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Belle and Belle II experiments

~ 7.5m

~ 7m

Ø Asymmetric 𝑒!𝑒" → Υ(4𝑆) → 𝐵 )𝐵  with production cross section ~1.1𝑛𝑏 
ü Belle → Belle II: 𝑒!(3.5 GeV)𝑒"(8 GeV) → 𝑒!(4 GeV)𝑒"(7 GeV) 

Ø Belle (1999-2010): 1.4	ab"#  with 711	fb"# at Υ 4𝑆 ,  ℒ$%&' = 2.1×10()𝑐𝑚"*𝑠"#

Ø Belle II collected 428	fb"# data for Run 1 with record ℒ$%&' = 4.7×10()𝑐𝑚"*𝑠"#

ü Restart data taking in 2024, Final goal: 50	ab"# data at ℒ$%&' = 6.5×10(+𝑐𝑚"*𝑠"#

ü Improved detector performance and data analysis techniques

Belle II TDR: arXiv:1011.0352
𝛽𝛾 = 0.28

428	%b!"
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Outline of the talk

ØThis is not a review talk
ü Some selected recent results from Belle/Belle II
ü Focus on results sensitive to New Physics (NP)
ü Focus on measurements most sensitive at B factory

Ø  Topics:
üMeasurements of CP Violation (CPV) in B decays
üRare and forbidden B, charm and Tau decays
üTest of lepton flavor universality
üNo Dark Sector: see the talk by Martina Laurenza

Ø  Avoid too much experimental details

Ø  Comparison to previous results and outlook in the future
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B Flavor tagging at Belle II
Ø B flavor tagging: Identify the flavor of the other B 

𝑒"

𝑒!

Υ(4𝑆)

𝐵sig

“tag” 𝐵
,𝐵!

𝐵!
𝜇"

𝜇#

𝜋"

𝜋#

𝐽/𝜓

𝐾$!

Ø Belle II initial B tagging algorithm: 
ü Category-based (CB): physics object as 

Boosted decision tree (BDT) input
ü Similar to Belle & BaBar experiments

Ø Newly developed B tagging algorithm: GFlaT
ü Graph neural network (GNN)
ü 25 variables for each track as GNN input
ü 18% improvement in performance

<latexit sha1_base64="wZ6GE1HeG+vRc5e3EtriShS29z4="></latexit>

✏tag(CB) = (31.7± 0.5± 0.4)%

✏tag(GFlaT) = (37.4± 0.4± 0.3)%

<latexit sha1_base64="ZLpSnP1brqVDAvAv9HWOYfLHuww=">AAACE3icbVDLSsNAFJ3Ud31FXboZrEKtWBIXKq6kirhUtFpo0jKZ3rSDk0mYmQgl9B/c+CtuXCji1o07/8ZpzcLXgYHDOfdy55wg4Uxpx/mwCmPjE5NT0zPF2bn5hUV7aflKxamkUKcxj2UjIAo4E1DXTHNoJBJIFHC4Dm6Ohv71LUjFYnGp+wn4EekKFjJKtJHaduUCeLitSbcLHVw74eT2AK/XWo6nY3zcysqVze2Bl7DW1jpu2yWn6oyA/xI3JyWU46xtv3udmKYRCE05UarpOon2MyI1oxwGRS9VkBB6Q7rQNFSQCJSfjTIN8IZROjiMpXlC45H6fSMjkVL9KDCTEdE99dsbiv95zVSH+37GRJJqEPTrUJhybAIPC8IdJoFq3jeEUMnMXzHtEUmoNjUWTQnu78h/ydVO1d2t7p7vlA5reR3TaBWtoTJy0R46RKfoDNURRXfoAT2hZ+veerRerNev0YKV76ygH7DePgFrgJtX</latexit>

Self-tagged BFlav: B0 ! D(⇤)�⇡+

arXiv:2402.17260, Accepted by PRD 
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CPV in Penguin dominated B decays 

NP may induce a large discrepancy 
between the CP Asymmetry in 𝑏 → 𝑐 ̅𝑐𝑠 
and 𝑏 → 𝑞)𝑞𝑠, (𝑞 = 𝑢, 𝑑, 𝑠) transitions, 
such as 𝜂4𝐾56, 𝜙𝐾56, 𝐾56𝜋6, 𝐾56𝐾56𝐾56

Ø Still use the old Belle II CB tagging:

Ø Consistent with Belle measurement: 711	fb"#
ü Use more final states (𝐾76 → 𝜋6𝜋6, 𝐾8)
ü 𝜎5 = 0.07 

