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Correlations with Ὑ ᶻ [2] suggest large 

enhancements to SM BF ַ102)ײ - 103) [3].

[5]

2

Å Excess in ὄ ᴼὑ ’Ӷ’, combined with 2 ᶻ

constraints, suggests LFU violation in †ôs [4,5].

[1]PRD107,119903(2023) [2]PRL120,181802(2018) [3]PRD105,113007(2022) [4]PLB848,138411(2023) [5]arXiv:2309.00075
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ÅFlavor changing neutral currents (FCNC):

ÅPrecision tests of the Standard Model (SM)

ÅLarge sensitivity to New Physics (NP)

ὅ ὅ ὅ

Å ὦO ί††transitions occur only in loop level as FCNC.

SM expected BF ַ[1] (10-7)ײ

Motivation

ÅNP can manifest through additional operators and 

effective couplings (Wilson Coefficients):

ÅNon-SM particles could modify decay properties.
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Experimental Status
Before 2025, very few experimental results and upper limits ~ ַײ

ÅPre-CKM 2025
- Belle II ὄ ᴼὑᶻ††result improved Belleôs (Ҏ2)

- Indirect measurement on ꜟ from LHCb in ὄ ᴼὑᶻ‘‘

Å CKM 2025:

- First ὄ ᴼὑ ††(Belle and Belle II) result UL@90%CL = 8.7Ҏ10-4

- First direct search at LHCb ὄ ᴼὑᶻ††result UL@90%CL = 2.5Ҏ10-4

Å No experimental input for ὄ ᴼὑ††
Å Limits for ║ᴼ╚╟╢ⱲⱲand ║ᴼ╚╥ⱲⱲprovide complementary information in constraining NP
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PRL 135, 151801 (2025) HEPData

PRL 118 (2017) 25, 251802

PRL 118 (2017) 3, 031802

PRD 108 (2023) 1, L011102

2510.13716

CKM 2025
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Experimental Approaches

ÅReconstruct †O Љ’’“’modes.

ÅCut-based approach.

ÅCounting in (fit to) the residual 
calorimeter energy.

ὄ ᴼὑ ††ὄρ ὄς ὄ ᴼὑz ††ὄρ

All the searches at ║-factories published so far used a hadronic ║-tagging approach 

ὄ ᴼὑz ††ὄς

ÅReconstruct †O Љ’’“’ ”’modes.

ÅMultivariate analysis (MVA) approach 
(separating variables, including residual 
calorimeter energy).

ÅFit to the classifier output.

1

2

ὄ ᴼὑ††ὄρ ὄς

1

2
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ÅὩὩ collisions at ὄὄproduction threshold make Belle and Belle II 

perfect candidates for searches for ὦO ί††: 

ÅWell-known collision 4-momentum

Å~Hermetic detector

ÅHigh detection efficiency

5

║Factories

Belle II detector

7 GeV Ὡ beam
4 GeV Ὡ beam
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║Factories

Belle II detector

7 GeV Ὡ beam
4 GeV Ὡ beam

ÅBelle and Belle II together have accumulated more than 

1.3 billion ║║pairs at ♇ ╢resonance .

www.belle2.org/research/luminosity/

ɭὲὛȡ155 fb-1

ɭτὛȡ711 fb-1

off-ɭτὛ: 90 fb-1

ɭὲὛȡ19 fb-1

ɭτὛȡ365+225 fb-1

off-ɭτὛ : 59 fb-1
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Å„ὦὦ 1.05 nb

Å„ήή 3.69 nb

Å„†† 0.92 nb

http://www.belle2.org/research/luminosity/
http://www.belle2.org/research/luminosity/
http://www.belle2.org/research/luminosity/


ÅFinal -state particle reconstruction
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To search for ║ᴼ╚ⱲⱲ decays

High photon efficiency > 90% (p>1.5 GeV/c)

Resolutions of 7.7% (2.2%) at 100 MeV (1 GeV)

Ⱬȟ♬ ▄ID ⱧID ╚ID

Key performance 

at Belle II

BELLE2-CONF-PH-2022-003

ὒÄὸ ςπχÆÂ

BELLE2-CONF-PROC-2023-027BELLE2-CONF-PH-2022-003BELLE2-NOTE-PL-2021-008

Particle ID and separation

ÅὑȾ“: ʀͯωπϷ at υϷ fake

Å‘Ⱦ“: ʀͯωπϷ at σϷ fake

ÅÅȾ“: ʀͯωψϷ at πȢυϷ fake
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To search for ║ᴼ╚ⱲⱲ decays

ὄὄ ɭτὛ

Ὡ

Ὡ
ÅAt ɭτὛwe have just two ὄmesons 

and nothing else.

ÅWe can reconstruct these two ║ôs.
ὑ

†ὸ

†ὸ
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Hadronic ║-Tagging

ὄὄ ɭτὛ

Ὡ

Ὡ

ÅMVA-based ║-tagging algorithm with hierarchical 

approach, called Full Event Interpretation (FEI) is 

used to exclusively  reconstruct the non-signal ὄ
meson (ὄ ) in ַ(104)ײ decay chains.

