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𝖡𝖥𝖲𝖬

𝟣𝟢−𝟦

𝟣𝟢−𝟧𝟢

𝟣𝟢−𝟩÷−𝟧 Suppression sources 
CKM  

GIM  

λ𝟤

𝗆𝗍, 𝗆𝖼, 𝗆𝗎
𝗆ν𝗂

Semileptonic - rare

tree loop forbidden

NP NP NP

SM

SM

SM

Today’s results are based on Belle dataset - 711 fb-1 @ , 121 fb-1 @  
      Belle II dataset - 63 fb-1, 190 fb-1 @

Υ(𝟦𝖲) Υ(𝟧𝖲)
Υ(𝟦𝖲)

Radiative - not so rare

LFV - ultra rare!
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Different sensitivity to NP

. .
Vtb V*ts

NEW

ν/

ν̄ /ℓ̄

ν /ℓ

. .Vtb V*ts

Look for alterations/enhancements in FCNC due to BSM contributions 
New interactions at 🌳  level 
Weaker GIM cancellations due to new particles in 🔁  corrections



Belle TDR, S0168-9002(01)02013-7
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THE BELLE&BELLE II EXPERIMENTS
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd

+390 M 𝖡�̄� pairs

𝟤𝟢𝟣𝟫/𝟢𝟥 𝟤𝟢𝟤𝟤 /𝟢𝟨

WR Luminosity of 4.7×1034 cm-2 s-1  

(Currents 1.1/1.5 A) (June 2022)

 βγ =0.42

KEKB

σ*y ∼940 nmσ*x ∼

σz ∼6 mm 2ϕ =22 mrad

150 μm

σ*x ∼10 μm

σz ∼5 mm

 βγ =0.28

SuperKEKB

σ*y ∼50 nm

2ϕ =83 mrad

UPGRADE

☞ talk on June 1st  (4:50 p.m. @ Amphi Dirac)
“Future of Belle II” (J. Baudot)

WR Luminosity of x 2.1×1034 cm-2 s-1  

(Currents 1.2/1.6 A) (June 2009)

772 M 𝖡�̄� pairs

467 M 𝖡�̄� pairs

https://doi.org/10.1016/S0168-9002(01)02013-7


NEW

UPGRADED
Belle II TDR, arXiv: 1011.0352 4

THE PERFORMANCES
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd

More info 
☞ BACKUP

 ε ∼ 𝟫𝟢 %
π →μ ∼ 𝟧 − 𝟣𝟢 %

[1] BELLE2-CONF-PH-2022-003

Muons

Hadron ID

𝖾 𝗜𝗗

μ 𝗜𝗗

𝗞 𝗜𝗗

 ε ∼ 𝟪𝟨 %
π →𝖾 ∼ 𝟢 . 𝟦 %

pID performance ~ Belle 
Improvements in progress!

 ε ∼ 𝟫𝟢 %
π →𝖪 ∼ 𝟨 %

γ, e, π0

kaonID>0.5

[1]

[1]

μID>0.9, KLM barrel

eID>0.9, ECL barrel

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201011.0352
https://docs.belle2.org/record/2895/files/Lepton_identification_Moriond_2022__v2.pdf


at B-factories
𝖡𝗌𝗂𝗀

𝖡𝗍𝖺𝗀

• FEI is the algorithm for  HAD/SL  reconstruction at Belle II [1] 

- ~2x higher efficiency wrt previous algorithms [2] 

- Employs BDTs trained on MC  events 

-  used to select best 

𝖡𝗍𝖺𝗀

Υ(𝟦𝖲)→𝖡�̄�

𝒫𝖥𝖤𝖨 𝖡𝗍𝖺𝗀

Comput Softw Big Sci 3, 6 (2019)

 at ~10% purity𝒪(𝟢.𝟧%)

 at ~5% purity𝒪(𝟤.𝟢%)

• The reconstruction of the  allows to infer the properties of the signal-side 

with missing energy -  and to have a handle on backgrounds

𝖡𝗍𝖺𝗀

𝖡𝗌𝗂𝗀 →𝖣τν, 𝖪νν̄...
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B-TAGGING ALGORITHMS
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd

Typical  events: 
10 tracks and ~10 photons

𝖡�̄�

𝖯𝗎𝗋𝗂𝗍𝗒

𝖤𝖿
𝖿𝗂𝖼

𝗂𝖾
𝗇𝖼

𝗒

𝖡
𝖣

π
π𝟢

𝖡
𝖣
ℓ

ν

𝖡INCLUSIVE

SEMILEPTONIC

HADRONIC

𝒪(𝟣𝟢𝟢%)

[𝟣]

Full Event Interpretation (FEI)

[𝟤] Nucl.Instrum.Meth.A 654 (2011) 432-440

36 (32) hadronic B+(B0)-modes

https://link.springer.com/content/pdf/10.1007/s41781-019-0021-8.pdf
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201102.3876


RADIATIVE DECAYS
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd

  measurement as the most effective way to search for or constrain NP in  
- Only possible in the clean environment of B factories
ℬ(𝖡→𝖷𝗌γ) 𝖻→𝗌γ
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Possible experimental approaches

2. Inclusive approach 
PROS High efficiency 
CONS Large background, simulation reliant

𝖡 �̄�Υ(4S)
γ

𝖷𝗌

𝖡 �̄�Υ(4S)
γ

𝖷𝗌

Presented today [2]
Belle II (190 fb-1)

Highest-energy photon

Belle (605 fb-1) [1]

3. Hadronic B-tagging 
PROS Lower background, well-defined , access to   
CONS Reduced statistics (efficiency < 1%) 

𝖷𝗌 𝖤𝖡
γ

1. Sum of exclusive  
PROS High purity and  /  separation 
CONS Large uncertainty in MC for contributions from non-reconstructed  states

𝖷𝗌 ≡ 𝖪 + 𝖪π + 𝖪ππ + ...
𝖷𝗌 𝖷𝖽

𝖷𝗌

PRL 103 (2009) 241801  2210.10220

ℬ(𝖡→𝖷𝗌γ) = (𝟥 . 𝟦𝟧 ± 𝟢 . 𝟣𝟧 ± 𝟢 . 𝟦𝟢) × 𝟣𝟢−𝟦 (𝖤γ > 𝟣 . 𝟩 𝖦𝖾𝖵)

[𝟣] [𝟤]

𝖣
π

π

https://arxiv.org/pdf/0907.1384.pdf
https://arxiv.org/abs/2210.10220
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Reminder

