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Motivation

A Flavor changing neutral currents (FCNC):

A Precision tests of the Standard Model (SM)

A Large sensitivity to New Physics (NP)

A NP can manifest through additional operators and

effective couplings (Wilson Coefficients):
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A Non-SM particles could modify decay properties.

A @O it transitions occur only in loop level as FCNC.

SM expected BF v (107) [1]

A Excessin® © 0 ’’[combined with 2 ¢
constraints, suggests LFU violation in 10 s
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Correlations with 'Y - [2] suggest large
enhancements to SM BF © (102 - 10%) [3].
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Experlmental Status

Before 2025, very few experimental results and upper limits ~ ¢
A Pre-CKM 2025
-Bellell6 © 0° T tesultimproved Belle® (F2)
- Indirect measurementon i  fromLHCbind © 0° * °
A CKM 2025:
-Firstd6 © 0 1 tBelle and Belle Il) result UL@90%CL = 8.7RL0*
- First direct searchat LHCb 6 © 0° 1 tesult UL@90%CL = 2.5P104
A No experimental inputfor6 © 0 1 t
A Limitsfor || © Lywand || © L wipfovide complementary information in constraining NP
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Experlmental Approaches / = =~
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A Reconstruct t© /b “ * ”’ modes.
11 category Belle (prelimizllary) 800 | no-f category Belle Il (preliminary)

A Multivariate analysis (MVA) approach f“tf”l”b fedt=365 0"
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I 1 88 ¢ — Bg
calorimeter energy). | wmag —
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A Fit to the classifier output. o I I

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



Factories
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A 'Q'Q collisions at 66 production threshold make Belle and Belle Il
perfect candidates for searches for w© it

A Well-known collision 4-momentum
A ~Hermetic detector
A High detection efficiency

4 GeV'Q beam
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|| Factories

Adapted from EPJ C74 (2014) 3026
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A'Q'Q collisions at 66 production threshold make Belle and Belle Il
perfect candidates for searches for w© it

A Well-known collision 4-momentum A, aw 1.05nb
A ~Hermetic detector A,@m7) 3.69nb
A High detection efficiency A,(tX 092nb

A Belle and Belle Il together have accumulated more than
1.3 billion || || pairsat e - resonance .
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www.belle2.org/research/luminosity/

Belle 1l Online luminosity Exp: 7-39 - All runs
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TO search for o L WW deCayS e
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e Belle I

A Final -state particle reconstruction \ M
AY

Key performance ¥.€ .l
at Belle 1l =

Particle ID and separation

Aor:r wi atuvp fake \\
AT . g ok atob fake £ N
A A K 0 at @b fake N

High photon efficiency > 90% (p>1.5 GeV/c)
Resolutions of 7.7% (2.2%) at 100 MeV (1 GeV)
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Tosearchfor || © LWW decays 4m

A At| t “Ywe have just two 6 mesons 2%
and nothing else. -

A We can reconstruct these two  ||6 s .



Hadronic T[-Tagging

A At| t°Y we have just two 6 mesons 2%

So -
and nothing else. ‘9 \
A We can reconstruct these two || &. Well-known
hadronic 0
& decays
A MVA-based | -tagging algorithm with hierarchical b/
approach, called Full Event Interpretation (FEI) is Displaced ’( Neutral }
Vertices | Clusters

used to exclusively reconstruct the non-signal 0
meson (0 ) in % (10% decay chains.
Comput Softw Big Sci 3, 6 (2019)
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Hadronic ﬂ-Tagging

A At| T°Y we have just two 6 mesons
and nothing else.