Comput Softw Big Sci 3, 6 (2019)

ÅAt ɭτὛ we have just two ὄmesons 

and nothing else.

ÅWe can reconstruct these two ║ôs. Well-known 

hadronic ὄ
decays

ὑ

†ὸ

†ὸ
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https://link.springer.com/content/pdf/10.1007/s41781-019-0021-8.pdf
https://link.springer.com/content/pdf/10.1007/s41781-019-0021-8.pdf
https://link.springer.com/content/pdf/10.1007/s41781-019-0021-8.pdf


ÅFEI-reconstructed tag ║meson allows for kinematic and flavor 

inference on the signal ║meson through the ɭτὛ constraint. 

ᵼNo missing energy in the tag side .

Crucial for signatures with neutrinos.

10

Hadronic ║-Tagging

ὄὄ

ὑ

†ὸ ɭτὛ

Ὡ

Ὡ

ÅThis tagging technique has a rather low efficiency of 

.(10%)ײַ but also comes with a high purity of ,(0.1%)ײַ

FEI signal 

probability > 0.01

FEI signal 

probability > 0.1

ὓ ὧ ίȾτ ὴᶻ ὧ

Comput Softw Big Sci 3, 6 (2019)

ÅAt ɭτὛ we have just two ὄmesons 

and nothing else.

ÅWe can reconstruct these two ║ôs. Well-known 

hadronic ὄ
decays

†ὸ
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ÅMVA-based ║-tagging algorithm with hierarchical 

approach, called Full Event Interpretation (FEI) is 

used to exclusively  reconstruct the non-signal ὄ
meson (ὄ ) in ַ(104)ײ decay chains.

‐ πȢςψϷat ρπϷpurity

‐ πȢρψϷat ρπϷpurity

https://link.springer.com/content/pdf/10.1007/s41781-019-0021-8.pdf
https://link.springer.com/content/pdf/10.1007/s41781-019-0021-8.pdf
https://link.springer.com/content/pdf/10.1007/s41781-019-0021-8.pdf
https://link.springer.com/content/pdf/10.1007/s41781-019-0021-8.pdf
https://link.springer.com/content/pdf/10.1007/s41781-019-0021-8.pdf
https://link.springer.com/content/pdf/10.1007/s41781-019-0021-8.pdf
https://link.springer.com/content/pdf/10.1007/s41781-019-0021-8.pdf
https://link.springer.com/content/pdf/10.1007/s41781-019-0021-8.pdf
https://link.springer.com/content/pdf/10.1007/s41781-019-0021-8.pdf
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Search for ║ ᴼ╚ ⱲⱲ1
Strategy:

Å†are reconstructed in †O Љ’Ӷ’decays (only leptonic!).

ÅExploit background-depleted region -ὑ ȟЉ ρȢωὋὩὠȾὧ
ᴼvery little background remaining above the Ὀmeson mass.

ÅFurther optimization on missing mass squared , residual energy in 
calorimeter (Ὁ ), -ὑ ȟЉ .

ÅPhoton cleanup is crucial as there should be no calorimeter activity after correct event reconstruction.

barrel

365 fb-1 at ɭτὛ711fbī1atɭτὛ

ÅEnergy requirements are optimized separately for 
forward, barrel , backward regions of the detector.

(Beam backgrounds populate low energy clusters,   
more abundant in the backward detector region)

ÅPhotons are required to be far from the nearest 
track to reduce mis-reconstruction from showers 
from hadrons.

(Mis-reconstructed photons are present at small   
cluster-to-track distances)

ECL

Ihor Prudiiev (IJS Ljubljana)
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365 fb-1 at ɭτὛ711fbī1atɭτὛ

Search for ║ ᴼ╚ ⱲⱲ1

ÅLow background working point ᴼ rely on background 
extrapolation into signal region from 3 sidebands :

ὓ , ή , Ὁ1 2 3

linear 
scaling

ÅCombined Belle+Belle II result:  ּק╤╛(║ ᴼ╚ ⱲⱲ) < Ȣ (90% CL)

Ÿ 2.6 times lower than previous upper limit (from BaBar ).

1 2 3

[ɴ . , . ] /c

< . /c

sɵignal region

ÅBackground extrapolation gives dominant systematic uncertainty.

ÅSignal extraction by event counting in first bin of Ὁ variable.

ή ὴ ὴ ὴ

Ὁ [GeV]Ὁ [GeV]Ὁ [GeV]
Ὁ [GeV]

Ὁ [GeV]

Ihor Prudiiev (IJS Ljubljana)



Features:

ÅNewer & better ὄ-tagging algorithm wrt Belle measurement.

Å†are reconstructed in 1-prong †O Љ’Ӷ’ȟ“’ȟⱬⱨdecays.

Å††are grouped into ЉЉ, Љ“,““, ”ὢ(ὢ Љȟ“ȟ”) final-state categories (4 total).

ÅCut-based ᵼMVA classification based on missing energy , residual energy in the 
calorimeter , ὑᶻ properties,  ή ὴ ὴ ὴᶻ etc.