 BF MEASUREMENT AT BELLE II𝖡→𝖷𝗌γ
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd

• Dominant  backgrounds are suppressed with 
- Signal:  veto 
- Tag: BDT classifier  
   (properties with small correlations with  and ) 

𝖾+𝖾− →𝗊�̄�
π𝟢 /η

𝖤𝖡
γ 𝖬𝖻𝖼

..
𝖡�̄� 𝗉𝖾𝖺𝗄𝗂𝗇𝗀
𝖡�̄� 𝗆𝗂𝗌 -𝗋𝖾𝖼𝗈
𝖣𝖺𝗍𝖺

𝗊�̄�
𝖳𝗈𝗍𝖺𝗅 𝖿𝗂𝗍

• Simultaneous likelihood fits to the  distributions in the  bins 

• Leftover background is subtracted in each  bin using MC expectation 

•  contribution removed assuming  
- Same shape and selection efficiency as  

- 

𝖬𝖻𝖼 𝖤𝖡
γ

𝖤𝖡
γ

𝖻→𝖽γ
𝖡→𝖷𝗌γ

( |𝖵𝗍𝖽 | / |𝖵𝗍𝗌 | )𝟤 ∼ 𝟦 . 𝟥 %

9805303[𝟣] 2007.04320[𝟤] PhysRevD.41.1496[𝟥]

𝖲𝗂𝗀𝗇𝖺𝗅 𝗋𝖾𝗀𝗂𝗈𝗇

𝖢𝗈𝗇𝗍𝗋𝗈𝗅 𝖢𝗈𝗇𝗍𝗋𝗈𝗅

• Unfolding: the measured spectrum is corrected for the smearing effects 
• Simulation based on the “Hybrid” model:  

- BTOXSGAMMA Evtgen [1,2]  
- Resonant  sample [3]𝖡→𝖪 * (𝟪𝟫𝟤)γ

https://arxiv.org/abs/hep-ph/9805303
https://arxiv.org/abs/2007.04320
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.41.1496
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ℬ𝖤𝖷(𝖻→𝗌γ) = (𝟥 . 𝟦𝟫 ± 𝟢 . 𝟣𝟫) × 𝟣𝟢−𝟦
ℬ𝖳𝖧(𝖻→𝗌γ) = (𝟥 . 𝟦𝟢 ± 𝟢 . 𝟣𝟩) × 𝟣𝟢−𝟦

2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd

Improved scenario relies on ongoing 
studies of  veto modellingπ𝟢 /η→γγ

Lower  thresholds ⇔ more challenging 

analysis due to larger  backgrounds

𝖤𝖡
γ

𝖡�̄�

HFLAV-10/2022
JHEP06(2020)175

Prospects

Unfolded result 
- Consistent with theoretical expectations  
- Uncertainty is comparable with other had-tagged measurement  
[BaBar 210 fb-1 (E0=1.9 GeV), PRD.77.051103]

Reminder

2210.10220

2207.06307

 BF MEASUREMENT AT BELLE II𝖡→𝖷𝗌γ

Updated  spectrum prediction, 2211.07663γ

(𝖥𝗈𝗋 𝖤γ > 𝟣 . 𝟨 𝖦𝖾𝖵)

𝖡𝖺
𝖼𝗄

𝗀𝗋
𝗈𝗎

𝗇𝖽

𝖳𝗁𝖾𝗈𝗋𝗒𝗎𝗇𝖼.
All tagging approaches

https://hflav-eos.web.cern.ch/hflav-eos/rare/Oct2022/html/radll/Badmix/BR_Badmix_Xs_gamma.html
https://link.springer.com/article/10.1007/JHEP06(2020)175
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.77.051103
https://arxiv.org/abs/2210.10220
https://arxiv.org/pdf/2207.06307.pdf
https://arxiv.org/pdf/2211.07663.pdf
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 DECAYS AT BELLE II𝖡→𝖪(*)ℓℓ
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd

2206.05946

Reminder

q2 ∈ [0 . 1, 1 . 1] GeV2/c4

q2 ∈ [1 . 1, 6 . 0] GeV2/c4

q2 = m2
ℓℓ

• : so far the control channel  was measured 
•  with 189 fb-1 

       

𝖡→𝖪ℓℓ 𝖡→𝖪𝖩/ψ(ℓℓ)
ℬ(𝖡→𝖪*ℓℓ)

𝖡𝟢 → 𝖪*𝟢(𝟪𝟫𝟤)(𝖪+π−)ℓ+ℓ−

𝖡+ → 𝖪*+(𝟪𝟫𝟤)(𝖪𝟢
𝖲π+, 𝖪+π𝟢)ℓ+ℓ−

Enjoy good and similar performance 
for electrons and muons

𝖡→𝖪 * {𝖩/ψ, ψ (𝟤𝖲)}
𝖡→𝖪 * γ

 vetoed regions compatible with𝗊𝟤

Belle(II) can be relevant in 
-  (low q2) -  constraints (redundancy with LHCb) 

- Inclusive  - 10% accuracy @ 5 ab-1 expected 

𝖡→𝖪*𝖾𝖾 𝖢(′ )
𝟩

ℬ(𝖡→𝖷𝗌ℓℓ)

ℓ=μ

ℓ=𝖾

ℓ=𝖾, μ

1808.10567

Belle II

2207.11275
☞ BACKUP

https://arxiv.org/abs/2206.05946.pdf
https://arxiv.org/abs/1808.10567
https://arxiv.org/abs/2207.11275.pdf


⇢ Current LHCb precision for 
        (9fb-1) 
     202212.09152 (stat dominated)

q2 ∈ [1, 6] GeV2

Independent measurement of  at Belle II with 5-10 ab-1,  3% precision at 50 ab-1𝖱𝖪(*)

JHEP03(2021)10

Belle PRL 126, 161801 (2021)

LFU tests: status and prospects

q2 ∈ [0 . 1, 1 . 1] GeV2/c4

q2 ∈ [1 . 1, 6 . 0] GeV2/c4

q2 = m2
ℓℓ

 DECAYS AT BELLE II𝖡→𝖪(*)ℓℓ
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd 10

2206.05946

• : so far the control channel  was measured 
•  with 189 fb-1 

       

𝖡→𝖪ℓℓ 𝖡→𝖪𝖩/ψ(ℓℓ)
ℬ(𝖡→𝖪*ℓℓ)