Ø Belle II expects ~10% improvement of 𝜎5 for 
same data statistics using GFlaT

<latexit sha1_base64="10sblEX+zRoyZzwHCXytsabtY7M="></latexit>

B0 ! ⌘0K0
S with ⌘0 ! ⌘(! ��, 3⇡)⇡+⇡� or ⌘0 ! ⇢�

<latexit sha1_base64="Nqaxh0F3X+uTw7y1I7FQEGIVbLk="></latexit>

C⌘0K0
S

= �0.19± 0.08± 0.03

S⌘0K0
S

= +0.67± 0.10± 0.04

arXiv:2402.03713,  PRD 



Chunhui Chen, Iowa State University        FPCapri2024, June 19-21, 2024
6

CPV in 𝐵! → 𝐾"!𝜋!𝛾
Ø Amplitude dominated by electro-weak penguin loop

Ø Expect very small mixed-induced CPV in the Standard Model (SM)
ü 𝑏 → 𝑠𝛾9 is helicity suppressed by (𝑚7/𝑚:) w.r.t. 𝑏 → 𝑠𝛾8 
ü 𝐵6 → 𝐾56𝜋6𝛾8 vs. 𝐵6 → )𝐵6 → 𝐾56𝜋6𝛾9 

Ø Measurements for resonance (𝐾∗6 → 𝐾56𝜋6) and non-resonance final states

Ø Most precise measurements
ü Use CB tagging
ü Belle (499	fb"#) & BaBar (436	fb"#)

Ø Challenging measurement at LHCb

<latexit sha1_base64="dQMXOB2yMjXSMcPv6QCuNyfeMh4="></latexit>

CRes = 0.10± 0.13± 0.03

SRes = 0.00 +0.27
�0.26

+0.03
�0.04

<latexit sha1_base64="8utK2raHooqLpoldRvikLEH0HQk="></latexit>

CNon�Res = �0.06± 0.25± 0.07

SNon�Res = 0.04 +0.45
�0.44 ± 0.10

To be submitted to PRL
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Ø Update Belle II measurement of ℬ and 𝐴<= with 
189	fb"#

Ø Improved analysis techniques
ü Better selections, GFlaT, reduction of systematic 

uncertainties
ü BDT photon selector, continuum suppression 

trained using off-resonance data
ü 4-D fit: 𝑀:>, Δ𝐸, continuum suppression BDT 

output, wrong B-tag probability 

Ø Compatible Direct CP precision with world average
ü Belle (499	fb"#) & BaBar (436	fb"#)

ü Very challenging measurement at LHCb

Direct CPV in 𝐵! → 𝜋!𝜋!

To be submitted to PRD 

𝑀%& = ( 𝑠/2)'−|𝑝(∗ |' [GeV/c2]
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Electroweak Penguin dominated B decays 
Ø NP may contribute, eg: the EWP loops 

ü 𝑏 → 𝑠𝑙!𝑙", 𝑏 → 𝑠𝜈𝜈̅, and 𝑏 → 𝑠𝛾 transitions

Ø Some measurements have tension with SM
ü Branching fraction and angular observables

Ø Search for 𝐵! → 𝐾!𝜈𝜈̅ at Belle II
ü Theoretically clean (no photon exchange)
ü Experimentally challenging: two neutrinos in the 

final state, high background and small 
branching fraction

ü Only accessible at B-factories (constraint using 
well-know initial kinematics)
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Search for 𝑩# → 𝑲#𝝂)𝝂
Two parallel reconstructions

Exclusive hadronic 
final state

Inclusive 
final state

Hadronic Tag Analysis (HTA): 
Ø Fully reconstruct “tag” B: 

ü Better measurement of 𝐵sig kinematic variables
Ø Full-Event-Interpretation (FEI) at Belle II

ü Multivariate classification using BDT
ü 50% tag efficiency improvement vs Belle

Ø Small efficiency but significantly reduce bg
ü Signal eff = 0.4%, purity = 3.5%

Ø Extract signal via a BDT output

Inclusive Tag Analysis (ITA): 
Ø Non-exclusive reconstruction of “tag” B: 
Ø Select signal kaon that minimize (~96% correct)

Ø Larger efficiency but significantly more bg
ü Signal eff = 8%, purity = 0.9%

Ø Extract signal using BDT output and 𝑞I%>*

Comput. Softw. Big 
Sci. 3, 6 (2019)

<latexit sha1_base64="BV0WK0FVHV7UW9oAlkxjRCe7JDg="></latexit>

q2rec = s/(4c4) +m2
K �

p
sE⇤

K/c4
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Ø Signal efficiency check using 𝐵 → 𝐽/𝜓 𝜇𝜇 𝐾
ü Remove 𝐽/𝜓 and correct kaon kinematics to match signal distributions