. -
A We can reconstruct these two || &. Well-known
—% hadronic 0
ﬁ’ decays
A MVA-based | -tagging algorithm with hierarchical \K\\ %
approach, called Full Event Interpretation (FEI) is i}:‘
used to exclusively reconstruct the non-signal 0 J f
meson (6 ) in ¥ (10%) decay chains. s o
Comput Softw Big Sci 3, 6 (2019)
A This tagging technique has a rather low efficiency of 50 TN O
1 (0.1%), but also comes with a high purity of “ (10%). "
- T[& l.|J Fat pT[D purity 1.0 ><I1:°‘: BE:isignaI 50003 Bs: signal
_ T@LIJ Dat p tP purlty Os_g sg background 4000_2 zg background
FEI signal FEI signal

3000

A FEl-reconstructed tag || meson allows for kinematic and flavor
inference on the signal || meson through the | T°Y constraint.

e
o

| probability > 0.01 ' probability > 0.1

(0.0010 GeV/c?)

/(0.0010 GeV/c?)
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t No missing energy in the tag side

Vo
[¥]
=

0'824 5.25 5.26 5.27 5.28 5.29 5.25 5.26 5.27 5.28

Crucial for signatures with neutrinos. | e (Gov/C?) e (GovIC?)

5.29
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Search for o L wWw o

%1200 [ Belle IT preliminary) Strategy:
%moo'-i%‘ii:?’“fb 3 A 1 are reconstructed in T © Jb' [decays (only leptonic!).

Signal x 10° 8
| =S | - _— "YOF3
&3 800 F Ry i A Exploit background-depleted region - (0 hWb) pPB"OQI®
S 600f Ty e E ol O very little background remaining above the ‘O meson mass.

22 24 26 28 8
m(K*t) [GeV/c?]

A Further optimization on missing mass squared |, residual energy in
calorimeter (O ),- 0 bb.

Candidates

m(K*t) [GeV/c?]

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

A Energy requirements are optimized separately for x10° 10
. : Belle II (shmulation) [[] cotision photon 1| Belle It (simulation) [ cottision photon
forward, barrel , backward regions of the detector. 5 ¢} . E L o) 1
S 35 ! I DBeam-background photon :;: sal | : Bf’dm’baCkg“’U“d photon
(Beam backgrounds populate low energy clusters, % 3 i [T] Misreconstructed photon c;) | — [T Misreconsiructed photon
more abundant in the backward detector region) s 2 barrel 2 [l M
: £ .| S o4y M
A Photons are required to be far from the nearest S il s R
track to reduce mis-reconstruction from showers 8 st S o2 [
from hadrons. T O T S e e
(Mis-reconstructed photons are present at small Photon energy (Ge] =L Blusterto rack distance [om)

cluster-to-track distances)
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Candidates per 100.0 MeV

Candidates per 250.0 MeV
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Searchfor || © E ww

Low background working point © rely on background
extrapolation into signal region from 3 sidebands :

25 — e:lle (preliminary)

_[Ldt:m b
—e— Data

— Signal x 10*
2y

o B°B"
EContmuum
] Simulation

uncertainty

12 *
[ Relle II (preliminary)

wff

sfv| !

7

: \‘.L e

J L dt=365fb"

—e— Data

— Signal x 10*

BB

o B°°

:l Continuum

Y Simulation
uncertainty

0 L
0 02 04 06 08
0

1 12 14 16 18 2

[GeV]

71tBaf Y | 365fbtat| t°Y

BELLE Belle I

147 Alc

A--N [
N0 ® signal region

% 70 ;Bcllc (preliminary) ILdl=711 i %J 12 TBeHe (preliminary) L dt=711 0" % 20 Belle(prellmman} det—?]] i
g :z : :;)Zijlinal simulation ‘g 10 [ Ilnear — Nz:linal simulation g ::g i —NZ;inal simulation
o — Fit result o [ H — Fit result o — Fit result
o 40F l@ 5 8 Scallng @ 5
a a 5 o
g 0L 3 8 of
s : ik
LR L., ST
00" 02 04 06 08 1 12 14 % "0z 04 06 08 1 12 14 02 04 06 08 1 12 14
0 [GeV] 0 [GeV] O [GeV]
A Background extrapolation gives dominant systematic uncertainty.
A Signal extraction by event counting in first bin ~ of O  variable.
Belle Belle 11
Nbkg 141+16+1.9 35+£0.7£0.9
Nobs 11 6
B(BT - Ktrtr7) x 10* 27132422 B35 2.5
Obs. (exp.) limit (10™3) 0.4 (0.7) 1.6 (0.9)
: — 4
A Combined Belle+Belle Il result: pT(| © L ww)< 8 (90% CL)