𝖡𝟢 → 𝖪*𝟢(𝟪𝟫𝟤)(𝖪+π−)ℓ+ℓ−

𝖡+ → 𝖪*+(𝟪𝟫𝟤)(𝖪𝟢
𝖲π+, 𝖪+π𝟢)ℓ+ℓ−

2207.11275
☞ BACKUP

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202212.09152
https://link.springer.com/content/pdf/10.1007/JHEP03(2021)105.pdf
https://arxiv.org/abs/2206.05946.pdf
https://arxiv.org/abs/2207.11275.pdf


 

• SM Expected BF  [1] 

• Correlation with   [2] 

• Large enhancements to SM BF  

𝒪(𝟣𝟢−𝟩)

𝖱𝖣(*)

𝒪(𝟣𝟢𝟤−𝟣𝟢𝟥)

 SEARCHES - OVERVIEW𝖻→𝗌ττ
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd 11

b

s τ

τ

Decay BF U.L. @ 90% CL

  5.2x10-3

  2.3x10-3

  3.1x10-3

𝖡𝗌 →ττ

𝖡+ →𝖪+ττ

𝖡𝟢 →𝖪*𝟢ττ

PRL 118.251802 (2017)

PRL 118.031802 (2017)

2110.03871

3 fb−1

424 fb−1

711 fb−1

🔍

𝖢ττ
𝟫 =𝖢ττ

𝟣𝟢 ∼ −
𝟤π
α

𝖵𝖼𝖻

𝖵𝗍𝖻𝖵*𝗍𝗌

𝖱𝖣(*)

𝖱𝖲𝖬
𝖣(*)

− 𝟣

𝖫𝖰
.
.

𝖻 τ−

ντ𝖼

β*𝖻τ

β𝖼ντ

. .𝖫𝖰𝖻 𝗌

τ+τ−

β𝖻τ β𝗌τ ∼ β𝖼ν

PRL120,181802(2018) PRD 105.113007 (2022) PRL 120.181802 (2018)

[3]

[𝟣] [𝟤] [𝟥]

Current sensitivity far from ! ℬ𝖲𝖬

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.105.L091101
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.118.251802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.031802
https://arxiv.org/abs/2110.03871
https://arxiv.org/abs/1712.01919
https://arxiv.org/pdf/2205.15212.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.181802


 

Increased signal efficiency while assuming 
same syst. unc. as Belle  
(Total 9%: MC sample size 4%, Btag eff. 
correction 5%, track eff. 4%)

Improvement @ Belle II 

• ~2x hadronic B-tagging efficiency: FR → FEI 
• Multivariate analysis 
• Add  modesτ→ρν

Search at Belle 
- Hadronic B-tagging Belle algorithm (Neurobayes FR) 
-  modes considered  
- Cut&count analysis 
-

τ→ℓνν̄, πν

ℬ(𝖡𝟢 →𝖪*𝟢ττ) < 𝟥 . 𝟣 × 𝟣𝟢−𝟥 (𝟫𝟢 % 𝖢𝖫)

 SEARCHES AT BELLE (II)𝖡→𝖪*𝟢ττ
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd 12

𝖡𝟢 𝖡𝟢Υ(4S)
τ

𝖣−

π+

π𝟢

𝖪+

π(ℓ)𝖷

ντ(νℓ)

π(ℓ)𝖷
ντ(νℓ)

τ

𝖪*𝟢

π−

Will offer unprecedented sensitivity 
in  decays𝖡→𝖪ττ

Belle II projections

(711 fb-1)

2207.06307

2110.03871

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.105.L091101
https://linkinghub.elsevier.com/retrieve/pii/S0168900211011193
https://arxiv.org/pdf/2207.06307.pdf
https://arxiv.org/abs/2110.03871


 - STATUS&PROSPECTS𝖡→𝖪νν̄
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd 13

New estimation 
 

2207.13371
(𝟧 . 𝟨𝟩 ± 𝟢 . 𝟥𝟪) × 𝟣𝟢−𝟨

𝖯𝖱𝖫.𝟣𝟤𝟩(𝟤𝟢𝟤𝟣)𝟣𝟪,𝟣𝟪𝟣𝟪𝟢𝟤
90% C.L. 

 𝟤 . 𝟥 × 𝟣𝟢−𝟧 (𝖾𝗑𝗉)
𝟦 . 𝟣 × 𝟣𝟢−𝟧 (𝗈𝖻𝗌)

𝖡+ 𝖡−Υ(4S)
𝖪+

ν
ν̄

• The BF can be measured at B-factories because of the clean event environment and the well-defined initial state 
• Belle II result with inclusive B-tagging obtained with 10% of Belle data (1/6 of current Belle II dataset) 
- 20% better precision/lumi (wrt SL B-tagging)

 search dominated by Belle II. Current sensitivity allows to confirm SM prediction soon𝖡→𝖪νν̄

Exp. uncertainty on signal strength ( ) 
-  

- 

ℬ𝖮𝖡𝖲/ℬ𝖲𝖬
𝖡𝖠𝖲𝖤𝖫𝖨𝖭𝖤 𝗌𝖼𝖾𝗇𝖺𝗋𝗂𝗈
(𝖨𝖬𝖯𝖱𝖮𝖵𝖤𝖣) 𝗌𝖼𝖾𝗇𝖺𝗋𝗂𝗈



ℓ, ℓ′ = {𝚎, μ, τ}

b

s

ℓ

ℓ′ 

2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd 14

🔍

EXPERIMENTAL STATUS ON LFV 𝖻→𝗌ℓℓ′ 

•  probed at B-factories and LHCb 

•  more interesting (  anomalies) but experimentally more challenging  

- Sensitivity is entering now the 10-6 regime

𝖻→𝗌ℓℓ′ 

𝖡→𝖪τℓ 𝖱𝖪(*) & 𝖱𝖣(*)

2010 2012 2018

BaBar (429 fb–1) 
: (1.5-4.5)×10–5𝖡+ →𝖪+τℓ

LHCb (3 fb−1) 
: 3.4×10−5 

: (6-7)×10–9 

Belle (711 fb−1) 
: (4-9)×10–8

𝖡𝗌 →τμ
𝖡+ →𝖪+μ𝖾

𝖡+/𝟢 →𝖪+/𝟢μ𝖾

Belle (711 fb−1) 
: 1.8×10−7𝖡𝟢 →𝖪*𝟢μ𝖾

Belle: 711 fb-1

LHCb: 3 fb-1 LHCb: 6 fb-1

1999 2022

BaBar: 429 fb-1

LHCb (9 fb−1) 
: 3.9×10–5𝖡+ →𝖪+τ+μ−

Belle II: 362 fb-1

Belle (711 fb−1) 
: (0.6-2.5)×10–5𝙱+ →𝙺+τℓ

NEW

LHCb (9 fb–1) 
: 1.0×10–8  
: (0.8-1.0)×10–5  

: 1.6×10–8 

𝖡𝟢 →𝖪*𝟢μ𝖾
𝖡𝟢 →𝖪*𝟢τμ
𝖡𝗌 →ϕ𝖾μ

https://inspirehep.net/literature/2107941
https://inspirehep.net/literature/2154229
https://inspirehep.net/literature/2107941
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201905.06614
https://inspirehep.net/literature/1752450
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201908.01848
https://link.springer.com/content/pdf/10.1007/JHEP06(2020)129.pdf
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201204.2852
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.071101
https://inspirehep.net/literature/2612912


