Decays at Belle II
● Super B-Factory, and 𝝉 factory too!

𝝈(e+e- —> 𝜰(4s)) = 1.05 nb 
𝝈(e+e- —> 𝝉𝝉) = 0.92 nb

24

● Charged LPV process occur oscillations in 
loops. In SM, small rate is immeasurable 
(10-49~~10-54) for all LFV decays.

● Charged LFV enhanced in many NP models (10-7~10-10)

Talk by Ami Rostomyan 
at TAU 2018

Thrust and visible energy are 
useful variables in analysis.



LFV 𝜏 Decays at Belle II

● Observation of LFV is a clear signature of New Physics.
● Lower the upper limit by two order of magnitude.
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Particle re-discover
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Mass peaks
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π0→γγ η→γγ

J/ψ→e+e-

Impact parameter
Vertex fitting

J/ψ→μ+μ-

E9/E21 selection



Mass peaks
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D0→K+π- D0→K+π-π0

D0→K+π-π+π- D0→Ks
0π+π- D0→K+K-

Impact parameter
E9/E21 selection
Ks optimization selection



Topology of final states of B meson
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Spherical-like Jet-like

verse

Fox-Wolfram moments

R2=H2/H0

FW moments variables are used to 
separate BB pair event from qq-bar 
events.



Re-discover B meson

Demonstration of Capabilities: Modes with neutrals, 
and Ks mesons are efficiently reconstructed along with 
all-charged final states containing kaons and pions. 30

Hadronic B+/0 → D(∗)h+(h=π or ρ) 
decays

Early phase 3 data are used



B decay mode re-discover

31



Btag by Full Event Interpreter 
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FEI: BDT (boosted decision 
trees) and a large number of B 
decay modes. Increase yields 
by O(X8) than FR of Belle.

Btag
+

Btag
0

Bsig are reconstruct from B → Xlν.

Loose Tight

TightLoose



Semi-leptonic B decays

Untagged of B0→D*+ℓ-ν candidates in mmiss
2 distribution.

Clean signal can be seen in e and μ mode.

33



Observation of B→ K*γ 

First observation radiative penguin process (b→ sγ) @Belle II.
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4.4σ

B0→K*0γ
3.7σ

B+→K*+γ→ K+π0γ B+→K*+γ→ Ks
0π+γ

2.1σ



Observation of B→ K*γ 

First observation radiative penguin process (b→ sγ) @Belle II.
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4.4σ

B0→K*0γ
3.7σ

B+→K*+γ→ K+π0γ B+→K*+γ→ Ks
0π+γ

2.1σNsig=35.5±6.9

Yields consistent with WA branching fraction



Time dependent B0-B0 mixing signature 

No mixing fraction:
 funmix(t)= K[1+cos(ΔmdΔt)]
Use “diff” sign of two lepton in the final state. 
Verifies Belle II VXD capabilities for CP violation.

36

Oscillation observed

unmixed mixed

Partial reconstruction 
and time determination 
uses only Lepton tagging. 



Summary
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● Rich physics in Belle II experiment. 
○ CP violation & rare decay of B/D decay, LFV/LNF in τ 

decay, pentaquark, dark sector and Quarkonium.
● The first physics run in the Super B factory mode (Phase 3) 

started in spring 2019. Integrated luminosity ~6.5 fb-1.
● Time-dependent capabilities with VXD and particle ID with 

TOP are demonstrated. Many good results of re-discoveries 
are presented in phase 3 data. 

● SuperKEKB are going through way to world’s highest 
luminosity accelerator. Belle II target at high efficiency 
data-taking rate to record more physics.

● Phase 3 resume in mid-October and continue until June 2020. 
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Stay tuned 
Belle II will discover exciting physics soon.



backup
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SuperKEKB/Belle II Luminosity Profile

● Luminosity is 40 times than KEKB.
○ Beam profile size: y-axis 50 nm, x-axis 100 μm. (nano beam)
○ Beam current is about 2 times of KEKB.

● Belle/KEKB recorded ~1000 fb-1. Now we have to change units on 
the y-axis to ab-1
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KL identification by ECL pulse shape discriminator
New PID approach: The pulse shape parameters of ECL (electromagnetic 
calorimeter) can be the inputs of BDT which works as an classifier 
of KL/γ.

42

KL
0 candidates selected from 

e+e− → φγ → KS
0KL

0γ control sample in 
Phase 2 Data and MC.

 

Photons candidates selected from 
e+e− → μ+μ-(γ) control sample in 
Phase 2 Data and MC.



CKM unitarity triangle global fit
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2016
UT fit with 
Belle II 50 ab-1

Error will depress much



Pentaquark search 
From Λ0b⟶J/ψK-p decay, pentaquarks 
Pc(4380)

+ and Pc(4450)
+ are found in LHCb.
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arXiv:1507.03414 
The LHCb collaborationM(Pc(4380)+)=4380±8±29 MeV

M(Pc(4450)+)=4449.8±1.7±2.5 MeV

Pc(4450)
+Pc(4380)

+

Recently,Pc(4312)
+ and two peaks of Pc(4450)

+

arXiv:1904.03947

● Candidates for strange 
partners of charmed XYZ 
states e.g. Y(2175)→Φπ+π- 
observed at BaBar and BESIII.

● LHCb search for strange 
partner 
Ps

+→Φp in Λc→[Φp]π
0 at 915 fb-1

○ No significant signal is 
found.



Pentaquark search 
From Λ0b⟶J/ψK-p decay, pentaquarks 
Pc(4380)

+ and Pc(4450)
+ are found in LHCb.

B0⟶J/ψpp of 5.2 fb-1 data at LHCb
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arXiv:1507.03414 
The LHCb collaborationM(Pc(4380)+)=4380±8±29 MeV

M(Pc(4450)+)=4449.8±1.7±2.5 MeV

Pc(4450)
+Pc(4380)

+

Recently,Pc(4312)
+ and two peaks of Pc(4450)

+

arXiv:1904.03947

PRL 122, 191804 (2019)
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From F. Forty@ EPS



B±/0→Xℓ-ν

FEI is used to select Btag 
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From R. Rasheed@ Lepton Photon 2019



From the Belle to Belle II 
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From C Shen@ FLASY2019



Time CP violation measurement

Ability to measure vertex precisely is needed in 
time CPV measurement
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