Y 2.6 times lower than previous upper limit (from

BaBar).
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Search for o LL* ww

wf e 8 B
Features: o] m o EG
A Newer & better 6 -tagging algorithm wrt Belle measurement. %:soof oK
A t are reconstructed in 1-prong t© Jb'[I* Tz hdecays. %200*
A t fre grouped into /b/Bb, “ " & JH I') final-state categories (4 total). >10:

. g . . . . . 0 0.5 1 1.5 2 25 3 3.5
A Cut-based + MVA classification based on missing energy , residual energy in the Rest .
. . . esidual calorimeter energy [GeV]

calorimeter , 0U° properties, n N N n- etc. Most important
classifier discriminator

1400 | H'?"P]II preliminary t ];"j:a 1 1400 Belleil prelimina[y‘ ‘ﬁ 2?1;;13
A Same-flavor (6 6 Q& & ) sample is used to correct the shape of o [ e a0y Jee e .
1000 nt category ignal 5= 10 = =/ category —— Signal 510

100

the residual calorimeter energy and 06 normalization ( 0.6~0.9). before

2 i, after

Events / (0.100GeV)
Events / (0.100 GeV

A Off-resonance sample for i} normalization ( 0.7~0.8). g \ ““-ﬁgorrection
2 ’ P . ” , . . 400 400 iqii ]
A6 our © L° samplewithd © UFf 0° replaced with i ..
& 9 0° t 1 fortagging efficiency correction ( 0.81). o o ——
=125} ; 2125 RN ¢
. . - . ‘ “ W N = 0'%.0 0:5 1.0 1.5 2.0 2.5 3.0 3.5 = OI%AO 05 1.0 1.5 2.0 2.5 3.0 3.5
A Simultaneous fit to the classifier OUtpUt In Jb/bb, , W Residual calorimeter energy [GeV] Residual calorimeter energy [GeV]
categories for signal extraction
) ) . =3 o |Lz? 0
A Dominant systematic uncertainties are due to poor P (” L WW) < 8 (90% CL)
knowledge of semileptonic & © 'O decays and limited Twice better upper limit  wrt

simulated sample size. Belle with twice smaller sample.
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Search for O _”WW —

Strategy: Belle preliminary (simulation) . _
—== | A Flavor inference from the 6

. ) e I - T ™ LI 200 ¢ mm B'B- .- .
A t are reconstructed in 1-prong 1© /b’ [ 'H 'decays. - allows to utilize the asymmetries

) " " ” . 150 | b:»uf\.' . .

A t ‘re grouped into /bJBb'Q, /BEQ, ” bno-/Hinal-state o in leading backgrounds.
categories (5 total). <100 = s

A Multivariate analysis classification based on missing o L
energy , residual energy in calorimeter , kinematics, . . _ - T
’ \ \ \ 8.46 0.48 0.50 0.52 0.54 'jESO D ‘
Ao no 0 et MIKS) 5.0/5Q, Belle || +T =h
Belle Il preliminary  (simulation) Belle Il preliminary (simulation) 2 1 T t Dara

1.2 po p——— 8.30

Lo} JBQ === 1.00f - 20} I ?

S5 o - yr &
—osf > 3 Bo-kgrr ++:—+hr++in*iﬂ:..ﬂ*'*é e +ﬁr*ih-it
< <o0.50f i -

0.4 E :z _'__1 l_.l .r__r‘_._l___&. I T-..r_- — I-

02 0.25¢ 180 182 184 186 _ 188 1.0

M(K2t.) (GeV/c?)