𝖡+ 𝖡−Υ(4S)
𝖣𝟢

π−

π𝟢

15

2 charge configurations x 2 flavors (e,μ) 
⇔ different BSM models and  backgrounds

𝗀𝟥𝟥
ℓ𝗊

𝗀𝟤𝟤
ℓ𝗊

𝗀𝟤𝟥
ℓ𝗊

𝗀𝟥𝟤
ℓ𝗊

μ

τ

2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd
KEY-ELEMENTS FOR THE  SEARCH𝖡+ →𝖪+τℓ

𝖡+ →𝖪+τ+ℓ− 𝖡+ →𝖪+τ−ℓ+

2212.04128, Accepted by PRL

𝖪+

τ

ℓ 1. Btag reconstruction 
Hadronic FEI

https://arxiv.org/abs/2212.04128


1. Btag reconstruction 
Hadronic FEI

2. Bsig reconstruction 
Kaon 

Lepton {e,μ}
𝖡+ 𝖡−Υ(4S)

𝖪+

𝖣𝟢

π−

π𝟢

τ

ℓ

16

2 charge configurations x 2 flavors (e,μ) 
⇔ different BSM models and  backgrounds

𝗀𝟥𝟥
ℓ𝗊

𝗀𝟤𝟤
ℓ𝗊

𝗀𝟤𝟥
ℓ𝗊

𝗀𝟥𝟤
ℓ𝗊

μ

τ
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𝖡+ →𝖪+τ+ℓ− 𝖡+ →𝖪+τ−ℓ+

2212.04128, Accepted by PRL

Belle simulation

Excellent resolution 
( )σ ∼𝟥𝟢 𝖬𝖾𝖵/c𝟸

𝖬recoil (𝖦𝖾𝖵/c𝟤)

1.+2. 𝖬recoil = [𝗆𝟤
𝖡 + 𝗆𝟤

𝖪ℓ − 𝟤( 𝗌𝖤*𝖪ℓ /𝟤 + | ⃗𝗉*𝖡tag
| | ⃗𝗉*𝖪ℓ |cos θ)]𝟣

𝟤

θ: ∠( ⃗𝗉*𝖡tag
, ⃗𝗉*𝖪μ)

Signal is extracted fitting the 

𝖤*𝖡𝗍𝖺𝗀
→ 𝗌 /𝟤

https://arxiv.org/abs/2212.04128


1. Btag reconstruction 
Hadronic FEI

3. Additional requirements  
 

No extra tracks
τ→ℓνν, π+(𝗇π𝟢)ν

2. Bsig reconstruction 
Kaon 

Lepton {e,μ}
𝖡+ 𝖡−Υ(4S)

𝖪+

𝖣𝟢

π−

π𝟢

τ

ℓ

π(ℓ)𝖷

ντ(νℓ)

𝖬recoil = [𝗆𝟤
𝖡 + 𝗆𝟤

𝖪ℓ − 𝟤( 𝗌𝖤*𝖪ℓ /𝟤 + | ⃗𝗉*𝖡tag
| | ⃗𝗉*𝖪ℓ |cos θ)]𝟣

𝟤

θ: ∠( ⃗𝗉*𝖡tag
, ⃗𝗉*𝖪μ)

17

2 charge configurations x 2 flavors (e,μ) 
⇔ different BSM models and  backgrounds

𝗀𝟥𝟥
ℓ𝗊

𝗀𝟤𝟤
ℓ𝗊

𝗀𝟤𝟥
ℓ𝗊

𝗀𝟥𝟤
ℓ𝗊

μ

τ
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𝖡+ →𝖪+τ+ℓ− 𝖡+ →𝖪+τ−ℓ+

Signal is extracted fitting the 

2212.04128, Accepted by PRL

𝖤*𝖡𝗍𝖺𝗀
→ 𝗌 /𝟤

Belle simulation

Excellent resolution 
( )σ ∼𝟥𝟢 𝖬𝖾𝖵/c𝟸

𝖬recoil (𝖦𝖾𝖵/c𝟤)

1.+2.

https://arxiv.org/abs/2212.04128
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-  

- ROE properties  
- Decay topology 
- Btag quality

𝖬(𝖪+
sig𝖷

−
sig)

MVA is adopted for  
1.  bg suppression𝖡�̄�

2.  bg suppression𝗊�̄�

𝖬(𝖪+
sig𝖷−

sig) (𝖦𝖾𝖵/c𝟤)

𝖱𝟤

182212.04128, Accepted by PRL

☞ More details in BACKUP

 AT BELLE𝖡+ →𝖪+τℓ

𝖣𝟢
𝖪+

ℓ−

𝗍+

𝖡+

∫ ℒdt = 711 fb−1Belle

∫ ℒdt = 711 fb−1Belle

https://arxiv.org/abs/2212.04128


ℬ𝖴𝖫 =
𝖭𝖴𝖫

sig

ε × 𝟤𝖭𝖡�̄� × 𝖿+−

No significant signal is observed for any of the 4 modes𝖡+ → 𝖪+τ+μ−

Best limits for the  modes!𝖡+ →𝖪+τℓ

LHCb (9 fb-1)

BaBar (429 fb-1)

LHCb (9 fb-1) - expected

Belle (711 fb-1)

Belle (711 fb-1) - expected

 tagged𝙱*𝟶
𝚜𝟸 →𝙱+𝙺−

Hadronic B-tagging

Hadronic B-tagging

2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd 192212.04128, Accepted by PRL

 AT BELLE - RESULTS𝖡+ →𝖪+τℓ

@𝟫𝟢 % 𝖢𝖫

https://link.springer.com/content/pdf/10.1007/JHEP06(2020)129.pdf
https://arxiv.org/abs/1204.2852
https://link.springer.com/content/pdf/10.1007/JHEP06(2020)129.pdf
https://arxiv.org/abs/2212.04128