13
365 fb-1 at ɭτὛ

Residual calorimeter energy [GeV]

before

correction
after

correction

Residual calorimeter energy [GeV]

Binned correction on the 
neutral cluster 
multiplicity significantly 
improves 
data/simulation 
agreement for signal 
region as well.

ÅSame-flavor (ὄὄ Ǫὄὄ ) sample is used to correct the shape of 
the residual calorimeter energy andὄὄnormalization ( 0.6~0.9).

ÅOff-resonance sample for ήήnormalization ( 0.7~0.8).

Åὄ ᴼὐȾ‪ᴼ‘‘ὑz sample with ὄ ᴼ ὐȾ‪ὑz replaced with           
ὄ ᴼὑz †† for tagging efficiency correction ( 0.81).

Search for ║ ᴼ╚z ⱲⱲ2

Most important  
classifier discriminator

Residual calorimeter energy [GeV]

E
v
e

n
ts

 /
 0

.1
 [
G

e
V

]

ÅSimultaneous fit to the classifier output in ЉЉ, Љ“,““, ”ὢ
categories for signal extraction .

ÅDominant systematic uncertainties are due to poor 
knowledge of semileptonicὄᴼὈᶻz decays and limited 
simulated sample size.

Twice better upper limit wrt
Belle with twice smaller sample.

║)╛╤קּ ᴼ╚ᶻⱲⱲ) < Ȣ (90% CL)

Ihor Prudiiev (IJS Ljubljana)
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Å Flavor inference from the ὄ

allows to utilize the asymmetries 

in leading backgrounds.

ЉὬ

365 fb-1 at ɭτὛ711fbī1atɭτὛ

Belle II preliminary (simulation)

Belle II preliminary (simulation)

Belle preliminary (simulation)

Search for ║ ᴼ╚╢ⱲⱲ22

ὄὄ

Љ

Ὀ

’Љ

ὑ

“

ὸ

ὸ

ЍὬ

ὄὄ

“

Ὀ

’Љ

ὑ

Љ

ὸ

ὸ

ЍὬ

ЉὬ ᴼ “ȟ”
vetoed and used for 
validation/calibration

Belle II preliminary (simulation)

Belle II preliminary (simulation)

ЉὬ, Belle II

ЉὬ, Belle

Ihor Prudiiev (IJS Ljubljana)

NEW

Strategy:

Å†are reconstructed in 1-prong †O Љ’Ӷ’ȟ“’ȟ”’decays.

Å††are grouped into ЉЉ, ЉὬ,ЉὬ, ”Љ, no-Љfinal-state 
categories (5 total).

ÅMultivariate analysis classification based on missing 
energy , residual energy in calorimeter , kinematics,       
ή ὴ ὴ ὴ etc.
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Calibration and validation:

Åoff-resonance sample

Åὑ sideband

Åὓ sideband

365 fb-1 at ɭτὛ711fbī1atɭτὛ

ÅVery good data/simulation 
agreement.

ÅDominant systematics are limited 
simulated sample size and 
descriptions of leading ὄ-decay 
backgrounds.

constrain ήή
normalization

( πͯȢφ ρ)

22

- SB: ὓ““ {ɴ(0.480,0.486) (᷾0.510,0.516)} GeV/c2 

and inverted quality criteria

- SB [ɴ . , . ] /c

Ihor Prudiiev (IJS Ljubljana)

NEW
Search for ║ ᴼ╚╢ⱲⱲ
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Å Simultaneous fit to classifier output ￼ in 10 categories : 

(ЉЉ, ЉὬ,ЉὬ,”Љ, no-Љ) (Belle, Belle II).

Calibration and validation:

Åoff-resonance sample

Åὑ sideband

Åὓ sideband

365 fb-1 at ɭτὛ711fbī1atɭτὛ

ÅVery good data/simulation 
agreement.

ÅDominant systematics are limited 
simulated sample size and 
descriptions of leading ὄ-decay 
backgrounds.

Signal extraction

constrain ήή
normalization

( πͯȢφ ρ)

Search for ║ ᴼ╚╢ⱲⱲ

ÅCombined Belle+Belle II result:  ּק╤╛(║ ᴼ╚╢ⱲⱲ) < Ȣ (90% CL)

Ÿ First search!

22

Ihor Prudiiev (IJS Ljubljana)

NEW
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Summary
ÅBelle II is producing new results which significantly improve over 1st-generation B-factories. 

ÅCompetitive/leading sensitivity depending on the mode.

ÅResults are statistically limited but have handles to reduce sizeable systematics.

Covered today! 

PRL 135, 151801 (2025) HEPData

PRL 118 (2017) 25, 251802

PRL 118 (2017) 3, 031802
PRD 108 (2023) 1, L011102

2510.13716

CKM 2025

new, first search

Prospects:

ÅIncrease efficiency ᴼAdd †channels when not explored already, improved hadronic or 
alternative B-tagging approaches (semileptonic, inclusive).

ÅReduce systematic uncertainties: many of statistical nature; improve reconstruction, modeling.

Ihor Prudiiev (IJS Ljubljana)
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