0'%,0 0.5 1.0 *1,5 2.0 2.5 3.0 0‘000 1 2 3 4 5 1yhe Belle (Preliminary] - [cdt=711fb""

p (ty) M(thc) _ | = BB",q4
Belle Il preliminary (simulation) - Belle Il preliminary (simulation) %125 - i?? ;

1.4 ——— . - ! %100 3 i;‘-:

12F fb’Q - ?E'B’ A O /‘I 14 Fi’ ; i ¢ Dat

= |13 4 2" | 1bQ, Belle
08 S vetoed and used for s
<o < validation/calibratio s Pl

0.4 05k 0 Laacli L + it e, wigst¥esase 0 bty ot ;_ 1_218

02 s ok J.»-l. -.-“_ —rr .-.--—JJ I—l .J' .

0'%.0 05 10 15 20 25 3.0 0-00 1 2 é :1 5 o 0 2 8 10

p*(tU) M(thc) m2corr (GEV2/C4)

miss
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Search for

Calibration and validation:

A off-resonance sample —— normalization —

constrain NN

( x 1 p)

A U sideband

A0 sideband _l

I Belle Il (Preliminary) - [ dt =365 fb!

. ui/dd/ss
e oé

mm B'B-
mm 5050

t

Cand. /0.1000

Pull
o

0.4 0.6 0.8 1.0
O.’

Cand. / 0.0500

Pull
o

365 fblat| T Y

71LBadf 1Y

Belle (Preliminary) - [£dt=90 !

1o° =" A Very good data/simulation
8 agreement.
3100 A Dominant systematics are limited

simulated sample size and
descriptions of leading 0 -decay

- — backgrounds.
Ichy Belle Il (Preliminary) - fudt=36.‘j H:i‘ - _5 014 0:6 0‘.8 1:0

= gg!dd!ss (9!

o
-A, SB:0 “ “ ~{(0.480,0.486) (0.510,0.516)} GeV/c?
and inverted A, quality criteria
A SBN[ . , . 14 Ac

014 016 0:8 1‘.0
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71fiBaf 1Y

Search for O LL_||WW

365 folat| T°Y

Belle (Preliminary) - [£dt=90 !

Cand. /0.1000

Calibration and validation: constrain nr - =" A Very good data/simulation
. . o {

A off-resonance sample —— normalization — £ B d agreement.

A0 sideband (* 1 p) 10 A Dominant systematics are limited

A ¢ _ S simulated sample size and

U sideband descriptions of leading 6 -decay
1 _ - backgrounds.
" Belle Il (Preliminary) -IfBS;:‘;SE tchy Belle I (Preliminary) - f:t= aai :; _ -5 0\4 0:6 08 lIO
CC;B_ g‘l{.’ l/s5 or
= B°3° o102 = Zn;)-
10! E 4 Data
Elol 500 | £f category ?:::!;;r]ell\::[wlarw ] 800 + no-f category jlgtue:n (preiminary)

100 - signal =
-g 150 5 ‘s;;nalexcluded x10 :% 600 5

3 : 5 - :"ilOO o £ a00 '

Y 06 08 Lo Y 0.6 0.8 1.0 s %
© o Y sl - ] 200
A Simultaneous fit to classifier output @i in 10 categories : o R B
Jb/Bb'Q, ITBQ, ” Jbno- Belle, Belle 11). 2 sl | 8125l |
( ﬂp I-B) ( ) E 1'12,{53 %WW%;W i o W - E 112.3 mwwww&wi ;

@ 0.75 + S 0.75
T 0.5 ‘ . . s 0.5 - : :
° 0.4 0.6 0.8 10 © 0.4 0.6 0.8 1.0

Signal extraction o @

: —
A Combined Belle+Belle Il result: pT(|| © Lww)< 8 (90% CL)

Y First search!
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Summary

A Belle 1l is producing new results which significantly improve over 1st-generation B-factories.
A Competitive/leading sensitivity depending on the mode.
A Results are statistically limited but have handles to reduce sizeable systematics.

Prospects:

A Increase efficiency © Add t channels when not explored already, improved hadronic or
alternative B-tagging approaches (semileptonic, inclusive).