𝖡+ → 𝖪+τ+μ−

• Efficiency map to recast the efficiency to any NP scenarios 
• Quoted the most `unfavourable’ scenario corresponding to 

(pseudo)scalar LFV mediator (signal efficiency drop ~20%)

𝖯𝖧𝖲𝖯 𝖢𝖲,𝖯

→ →

2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd 202212.04128, Accepted by PRL

 AT BELLE - RESULTS𝖡+ →𝖪+τℓ

1602.00881

(𝖺𝗑𝗂𝖺𝗅-)𝗏𝖾𝖼𝗍𝗈𝗋 (𝗉𝗌𝖾𝗎𝖽𝗈-)𝗌𝖼𝖺𝗅𝖺𝗋

𝖬𝟤
τℓ ≡

∼𝖯𝖧𝖲𝖯
𝖢𝖲,𝖯𝖢𝟫,𝟣𝟢

https://arxiv.org/abs/2212.04128
https://arxiv.org/abs/1602.00881


•  events ( ) 

• Hadronic  tagging 

•  with  

• Unbinned extended ML fit to  distribution

Υ(𝟦𝖲)→𝖡𝟢�̄�𝟢 𝟩𝟢𝟢𝖬 𝖡𝖽

𝖡𝟢

𝖡𝟢
𝗍𝖺𝗀ℓ

± 𝖬𝗆𝗂𝗌𝗌 ∈ [1.4,2.2] 𝖦𝖾𝖵/c𝟤

𝖬𝗆𝗂𝗌𝗌

                                            •Data 
SG+BG Fit 
BG 
SG ( ) b.r. 10−4

B0 → Dπ

𝖡𝟢 →τμ

21

 SEARCHES AT BELLE𝖡𝟢
𝖽,𝗌 →τℓ
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𝖡𝟢 𝖡𝟢Υ(4S)
τ

𝖣−

π+

π𝟢

ℓ

π (ℓ )𝖷

ντ(νℓ)

𝖡𝟢
𝗌 𝖡𝟢

𝗌Υ(5S)
τ

𝖣+
𝗌

ℓ−
𝟥

ν̄ℓ

ℓ𝟣

ℓ𝟥

ντνℓ

• events ( ) 

• Semileptonic  tagging 
• BDT classifier for background suppression 

• U.L. estimation based on  in  [1]

Υ(𝟧𝖲)→𝖡(*)𝟢
𝗌 �̄�(*)𝟢

𝗌 𝟣𝟩𝖬 𝖡𝗌

𝖡𝟢
𝗌

𝖭𝗌𝗂𝗀 𝗉*𝟣 ∈ [𝟤 . 𝟣, 𝟤 . 𝟩] 𝖦𝖾𝖵/c𝟤

(b.r. 10−3)

𝖬𝟤
miss = [( 𝗌, 0) − (𝖤*𝖡, ⃗p *𝖡) − (𝖤*ℓ , ⃗p *ℓ)]𝟤

NEW

𝖡𝟢
𝗌 →τ𝖾

PRD.67.012002[𝟣]

PRD 104, L091105 (2021) 

2301.10989, submitted to JHEP

121 fb-1 @Υ(𝟧𝖲) b.r. 10−4

https://arxiv.org/abs/hep-ex/0202013
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.L091105
https://arxiv.org/abs/2301.10989


PRD.67.012002[𝟣]

•  events ( ) 

• Hadronic  tagging 

•  with  

• (Smooth) Background mainly  from  

• Peaking background due to  in  channel 

• Unbinned extended ML fit to  distribution

Υ(𝟦𝖲)→𝖡𝟢�̄�𝟢 𝟩𝟢𝟢𝖬 𝖡𝖽

𝖡𝟢

𝖡𝟢
𝗍𝖺𝗀ℓ

± 𝖬𝗆𝗂𝗌𝗌 ∈ [𝟣 . 𝟦, 𝟤 . 𝟤] 𝖦𝖾𝖵/c𝟤

𝖻 → 𝖼𝖶*/𝗎ℓν
𝖡𝟢 → 𝖣(*)−π+ τμ
𝖬𝗆𝗂𝗌𝗌

• events ( ) 

• Semileptonic  tagging 

• BDT classifier for background suppression 

• U.L. estimation based on  in the  signal region [1]

Υ(𝟧𝖲)→𝖡(*)𝟢
𝗌 �̄�(*)𝟢

𝗌 𝟣𝟩𝖬 𝖡𝗌

𝖡𝟢
𝗌

𝖭𝗌𝗂𝗀 𝗉*𝟣

NEW

                                            •Data 
SG+BG Fit 
BG 
SG ( ) b.r. 10−4

B0 → Dπ

𝖡𝟢 →τμ
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𝖡𝟢
𝗌 →τ𝖾

𝖡𝟢 𝖡𝟢Υ(4S)
τ

𝖣−

π+

π𝟢

ℓ

π (ℓ )𝖷

ντ(νℓ)

𝖡𝟢
𝗌 𝖡𝟢

𝗌Υ(5S)
τ

𝖣+
𝗌

ℓ−
𝟥

ν̄ℓ

ℓ𝟣

ℓ𝟥

ντνℓ

(b.r. 10−3)

• U.L. for  are  and are dominated by LHCb 

• : Belle ~ LHCb 

• : Best (first) U.L.

𝖡→𝖾μ 𝒪(𝟣𝟢−𝟫)

𝖡𝖽 →τμ

𝖡𝖽(𝗌) →τ𝖾

PRL 93, 241802 (2004) 
PRD 77, 091104(R) (2008) 
PRL 123, 211801 (2019) 
PRD 104, L091105 (2021) 
arxiv:2301.10989

Bd→𝝉l Bs→𝝉l
Tagging (4.5%) NBs (16.1%)

Lepton ID (1.6%) Tagging (15%)

NBB (1.4%) Lepton ID (4.3%)

Main syst. unc. breakdown

HFLAV-10/2022

Decay BF U.L. @ 90% CL
Bd→𝝉e  1.6×10-5

Bd→𝝉μ   1.5×10-5

Bs→𝝉e   14.1×10-4

Bs→𝝉μ 7.3×10-4

https://arxiv.org/abs/hep-ex/0202013
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.L091105
https://arxiv.org/abs/2301.10989
https://hflav-eos.web.cern.ch/hflav-eos/rare/Oct2022/html/radll/Badmix/BR_Badmix_Xs_gamma.html
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First Belle II measurement of  with hadronic B-tagging (190 fb-1)ℬ(𝖡→𝖷𝗌γ)

