Review of recent Belle and Belle |l results
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Total integrated Weekly luminosity [fb~1]

Belle Il Online luminosity
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RUN-I & Il (2019-2025)

Total integrated luminosity [fb™"]

® Belle Il achieves higher statistical power than

Belle & BaBar due to improved detector & modern
analysis techniques.

1® 1/fb of Belle Il data is worth 2/fb of BaBar or

Belle data®.

® Much effort ongoing to shift this fraction even

further with new triggers, better reconstruction,
novel ideas etc.
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Target instantaneous luminosity: £ = 6 X 103°cm™2s~
Max instantaneous luminosity: £ = 5.24 X 103*cm™%s~1 )15 Mar. 2026)

® Devoted significant fraction of running time for
machine studies to understand instabilities.

® Sudden beam loss leads not only low lumi. but also
detector damage
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T physics XYZ physics
* CPV: 17 > ntK{v, * ee = nY(1S)
* LFV: 17 - puy * 0(ee » BB)
+ Dso(2317) - Dy

Charm physics (CPV): B physics (semiletopnic decay ):
e DO — 7070 B - K17
e DY > Y *B — Xl
e DT = 770 B — 970
*B - D'nm
. | FH(EERY)
11:00-11:20 Charm physics at Belle Il JmBEZR (R e s RE V32 FR)
08:50 - 09:10 Recent results of B
decays at Belle Il




Preliminary
Search for direct CP violation in the decay: T —» wK;v

€ Clean experimental signature. - >

7
7-[-—

& Experimentally we observe K, and K;, and SM predicts a
CP violation value in the kaon sector of

+ - - K0 =
A = A, _I(@" > m'Ksv,) ~T(e” - mKsve) (3.3+0.1) x 1073 KO
SN = - e .3 T 0.
I‘(r+ - ntK,) +T'(t~ » n~K%v,)
Belle BaBar
Phys. Re\_!. J:ett. 107, 1318611 (2011) Phys. Rev. D 85, 031102 (2012)
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Acp using angular observables. ?] 2.8 o deviation from the SM expectation

No asymmetry at 10~% level -«



Preliminary

Search for direct CP violation in the decay: T > K5V,

T~ = 7 K(> 0n°)vs,

Signal decay modes considered

Aj

Acp =

Branching fraction

f1d1 + f242 + f343 ( fi— /2 ) ) SRR i
—_— — | 44 h
fi+f2+ 13

Electron tag -

Muon tag -

Combined A

|
Belle Il (preliminary) | ..,
£ dt=361.65 fb~? |

SM
o4 Belle ll

1
-1.0 o 0.0 0.5 1.0

Asymmetry [%]

1.3

T~ = KT K(> 0n%)v,,

-+
fitfat 13 tag
Asymmetry |
® f. =—f,:t > K, while T - K"Ky,
® f,=0

Acp(combined) = 0.71 £+ 0.264,¢ + 0.064,; + 0.15,¢

A.p based on angular observables is ongoing.




Preliminary

Search for LFV in the decay: T —» uy
Y

T >u*+ vy
SUSY Higgs 10-10 Phys.Lett.B566:217-225.2003
Little Higgs 1010 [JHEP 0705:013.2007]
SM + seesaw 10-° Phys.Rev.D66:034008.2002
Non-Universal Z’ 10-° [ Phys.Lett. B547 (2002) 252-256]
SUSY SO(10) 10-8 [Phys.Rev.D68:033012.2003]

JHEP 10 (2021) 019
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® favored by most of the beyond the SM theories.

My, =

Babar 515.5 fb™:B(t » uy ) < 4.4 x 107% PRL104, 021802 (2010)
Belle 988 fb™":B(t » uy ) < 4.2 x 1078 JHEP 10 (2021) 019
Previously, Signal is identified by:

AE /\s = (Eg)"

beam )/\/_ 0

N

(Ebeam)2 (ch)./m.)z ~ My



AE/V'S

Search for LFV in the decay: T —» uy

Assume:

ECm

— C.1m. .
Epeam — Ep™, use new Mp,:

Preliminary

* Correlation between (M,,., AE /s ) is negligible

Resolution of improved by 50%

Belle II preliminary f Ldt =427.9fb—!
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Consistent with zero.
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Observation of D.(2317) T 5D : Ty arXiv:2510.27174

+ . : - +

Partial decay widths: Dy 0t >0 1" Forbidden*
unique in discriminating between various models D™y 0% — 1717 L=0,2
W———————————7—— —
. - (P) CLEO, 13.5 fb™!
® The radiative decay of D.,(2317)™ has not been founded. |

o0l PRD 68 032002 (2003)

