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B-Factory Experiments : Belle / BABAR
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Electron
8GeV (Belle)
9GeV (BABAR)
7GeV (Belle-II)

Positron :
3.5GeV (Belle)
3.1GeV (BABAR)
4GeV (Belle-II)

𝒔 = 𝟏𝟎. 𝟓𝟖 𝑮𝒆𝑽
Asymmetric-energy collision to boost B-meson 
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Achievements of Belle
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} 645 publications from 
2001 to now

} Still very productive :
47 publications (including 
submission) in 2023 

} Data analysis efforts are 
now merging into Belle II 
collaboration 



The most cited paper from Belle (Not on CPV)
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2389 citations 
(as of today)

“X(3872)”
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Achievements of Belle
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(Belle, 2001)

Much more precise measurements 
done by Belle, BABAR, and LHCb
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Belle II and Super-KEKB, for x50 data
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Belle II and Super-KEKB, for x50 data
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𝑰𝒆! 𝑰𝒆" 𝝈𝒚
Design 2.8 A 2.0 A 60 nm

Achieved 
(by 2021)

0.7 A 0.8 A 230 nm

𝐿 ∝
-!" -!#

.$ .%

} Luminosity improvement by
} “Nanobeam scheme,” x20 
} Increasing beam current, x1.5

} Target luminosity : 6×10!"𝑐𝑚#$𝑠#%
Beam “squeezing” 
for higher 
luminosity
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Belle II Detector 
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} Improved vertexing 
by PXD + SVD

} Better 𝑝!resolution 
(larger chamber)

} Higher acceptance
} Lower boost and

better hermeticity 
} More sophisticated 

trigger



Belle II Collaboration

Nov 23, 2023, KSHEPM.J.Lee, Belle and Belle II12

28 countries
122 institute
~1170 collaborators
Spokesperson : Karim Trabelsi
IB chair : Doris Kim 



Belle II Detector
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Korean Belle II
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} Software development and data monitoring 
} Simulation software improvement

} Detector development
} Calorimeter trigger, Vertex detector

} Accelerator study
} Beam dynamics, beam instability 

} Data analysis on B and D Physics 
} CPV and rare decays in B and D, Λ&' , 𝑋(3872)

} Data analysis on 𝜏 Physics
} 𝜏 LFV 



Operation history / Long shutdown I
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} Phase 1(2016): accelerator test w/o detector
} Phase 2 (2018): 

} First collisions with complete accelerator 
} Incomplete detector (no VXD)

} Phase 3 (2019-)
} Luminosity run with complete detector 
} Pixel Detector (PXD): layer 1 + only 2 

ladders in layer 2 
} Full 4-layers strip detector (SVD)

} Long shutdown (2022 – 2023) 
} Run2 starts Jan 2024

M.J.Lee, Belle and Belle II

FY2019 FY2020 FY2021

∫ 𝑳 = 𝟒𝟐𝟖 𝐟𝐛#𝟏
𝑳𝒑𝒆𝒂𝒌 = 𝟒. 𝟕×𝟏𝟎𝟑𝟒𝒄𝒎#𝟐𝒔#𝟏



Long Shutdown 1 (June 2022 – Dec 2023)

Nov 23, 2023, KSHEPM.J.Lee, Belle and Belle II16

} TOP : MCP-PMT replacement: most of 
conventional PMTs were replaced with life-
extended PMTs

} CDC :  HV register replacement: mitigate 
the gain drop due to beam BG increase, 
Additional H2O and O2 monitors, 
Additional outlet ports: uniformity of gas 
flow in CDC

} VXD :  Installation of new VXD with 
PXD2 (July 28, 2023)

} DAQ : Full transition to PCIe40, Direct 
ROOT storage in STORE

} BG shield : Additional VXD bellows pipe 
shields, Additional neutron shields



VXD Upgrade
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Physics of Belle II
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} Physics reach is 
not limited to 
B-Physics and CPV
} CKM, Charm, 𝜏, 

rare process, LFV, 
ALP … 

} Note :
} 𝜎 𝑒+𝑒# → Υ 4𝑆 = 1.05 nb
} 𝜎 𝑒+𝑒# → 𝜏+𝜏# = 0.919 nb
} 𝜎 𝑒+𝑒# → 𝑐 ̅𝑐 = 1.3 nb



Physics Results in 2023
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Belle II 
Publications

𝐵 → 𝑋!ℓ"�̅�ℓ PRD 107, 072002
Dark photon → 𝜇"𝜇$ + 𝐸%&'' PRL 130, 071804

Γ(Λ!") PRL 130, 071802
LFV 𝜏 → ℓ𝛼 PRL 130, 181803

𝑍( → 𝜇𝜇 + 𝐸%&'' PRL 130, 231801
Γ(Ω!)) PRD 107, L031103

CPV 𝐵) → 𝜋)𝜋) PRD 107, 112009
𝑒"𝑒$ → 𝜔𝜒*+, Χ* → 𝜔Υ(1𝑆) PRL 130, 091902

𝑒"𝑒$ → 𝜇"𝜇$𝜏"𝜏$ PRL 131, 121802
Γ(𝐵)) PRD 107, L091102

LU 𝐵(𝐵 → 𝑋𝑒𝜈)/𝐵(𝐵 → 𝑋𝜇𝜈) PRL 131, 051804
𝐷) identification method PRD 107, 112010

CPV 𝐵) → 𝜙𝐾,) PRD 108, 072012
CPV 𝐵) → 𝐾,)𝜋) PRL 131, 111803

|𝑉-*| from E𝐵) → 𝐷∗"ℓ$�̅�ℓ Accepted PRD
𝑀(𝜏) PRD 108, 032006

CPV 𝐵± → 𝐷𝐾±, 𝐵± → 𝐷𝜋± JHEP 09 2023, 146
LU 𝐵) → 𝐷∗$ℓ"𝜈 PRL 131, 181801

Γ(𝐷,") PRL 131, 171803
19 published in 2023



𝐵" → 𝐾"𝜈�̅� in SM / BSM
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Ex. Leptoquark model
or 𝐵+ → 𝐾+𝑋,-.