Do not miss tomorrow’s talk   
(2 p.m. @ Amphi Dirac)

“Recent Belle II results on radiative and 
electroweak penguin decays” (J. Cerasoli)

Belle still has the largest  datasets - searches for LFV processes 
: first U.L. for  

 : the most stringent UL’s  to-date - Benefit from software improvements in Belle II (e.g. FEI)

Υ(𝟦, 𝟧𝖲)
𝖡𝟢

𝗌 →ℓτ ℓ=𝖾
𝖡+ →𝖪+ℓτ

Rare B decays offer unique search opportunities at Belle(II)

 - Powerful inclusive B-tagging approach.  Ongoing analysis with 362 fb-1 
                           Consistency with SM will be  established at Belle II 

Clarifications of  require more data (longer term, 5-10 ab-1), healthy redundancy with LHCb 
 more challenging, expected world leading sensitivity

𝖡+ →𝖪+νν

𝖡→𝖪(*)ℓℓ, 𝖱𝖪(*)

𝖡→𝖪ττ

Thank you for your attention

Merci!



ADDITIONAL MATERIAL



Belle II TDR, arXiv: 1011.0352

THE UPGRADE
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd

Momentum resolution 20% 
better than Belle

BELLE2-NOTE-PL-2021-008 
High photon efficiency on a wide range of momenta 
Belle-like resolution on  massπ𝟢

x2 improved resolution on 
impact parameter (d0,z0)

e+

Muon and KL0 
KLM

Particle ID 
TOP - barrel 
ARICH - fw 

CDC

Tracking 
CDC 

PXD+SVD 

UPGRADED

NEW

NEW

Neutrals 
ECL 

UPGRADEDUPGRADED

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201011.0352
https://docs.belle2.org/record/2604/files/BELLE2-NOTE-PL-2021-008.pdf
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https://doi.org/10.1016/S0168-9002(02)01510-3
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BELLE II ECL
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DATA TAKING SCHEDULE
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2019 2020 2021 2022

𝖯𝖾
𝖺𝗄

𝖫𝗎
𝗆

𝗂𝗇
𝗈𝗌

𝗂𝗍𝗒
[×

𝟣𝟢
𝟥𝟧

𝖼𝗆
−

𝟤 𝗌−
𝟣 ]

𝖨𝗇𝗍.𝖫𝗎𝗆
𝗂𝗇𝗈𝗌𝗂𝗍𝗒[𝖺𝖻

−
𝟣]

1.0 → 0.5 → 0.3
β*𝗒 (𝗆𝗆)

LS1 LS2

𝖫𝖲𝟣: 𝖩𝗎𝗅𝗒 𝟤𝟢𝟤𝟤 − 𝖮𝖼𝗍𝗈𝖻𝖾𝗋 𝟤𝟢𝟤𝟥

Kodai Matsuoka, Rencontres du Vietnam Flavour Physics Conference 2022



SUPERKEKB PERFORMANCE
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Kodai Matsuoka, Rencontres du Vietnam Flavour Physics Conference 2022
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ℬ(Υ(𝟦𝖲) → 𝖡�̄�) > 𝟫𝟨 %

Υ(𝟦𝖲) 𝖩𝖯𝖢 = 𝟣−−

𝗌 = 𝗆Υ(𝟦𝖲)𝖼𝟤 = 𝟣𝟢 . 𝟧𝟪 𝖦𝖾𝖵/c2

• KEKB: Asymmetric  collider 
• : Mostly bhabha, ,  
• Only a small fraction for hadron  production: 

𝚎+𝚎−

σ𝚝𝚘𝚝 = 𝟷𝟺𝟹 𝚗𝚋 γγ 𝚎+𝚎−(ℓ+ℓ−)
𝚚�̄� σ𝚑𝚊𝚍

𝚝𝚘𝚝 ∼𝟻 𝚗𝚋

(σΥ(𝟺𝚂) = 𝟷 . 𝟷 𝚗𝚋)

2023.01.24 - G M d

`continuum’ 
𝚚�̄�

Two B-mesons and nothing else!

𝖽𝖽, 𝗌�̄�
𝗎�̄�

𝖼�̄�
𝖸(𝟦𝖲)

𝗎�̄�

𝖽𝖽, 𝗌�̄�
𝖼�̄�

𝖸(𝟦𝖲)

 COLLISIONS AT 10.58 GEV𝖾+𝖾− 𝗌 =
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd



RK(J/ψ) =
Γ (B → KJ/ψ (μ+μ−))
Γ (B → KJ/ψ (e+e−))

                                            𝙼𝚋𝚌 = 𝙴*𝟸
𝚋𝚎𝚊𝚖 − 𝚙*𝟸

𝙱

Δ𝙴 = 𝙴*𝙱 − 𝙴*𝚋𝚎𝚊𝚖

𝙴*𝚋𝚎𝚊𝚖 = 𝚜 /𝟸

Reminder

• Measurement of the tree-level  

in preparation for the penguin  
• Result with 189 fb-1 data 

• Signal extracted from a 2-D fit to ( )

𝙱→𝙺𝙹/ψ
𝙱→𝙺ℓℓ

𝙼𝚋𝚌, Δ𝙴

𝚁𝙺+(𝙹/ψ) = 𝟷 . 𝟶𝟶𝟿 ± 𝟶 . 𝟶𝟸𝟸 ± 𝟶 . 𝟶𝟶𝟾
𝚁𝙺𝟶(𝙹/ψ) = 𝟷 . 𝟶𝟺𝟸 ± 𝟶 . 𝟶𝟺𝟸 ± 𝟶 . 𝟶𝟶𝟾

𝚁𝙺+(𝙹/ψ) = 𝟶 . 𝟿𝟿𝟺 ± 𝟶 . 𝟶𝟷𝟷 ± 𝟶 . 𝟶𝟷𝟶
𝚁𝙺𝟶(𝙹/ψ) = 𝟶 . 𝟿𝟿𝟹 ± 𝟶 . 𝟶𝟷𝟻 ± 𝟶 . 𝟶𝟷𝟶

Belle (2021)

Analysis for  BF measurement 
on pre-LS1 dataset ongoing!