B(Ds(2317)t->DsTy) 0
B(Ds(2317)* 5D 0) < 0.059 @ 90% CL from CLEO L il =t |

M(DZy)—M(Dg) (MeV/c?)
»>N(D.(2317)* - Dity) = —6.5 4+ 5.2

> R =

OR =[7.14 + 0.70(stat.) + 0.26(syst.)|%
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Observation of Y(10753) —» nY(2S)

Has observed in:
Y(10753) -» n*n~Y(1,2,3S)wyy;, B BM

* Arelatively large B(Y(10753) = nY(nS)), would
support a 45-3D interpretation of ;

> i.e. (0.46~546) x 107° (~ wyp))

» similarly to how ¥ (4040) observed at D*D* threshold
decays into nJ /1, an enhancement near B*B™ can decay

oB(e’e” > nJiy) (pb)
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arXiv:2509.01017

JHEP 07, 116 (2024)

-4~ Belle data, xnY(1S)

-4~ Belle Il data, xxY(1S) % %’
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-5~ Belle data, xnY(2S) ‘H

-8~ Belle Il data, xxY(2S)
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-+- Belle Il data, xxY(3S)
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Observation of Y(10753) — nY(2S5) ANS001017
l.ete™ - n[- ntr rw°]Y(1S)[-> £T#~] — only 2 events ig | -] - ; m |
2.ete” s n[-> ot rmY2S)[-> ¢T¢7] R S R S ol T

6. 4_ MY (1S)) GeV/c? M(I'T) GeV/c?
3.ete™ - n[- yy]Y(2S)|[- ntr~Y(1S)[- £1¢7]] T of

+—

t.ete” > yX, [» mtn (- yY(1S)[- ¢+471]| - nosignal i

Fit hypotheses:

i

L U[}H

ey

0.45

H1: only Y(5S) (blue curve)
H2: Y (5S) and Y(10753) (green curve) g

H3: A default fit with all 3 components (black curve)

* the significance of Y(10753) is< 20

e An extra resonance near B*B* threshold is
favored by ~3.80, but with parameters fixed
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¢- nY(2S) at Belle

* nY(2S) at Belle Il
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Measurement of mass difference m(BO) — m(B™) and 2251115926
o(B°’B%)/a(B*B™) vs. energy at Belle and Belle 11

e Am =

»important input for quark models;

»contains information on m; — m,,.

» Important for understanding of molecular states.

Am, MeV/c? ©
Belle + Belle I 0.495 + 0.024 = 0.005
BaBar Prb7s, 011103 (2008) 0.33 £ 0.05 + 0.03

BaBar used PHSP hypothesis:

P03
n= (0
Pp+

PHSP hypothesis: excluded at 100 level

13

0.8 Belle 571 b + Solution 1
" Belle Il 365 o x Solution 2
0.6 B —_— 10
L e —-- 20
04 B ',-—--.,_:"--.‘.‘.h ....... 36
0.2 Q
[ b
02F R |
0.4f |
0.6
-0.8F

mpgo — Mp+ is @ basic property of B-meson system;

R = a(B°B%)/a(B*B™) vs. E : strong isovector potential in BB system.

T A T N T T
0 02 04 06 08 1 12 14 16 1.8
a (fm)

s(B° B% / 6(B*B) x [p(B*)/p(BY)I°

» >0 for attractive potential

(B’ B%) / o(B'B) x [p(B*)/p(BY]

| Belle 571fb”

| Belle Il 365 b
11+ ; ' £

L 5 i 5

¢ * 0 le}
11 ;

i % Solution 2

0-9_‘ © Data
¢ Data + shift

_ — Fit

0.8

I PR R SR R NN R TR S T NN SRS SO SR S SR ST S SR N SR SR
10565 10.57 10575 1058 10.585 10.59
E.. (GeV)

—
.
—e

o
©

o
o

" Belle 571 fb"
L Belle Il 365 fb’

—
T T I T T T T

$

Solution 1

o Data
¢ Data + shift
— Fit

10.565 10.57 10.575

Model of BB interaction: pro9o7, 114023 (2018)

1058 10.585 10.59
E,, (GeV)

® Constant potential inside radius a
® scattering phase in isovector channel 4,



CP violation in charm meson e Uniart T
® CP violation is smaller in charm than in beauty sector As~OW)