Ø Continuum validation with off-resonance data

Ø 𝐵 → 𝑋> → 𝐾86  validate from pion enriched sideband

Ø Signal like 𝐵 → 𝐾!𝐾86𝐾86 check with 𝐵 → 𝐾!𝐾56𝐾56	

Ø Similar validation for 𝐵 → 𝐾!𝐾56𝐾86	and 𝐵 → 𝐾!𝑛𝑛	

Ø Validated the method to measure 𝐵 → 𝐾6𝜋!
ü ℬ = (2.5 ± 0.5)×10"+
ü Consistent with PDG: (2.38 ± 0.08)×10"+

Search for 𝑩# → 𝑲#𝝂)𝝂

Phys. Rev. D 109, 112006 (2024) 

Data driven approach with many validations
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Results of 𝑩# → 𝑲#𝝂)𝝂

Ø First evidence of 𝐵! → 𝐾!𝜈𝜈̅ (3.5𝜎), branching fraction in excess of SM 2.7𝜎	
Ø Measurement enabled by new inclusive techniques

<latexit sha1_base64="BV0WK0FVHV7UW9oAlkxjRCe7JDg="></latexit>

q2rec = s/(4c4) +m2
K �

p
sE⇤

K/c4 Phys. Rev. D 109, 112006 (2024) 
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Results of 𝑩# → 𝑲#𝝂)𝝂

Other 𝐵 → 𝐾𝜈𝜈̅ analysis ongoing at Belle II
Expect some results soon
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Search for rare 𝑏 → 𝑑𝑙#𝑙$ transition 

arXiv:2404.08133, submitted to PRL 

Ø 𝑏 → 𝑑𝑙!𝑙" process via loops and highly suppressed, ℬ5J	~	𝑂 10"K
ü LHCb (3	fb"#) observed final state with 𝜋± in dimuon mode

Ø Sensitive to NP contribution in the loop
ü Rate measurement, lepton flavor universality

Belle (711	fb()) 
World best limits in all channels. First 
search for ω𝑙*𝑙(, 𝜌+𝑒*𝑒(, 𝜌±𝑙*𝑙( modes

𝑀%& = ( 𝑠/2)'−|𝑝(∗ |' [GeV/c2]
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Test lepton Universality using 𝑏 → 𝑐𝜏𝜈 

𝑅M∗ =
ℬ(𝐵 → 𝐷∗𝜏𝜈)
ℬ(𝐵 → 𝐷∗𝑙𝜈)

𝑅M =
ℬ(𝐵 → 𝐷𝜏𝜈)
ℬ(𝐵 → 𝐷𝑙𝜈)

Measurement of 𝑅* and 
𝑅*∗ exceed the
SM predictions by 1.6𝜎 
& 2.5𝜎, respectively, the 
combined deviation 
above the SM is 3.31𝜎 

Ø First measurement of 𝑅(𝑋U/V) as an inclusive test of the 𝑏 → 𝑐𝜏𝜈 anomaly

Ø Recent measurement by Belle II: 189	fb"#
Ø Small statistical uncertainty due to large signal decay branching fraction
Ø Phys. Rev. Lett. 132, 211804 (2024) Editor’s suggestion



Chunhui Chen, Iowa State University        FPCapri2024, June 19-21, 2024
15

Test lepton Universality using 𝑅(𝑋!/#) 

Only leptonic 𝜏 decay is used 

Using data-driven corrections for the “non-well-known” stuffs
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Test lepton Universality using 𝑅(𝑋!/#) 

Ø Belle II has developed a powerful and 
independent new test of the 𝑏 → 𝑐𝜏𝜈 
anomaly using new inclusive techniques

Ø Measurement limited by systematic errors, 
some of them can be reduced with more 
data/MC events 

SM prediction: 0.223 ± 0.005

Phys. Rev. Lett. 132, 211804  (2024)
Editor’s suggestion

JHEP 2022,7(2022)
PRD 92,054018(2015)
PRD 105,073009 (2022)
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Measurement of 𝐵 → 𝛾𝛾

Ø Combined Belle (694	fb"#)  and Belle II 
(362	fb"#) measurement

Ø Small branching fraction & high background

Ø Analysis strategy:
ü Dedicated BDT to suppress continuum, 

𝜋6 → 𝛾𝛾 and 𝜂6 → 𝛾𝛾 
ü Multivariable fit to: Δ𝐸,𝑀:>, and BDT output
ü Control sample: 𝐵6 → 𝐾∗ 892 [𝐾!𝜋"]𝛾