𝙱→𝙺ℓℓ

Improved syst uncertainty 
related to lepton-ID

 fit projectionsΔ𝙴

K+ →

KS0 →

e ↑ μ ↑

JHEP 03 (2021) 105

 TOWARDS 𝖱𝖪(𝖩/ψ) 𝖡→𝖪ℓℓ
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201908.01848


BELLE2-NOTE-PL-2021-004

 INCLUSIVE APPROACH𝖡→𝖷𝗌γ
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https://docs.belle2.org/record/2302/files/BELLE2-NOTE-PL-2021-004.pdf


RADIATIVE DECAYS - 1808.10567
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HFLAV AVERAGE
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The  is trained with the same features on the events with 𝙱𝙳𝚃𝟸 𝙱𝙳𝚃𝟷 >𝟶 . 𝟿

51 features are used to train 2 consecutive binary classifiers (FastBDT) 
called  and : 
— Event shape 
— Kinematics of the K+ candidate 
— variables related to the ROE 
—  variables related to the suppression

𝙱𝙳𝚃𝟷 𝙱𝙳𝚃𝟸

𝙳𝟶/+

PRL.127(2021)18,181802

Signal region and control regions (used for background estimation) are defined in the  space𝙱𝙳𝚃𝟸 × 𝚙𝚃(𝙺+)

SR

CR

 - BACKGROUND SUPPRESSION𝖡→𝖪νν
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https://arxiv.org/abs/1609.06119
https://inspirehep.net/literature/1860766


 eventsB+ →K+J/ψ ( → μ+μ−)  events 

where   are ignored and  
kinematics updated.

B+ →K+J/ψ ( → μ+μ−)
μμ K+

The analysis procedure is validated using  
events. The momentum of the signal kaon (2-body) is corrected to 
match the spectrum of 3-body   events 

's from the selected  decays are ignored and the modified 
events are reconstructed with the inclusive tagging

𝙱+ →𝙺+𝙹/ψ (μ+μ−)

𝙱+ →𝙺+νν̄
μμ 𝙹/ψ

An excellent Data-MC agreement for the BDT1,2 outputs is observed

The Data-MC agreement is also checked with off-resonance data (9 fb-1) 
 
A very good Data-MC shape agreement is found but with discrepancy in yields 
(factor 1.4 ± 0.1) 

A 50% normalisation uncertainty in the fit is used

PRL.127(2021)18,181802 - VALIDATION𝖡→𝖪νν
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd

https://inspirehep.net/literature/1860766
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S. Glazov, ECFA workshop,  
DESY, Hamburg, 5 Oct 2022

Prospects 2207.06307

B+→ BF B-tagging

τν [1.25±0.28(stat.)±0.27(syst.)]×10−4 Semileptonic
μν <8.6×10-7 Inclusive

eν <9.8 x 10^-7 Inclusive

Phys.Rev.D 92 (2015) 5, 051102

Phys.Rev.D 101 (2020) 3, 032007

Phys.Lett.B 647 (2007) 67-73

https://arxiv.org/pdf/2207.06307.pdf
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Angelescu et al , 2018

U1 LQ



• After reconstruction the  background is enhanced compared to  because of the 
B-tagging and the presence of a kaon and (at least one) lepton for Bsig  

• The background composition depends on the charge configuration

𝙱�̄� 𝚚�̄�

ℓ−
𝚜𝚒𝚐

𝙺+
𝚜𝚒𝚐

τ+
𝚝+

τ

𝙱𝚜𝚒𝚐
+

OSℓ

SSℓ

ℓ+
𝚜𝚒𝚐

𝙺+
𝚜𝚒𝚐

τ+
𝚝−

τ

𝙱𝚜𝚒𝚐
+

𝙳𝟶
𝙺+

ℓ−

𝙱𝚜𝚒𝚐
+

𝚝+

𝙺+
𝚝−

𝙳𝟶

𝙱𝚜𝚒𝚐
+

ℓ+

M(K+X−) with

Most important variable for BB 
background suppression

X− :
ℓ−

t−
τ

OSℓ

SSℓ

Signal B+B— background

Γ(B+ →D0X ) = (79 ± 4) %
Γ(D 0 →K+X ) = (54.7 ± 2.8) %

From PDG
D0 →K−π+ veto

 BACKGROUND NATURE𝖡+ →𝖪+τℓ
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Data/MC discrepancies affecting the BR measurement are 
evaluated with ad-hoc control samples

ℬ(UL) =
𝙽(UL)

sig

ε × 𝟸𝙽𝙱�̄� × 𝚏+−

Generated as result of two resonant decays 
[Belle, BaBar] 

   
with randomised assignment of  to 

 for  variable (SS mode)

𝙱+ →𝙳**𝟶(𝙳−π+
𝟷 )π+

𝟸 , 𝙳**𝟶 ≡ {𝙳*𝟶
𝟶 , 𝙳*𝟶

𝟸 }
{π𝟷, π𝟸}

{𝙺, ℓ} 𝙼(𝙺𝚝τ)

𝙳−

𝙺↔π+
𝟷,𝟸

ℓ↔π+
𝟸,𝟷

𝙱𝚜𝚒𝚐
+ 𝙱𝚝𝚊𝚐

−

FE
I

Treated as 
missing energy

𝚝τ ↔π−

π−

𝙺+

∫ ℒdt = 711 fb−1Belle

Mult. uncertainties:  
⇔ number of reco. events

Γ(B+ →D−π+π+)∼10−3

Γ(D− →K+π+π+)∼10 %

From PDG

SYSTEMATIC UNCERTAINTIES
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd

https://inspirehep.net/literature/623102
https://inspirehep.net/literature/810694
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−

FE
I

• No need of same decay kinematics  
• Good agreement between MC and data

Data/MC discrepancies affecting the BR measurement are 
evaluated with ad-hoc control samples

ℬ(UL) =
𝙽(UL)

sig

ε × 𝟸𝙽𝙱�̄� × 𝚏+−
Mult. uncertainties:  
⇔ number of reco. events
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∫ ℒdt = 711 fb−1Belle

SYSTEMATIC UNCERTAINTIES
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd



Used efficiency corrections obtained with 
 sample.  