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

e @ LHCb(3fb™Y) PRL118(2017) 25, 251802
—_ @ BaBar (342 fb 1) PR1118(2017 3,031802
— - ° e @ Belle (711 b 7) PRD 108 (2023) 1, L011102
< ' (6) O Belle Il (365 fb-?) PRL135, 151801(2025 HEPData
S 1073 | X Belle+Belle Il Preliminary (7114365 fb~!) CKM2025
K : % LHCb Preliminary (5.4 fo~1) 2510.13716
~ i . @ Belle+Belle Il Preliminary (711+365 fb™1) new, first search

Covered today!

)

10—4 1 | l | l
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Systematlcs

BF = Nobs _Nexp
2€f+_NB§
Belle Belle li
Observed events (N, = 111359 Observed events (N,,,) = 673459
Expected background (N,,) = 14.05 + 2.45 Expected background (V) =3.48 + 1.17
Signal efficiency (€) = (1.40 = 0.16) X 1073 Signal efficiency (¢) = (1.26 £0.18) X 107>
- f+—: 0.51 13+U .0073
fT=0.51135007 ~0.0108
- 6
Ny (772 £ 11) x 106 Ngp: (387 £6) X 10
— +5.62 4
BF = (—2.76*33] +2.24) x 10~ BE=(5.05257 £2.46) x 107

| oL ww

Impact on BF

Impact on BF

Sources (Belle) (Belle II)
Expected bkg yield +2.5 events | +1.2 events
FEI scale factor 10.1% 12.6%
Simulated sample size 3.3% 3.5%
PID correction 1.0% 1.6%
pi0 veto 1.9% 2.9%
Tracking efficiency 1.1% 0.8%
Signal decay model 3.5% 4.3%
- Ghee | tdu
Number of BBbar pairs 1.4% 1.6%
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Systematics | © L* ww

Source Impact on B x 1073
B — D**{¢/7v branching fractions 0.29
Simulated sample size 0.27
qq normalization 0.18
ROE cluster multiplicity 0.17
m and K ID 0.14
— B decay branching fraction 0.11
Signal category e x 10° BB qq Combinatorial BB normalization 0.09
e 4.0+£0.6 275 39 Signal and peaking B°B° normalization 0.07
/l 76+1.1 1058 230 Lepton ID 0.04
P 15.5 2.2 3279 845 70 efficiency 0.03
T 4.0+ 0.6 1077 424 foo 0.01
Nr(as) 0.01
D — K? decays 0.01
Signal form factors 0.01
Luminosity < 0.01
Total systematics 0.52

Statistics 0.86
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Systematlcs

® HW\/\/

Belle Belle 11
W lchy fyhe pl no-l | U lchy fphe  pl mno-f
Nig 442 1459 2109 632 16186 | 618 1147 1317 925 6745
£518(107°) 34 80 82 31 282 |68 108 104 7.4 303
Nsig 25 + 196 50 + 151
B(B° — K27t17) (0.07 +£0.41 +£0.31) x 1073 (0.20 4 0.50 +0.36) x 1073
ByL(BY — K7F717) < 0.94 x 103 <119 x 1073

Source Uncertainty type, parameters | o5(1073)
MC statistics Uncorrelated shape, 140 0.18
Leading B-decay branching fractions Correlated shape, 30 0.11
B-tagging efficiency Correlated shape, 2 0.06
Combinatorial BtoELg normalization Correlated shape, 10 0.05
D — K9 modeling Correlated shape, 2 0.05
Lepton ID Correlated shape, 6 0.03
Signal efficiency uncertainty Normalization, 2 0.03
foo Correlated shape, 1 0.02
70 efficiency Correlated shape, 2 0.02
qq normalization Normalization, 4 0.02
Signal model Correlated shape, 1 0.02
K efficiency Correlated shape, 2 <0.01
Number of T(45) Normalization, 2 <0.01
Luminosity uncertainty Normalization, 2 <0.01
Tracking efficiency Correlated Shape, 2 <0.01
Leading 7-decay branching fractions Correlated shape, 10 <0.01
Xd Correlated shape, 1 <0.01
Total 0.23
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