Ø Significant improvement at Belle II vs Belle
ü Better signal efficiency
ü Improved Δ𝐸 resolution
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𝑀%& = ( 𝑠/2)'−|𝑝⃗(∗ |' [GeV/c2]

Ø Combined signal yield: 11.0"+.+!W.+

ü Significance ~ 2.5𝜎 and  Expected UL: ℬ < 4.4×10"K

Ø Sensitivity approaches SM prediction: ℬ = (1.4"6.K!#.))×10"K

Ø UL has 5x improvement over previous best UL by BaBar: ℬ < 3.2×10"X

Ø Possible observation with more data in near future

Measurements of 𝐵 → 𝛾𝛾

arXiv:2405.19734,
submitted to PRD 
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Search for Rare Charm decays: 𝐷$ → ℎ%ℎ&𝑒%𝑒& 
Short distance (SD)

Long distance (LD)

Ø Flavor changing neutral current (FCNC) 𝑐 → 𝑢𝑙𝑙 
process is highy suppressed in the SM

Ø LD mainly from vector meson dominated mode

Ø Search for NP and Lepton Flavor Universality (LFU) 
test 

PRD 98, 035041 (2018)

Some previous results of Br and UL (10(.) @90%

BaBar: PRL 122, 081802 (2019)
BESIII: PRD 97, 072015 (2019)
LHCb: PLB 517, 558 (2016); PRL 119, 181805 (2017)
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Search for rare charm decays: 𝐷$ → ℎ%ℎ&𝑒%𝑒& 
Ø Belle measurement with 942	fb"# data 

Ø Observe 𝐷6 → 𝐾"𝜋!𝑒!𝑒" in 𝜌/𝜔 region (11.8𝜎)
ü Compatible with Babar and SM expectation

Ø No significant signal on other final states
ü UL at 90% around (2.3 − 7.7)×10"X
ü World’s best limits to date

To be submitted to PRL 

[10#+][10#+]
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Search for Rare 𝜏 lepton decays
Ø Many rare or forbidden 𝜏 decays are excellent probes to NP beyond the SM

Ø B-factories generated large 𝜏 decay data samples
ü Searches in many different final states with high precisions
ü Not limited by systematics, sensitivities increases with higher luminosity
ü Better sensitives than other experiments in many final states

arXiv:2203.14919
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Search for LFV 𝜏 → 𝜇𝜇𝜇 decay
Belle II measurements: 424	fb"# data 

1-prong: Belle & BaBar method

Inclusive approach: Belle II

Ø Cut-based selection
Ø Signal efficiency: 14.9% (2 × Belle efficiency)
Ø Expected background: 0.43 (simulation)

Ø Boost Decision Tree based selection
Ø Signal efficiency: 20.4% (2.7 × Belle efficiency)
Ø Expected background: 0.5 (simulation)
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Search for LFV 𝜏 → 𝜇𝜇𝜇 decay

Most stringent limit to date

Signal: 
𝑀/0 close to 𝜏 mass, 
Δ𝐸 close to zero
Tail due to initial and 
final radiations
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Test of Lepton flavour universality in 𝜏 decay

Ø Most precise test of 𝜇 − 𝑒 universality in 𝜏	decays by a single measurement
Ø Consistent with the SM expectation at 1.4𝜎 level
Ø Dominated systematic uncertainty by Lepton ID corrections and correlations

Ø Coupling between lepton and 𝑊 is 
flavour-independent in the SM

Ø Test 𝜇 − 𝑒 universality in 𝜏	decays by 
measuring decay rates (362	fb"#)

arXiv:2405.14625
Submitted to JHEP
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Summary and Prospect
Ø A few selected recent highlights from Belle(II)

Ø Improved sensitivities at Belle II (better detector and analysis)

Ø More exciting results will eventually come with more data (soon)

We are here!
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Backup



Chunhui Chen, Iowa State University        FPCapri2024, June 19-21, 2024
27

Measurements of 𝐵 → 𝐾∗(892)𝛾
Large branching fraction and clean experimental signal

Belle II Results: 362	fb"# 

<latexit sha1_base64="cjsMwhVwZn5z35DgeXnIV1/ExVI="></latexit>

�ACP = (2.2± 3.8± 0.7)%

�0+ = (5.1± 2.0± 1.0± 1.1)%

Stat Syst f+-/f00

Consistent with the world average and the SM expectation
Systematic uncertainties can be reduced with more data

To be submitted to JHEP 
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Lepton & baryon number violating  𝜏 decay
Ø Search for Lepton number & baryon number violating 𝜏 decays 

Ø Belle II measurements: 362	fb"# data

To be submitted to PRD 