BSM

FCNC, GIM suppressed, no hadronic uncertainties 
𝐵𝑅 𝐵+ → 𝐾+𝜈�̅�; SM = 5.58 ± 0.37 ×10#/

Standard Model

𝐵𝑅 long − range = 0.61 ± 0.06 ×10!"



Inclusive Tag Analysis / Hadronic Tag Analysis
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} Inclusive Tag
} Identify objects belonging to 

“Rest of Event” 
} Less precise but higher efficiency 

(𝜖~8%)

} Hadronic Tag
} Reconstruct 𝐵()* in one of the 

35 hadronic final states
} 𝜖~0.4%



Backgrounds Summary
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} 40% from 𝑞#𝑞,  28% from 𝐵 → 𝐷 → 𝐾𝑋 ℓ𝜈
} Hadronic decay 𝐵0 → 𝐾+𝐷∗−, 𝐵+ → 𝐾+𝐷∗0 with 𝐷

decay to 𝐾𝐿0 is most critical 



Fitting Results : 
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FIT

16

NEW

Inclusive-tag Hadronic-tag

Signal discriminator

Signal discriminator

Perform binned maximum likelihood fit 
- Inclusive tag: in bins of  and classifier output 

- Hadronic tag: in bins of classifier output

q2
rec

Inclusive : Fit on 𝑞2345 (mass squared of the 𝜈 pair) and BDT output  /  Hadronic : Fit on BDT output



First Evidence for 𝐵" → 𝐾"𝜈�̅�
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𝐵𝑅 𝐵' → 𝐾'𝜈�̅� = 2.4 ± 0.5 𝑠𝑡𝑎𝑡 ().+
')., 𝑠𝑦𝑠 ×10(,

} Inclusive : 
𝐵𝑅 = 2.8 ± 0.5 ± 0.5 ×10#"

} Hadronic : 
𝐵𝑅 = 1.1#+.-#+."'+..'+.- ×10#"

} Significance:
} w.r.t null : 1.1𝜎
} w.r.t SM : 2.8𝜎



𝜏 physics in Belle II
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} Belle-II 
= “B-factory” and

“Tau factory”

} Lepton Flavor Violation is one of important research for BSM 
} Heavy mass enables various hadronic decay modes /  a bit higher BR 

estimation in BSM than muon 



(414 fb-1)

(190 fb-1)

Less data

The most precise measurement on 𝜏 mass
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} Measurement limited 𝑝LMNOP scale & 𝐸QRNS scale 
} Pseudo-endpoint method :
𝑀012 = 𝑀34

5 + 2( 𝑠/2 − 𝐸34∗ )(𝐸34∗ − 𝑃34∗ ) 7/5 ≤ 𝑀9

} Less Data,
Better sys err.,
Better stat. err.,
owing to 
Better detector
} Improved 

measurement
of endpoint 
slope

ISR tail



Recent results: BSM boson search of 𝜏 → ℓ𝛼

Nov 23, 2023, KSHEPM.J.Lee, Belle and Belle II27

} α is an invisible (pseudo scalar) light boson in BSM 
(possible similar with axion)

} Template fit with pdfs on 𝑥ℓ = 𝐸ℓ/(𝑚./2)



Nov 23, 2023, KSHEPM.J.Lee, Belle and Belle II28

} Using the most early data (62.8fb-1), 
the most stringent limit, 3 – 7 times better than ARGUS 
measurement (1995, 476pb-1)
was achieved.
(arXiv: 2212.03634)



Recent results: LFV decay of 𝜏 → ℓ𝜙
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} Highly suppressed in SM (~10-50) but much higher in 
Leptoquark model (~10-8 – 10-10) 

} Improved efficiency (6.5%, 2xBelle) due to “Rest of Everything” 
(on tag side) method + BDT

All 
decays 
except 
signal 
mode

𝛕tag 𝛕signal

e, μ

K

K

𝞅
s

s

LQ
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} BF(𝜏 → 𝑒𝜙, 90%CL)=2.3x10-7, BF(𝜏 → 𝜇𝜙, 90%CL)=9.7x10-8

} Statistically limited (~1/5 x Belle), but inclusive tagging successfully 
applied.  

(Δ
𝐸 #
$%
=
𝐸 #
$%∗
−

𝑠/
2)



Prospect: 
𝜏 → ℓ𝛾 at Belle II
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𝑀inv = ( Σ𝐸 ' − Σ𝑃
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Belle 2008 (535 fb-1)

(Belle II Simulation) (Belle II Simulation)

×1.8

Belle 2008 (988 fb-1)
(4.2×10$0 (90%CL))

} 50 ab-1 = 5x1010 t pairs 
Þ UL ~ 10-8~-9

} Sensitivity depends on 
background level
} New BG rejection method 

using kinematic relation 
enabled fewer BG with 
increased dataset

±2σ



Summary / Prospects
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} Belle is still productive in data analysis
} Belle II started DAQ in 2019, collected ~420 fb-1 before Long 

Shutdown 1. DAQ resume in this winter
} Targeting 50𝑎𝑏!" by middle of 2030s

} This requires 10!" beam!

} We just started to (massively)
produce physics results with 
¼ ~½ x (Belle) data