The overall correction is 
 : (86.3 ± 1.4(stat) ± 5.0 (syst))% 

Our average is obtained by re-weighting the 
calibration factors for each FEI  mode, obtaining 

 : (85 ± 5)% (stat⊕syst) 

𝙱− →𝙳𝟶(𝙺−π+)ℓ−ν̄ℓ

ε𝙳ℓν

𝙱tag

ε̄

Data/MC FEI efficiency discrepancy

Completely consistent with other estimations 
 (with  samples)𝙹/ψ𝙺+, 𝙳(*)𝟶π+

Data/MC discrepancies affecting the BR measurement are 
evaluated with ad-hoc control samples

ℬ(UL) =
𝙽(UL)

sig

ε × 𝟸𝙽𝙱�̄� × 𝚏+−
Mult. uncertainties:  
⇔ number of reco. events

SYSTEMATIC UNCERTAINTIES
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd

https://publish.etp.kit.edu/record/21422


Mean and width of PDF are 
calibrated  with inclusive 

 sample 𝙱+ →𝙳(*)𝟶π+

D0

∫ ℒdt = 711 fb−1

Belle

D*0

We vary  by to assess the syst. 
uncertainty on the fixed value from MC

fsig(↔ fCB) ±10 %

Signal shape PDF is fixed from MC and needs 
calibration 𝙳(*)𝟶

π+ 𝙱𝚜𝚒𝚐
+ 𝙱𝚝𝚊𝚐

−

FE
I

*

* 

Additive 
uncertainties:  
⇔ signal yield fit

ℬ(UL) =
𝙽(UL)

sig

ε × 𝟸𝙽𝙱�̄� × 𝚏+−

Signal PDF 
right-sided Crystal Ball (CB) + Gaussian (G)

SYSTEMATIC UNCERTAINTIES
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd



arXiv:2205.05222

B-ANOMALIES OBSERVABLES
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Weight factors assuming the `extreme’ BSM scenario (S term) 
are applied to estimate the lowest  εNP

sig

9,10 ~ PHSP

S,P

9S,10P

Eur.Phys.J.C 76 (2016) 3, 134 
[Bečirević, Sumensari et al.]

ℋeff (b → sℓ−
1 ℓ+

2 ) = −
4GF

2
VtbV*ts ∑

i=1...9,10,S,P
(C12

i (μ)O12
i (μ) + C′ 12

i (μ)O′ 12
i (μ))

Wilson Coefficients (effective couplings)

dΓ/dq2 = ∑
k=V,S,I

ϕk(q2)fk(Ck)

[arXiv:1809.06229]

LFV in  transitions can be encoded in the  by effective operators producing different 
 ( ) from that obtained with the ‘baseline' PHSP model ( )

𝚋→𝚜ℓℓ ℋeff
𝚚𝟸 ≡ 𝚖𝟸

ℓτ εNP
sig εsig

: (axial) vector 
: (pseudo) scalar  

: interference 

k =9(10)
k =S(P)
k =9S,10P

Effective 
operators

At the energy scale μ∼mb
Important 

role for 
LFUV

LH RH

MC PHYSICS MODEL BEYOND PHASE-SPACE
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201602.00881


Limits on Lepton Flavor Violating Decays

LHCb
CDF
CLEO
Belle

BABAR
Our Avg.

HFLAV

April 2019

Branching Fraction × 10−6
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 Thrust: for a collection of N momenta pi (i = 1,···N), the thrust axis T is defined as the unit vector along which their total projection is maximal; the thrust scalar T (or thrust) is a derived quantity defined as  

 For a BB event, both B mesons are produced almost at rest in the Υ(4S) rest frame, so their decay particles are isotropically distributed, their thrust axes are randomly distributed, and thus |cos θT | follows 
a uniform distribution in the range [0,1]. In contrast for  events, the momenta of particles follow the direction of the jets in the event, and as a consequence the thrusts of both the B candidate and the 
ROE are strongly directional and collimated, yielding a |cos θT| distribution strongly peaked at large values.  

𝚚�̄�

𝚁𝚗 =
𝙷𝚗

𝙷𝟶

Variables related to the B meson direction: the spin-1 Υ(4S) decaying into two spin-0 B mesons results in a sin2 θB angular distribution with respect to the beam axis; in contrast for e+e− → ff  ̄events, the 
spin-1/2 fermions f, and its two resulting jets, are distributed following a 1 + cos2 θB distribution. Using the angle θB between the reconstructed momentum of the B candidate (computed in the Υ (4S ) 
reference frame) and the beam axis, the variable |cosθB| allows one to discriminate between signal B decays and the B candidates from continuum background. 

𝚃 =
∑𝙽

𝚒=𝟷 | ⃗𝚃 ⋅ ⃗𝚙 𝚒 |

∑𝙽
𝚒=𝟷 | ⃗𝚙 𝚒 |

The Fox-Wolfram moments: for a collection of N particles with momenta pi, the k-th order Fox-Wolfram moment Hk is defined as  

where θij is the angle between pi and pj, and Pk is the k-th order Legendre polynomial. Notice that in the limit of vanishing particle masses, H0 = 1; that is why the 
normalized ratio Rk = Hk/H0 is often used, so that for events with two strongly collimated jets, Rk takes values close to zero (one) for odd (even) values of k. These 
sharp signatures provide a convenient discrimination between events with different topologies. 

𝙷𝚔 =
𝚗

∑
𝚒,𝚓

| ⃗𝚙 𝚒 | | ⃗𝚙 𝚓 |𝙿𝚔(cos θ𝚒𝚓)

Cleo Cones: Set of nine variables corresponding to the momentum flow around the thrust axis of the B candidate, binned in nine cones of 10◦ around 
the thrust axis as illustrated  

SHAPE VARIABLES FOR CONTINUUM SUPPRESSION
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd



EXCLUSIVE 𝖻→𝖽γ: 𝖡𝟢 →𝖪𝟢
𝖲𝖪𝟢

𝖲γ
2023.05.29 - G M (J. STEFAN INSTITUTE) - FPCP LYONd

• First search,  only probed through  

•  production can occur via tensor states 

• Yields extracted with Mbc fit 

• Total BF and ‘partial’ BF in 10  bins

𝖻→𝖽γ 𝖡→ρ/ωγ
𝖪𝟢

𝖲𝖪𝟢
𝖲

𝗆𝖪𝖪

PhysRevD.106.012006

𝟧 . 𝟪 × 𝟣𝟢−𝟩@ 𝟫𝟢 % 𝖢𝖫

𝗆𝖪𝖪 ∈ (𝟣 . 𝟢𝟢, 𝟣 . 𝟦𝟦) 𝖦𝖾𝖵/c𝟤

𝗆𝖪𝖪 ∈ (𝟣 . 𝟦𝟦, 𝟣 . 𝟨𝟥) 𝖦𝖾𝖵/c𝟤

𝗆𝖪𝖪 ∈ (𝟣 . 𝟢, 𝟥 . 𝟢) 𝖦𝖾𝖵/c𝟤

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.012006