Ap~O(A°) T

%20 Ag~O(A)
» from relative phase between tree and penguin diagrams

» Max O0(1073) in the standard model, but may be enhanced by new physics

® CPV only observed in one channel Ay (D = f) = ['(D - f)— Fglj —>D)
: 'D-f)+T(D -
» LHCbin AA.,(D° - K*K~,m*n™) = (— 1.5 £ 0.3) x 1077 / /

& A, (D> KTK™) = (0.7 +0.6) x 10~3°
> Break U-spin symmetry

= Acp(D° > ntnr™) = (23+0.6) x 1072
» Not yet clear if compatible with SM:

non-perturbative QCD may affect predictions

» Need for measurements in different decay channels & by other experiments

» May sensitive to new physics contributions



Flavor tag method

® D" tagging:
» When DY and D® have common final state, use D** — D% ™
» Slow ¥ indicate the flavor of D
» Most common method:
—Powerful background discrimination

f"\

= Efficiency ~25%, but very small mistag rate

® Charm Flavor Tagger (CFT)

» New method developed at Belle Il [prD 107, 112010

» BDT using rest-of-event particles, from the other charmed hadron &
fragmentation

= Trained based on simulation, calibrated using data

® [LHCDb 1s good at charged tracks
® Bclle II better for cluster .

25 — K
C Combinatorial

2 -~ Random tag x

Tag
et
/////
D*
) / 5o /
C _ DO a—
% \
X
Rest of event Signal
(ignored)
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0 0

CP asymmetry in D° - %%, D* > 't m

The following sum-rule for CPV in D — mrr decays; 1t helps to determine the source of CPV

A%é(DO — ) | A%%(DO — 197Y) | A%%(D+ — 1t 70)

1 4+ DO (5’00 23+0) | 1 TLU(B+— 25’+0) 1 _ 37p+ (5’00 B+—)
Gy— \ 70 3 Tp+ Boo \ 70 3 Tp+ 2 Bio \ Tp0 T

no

@ The B and 7 have been well-measured (by BESIII/Bellell/etc.)

€ IfR # 0, CPV from Al = 1/2 amplitude (D° » ™ n7);

®if R = O and at least one Ad” # 0, CPV from a beyond-SM Al = 3/2 amplitude.

I [

*\"’:3 - -B I 1-:“1

? e wionn o, 0] @R = (0.9 + 3.1) X 1073, err. dominated by 7°r°
= ® A% (D > mtr™) = (2.3 £0.6) X 1073
@ Belle (1) have advantage on the ©° decay modes

R =

0.3F

0.2F

- # -
= -
““H - Fa IL\-_-F —

— “"h F. ) =i
s ! -

— 7 -

- L l -
— ® Sy - - -
B !

T ICb- Measurement of R helps to figure out
B AT st the amplitudes of D meson CPV

S B Y (B S (,}*2 0.3
LHCb-CONF-2024-004  a% - [%]
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0.0 PRD 112, 012006

CP asymmetry in D° - nn

Raw asymmetry of DY - 7%7° from the D** — D sample

Araw(D° -» nn®) = A, (D° - nn®) + Ap,.od +A°
ADmd odd function of cos8* due to y — Z° interference and hlgher order effects, suppressed by:

Af (cos 0,,,s<0)+A (cos 0,,,s>0)

A’f — >
. 0 - 4+ . ART = Agrod T A::TS T Aé(n (tag)
Using DY - K~ ™ as control sample (tagged or untagged), 1.¢.: AKT = AD) 4 AKT  (untag)

Belle I1 (428 fb™"): A, (D° —» m®n®) = A™'™ — A'K™ 4 g'Kmuntag — (.30 + 0.72 + 0.20)%

® Belle (980 fb™'): A, (D° - n°n°) = (—=0.03 + 0.64 + 0.10)% [PRL 112 211601 (2014)]

® 5% less precision than Belle; BUT improved precision per luminosity.
®@ R=(15+25)x 105, ‘

precision improved by ~ 20% w.r.t current HFLAYV result
[PRD 107 (2023) 052008]

8._

A m|[GeV/E]

0.156 0.158 0.16
A m[GeV/c?] 17



CP asymmetry in D™ — 170 PRD 112, 1031101

® A 3.80 CPV in the pionic mode D - nttn™.

Split sample:
» Unclear if observed CP violation can be
D' from D** - D*nt® decay or not :
Y described by the SM or not, due to large
x10° Tagged decays x10° Null tag decays hadronic uncertainties
L5 Belle IT | I dr = 428 fb™! 6 ¢ Data

S R pretminany * e PRL 131, 051802 (2023) PRD 108. 036026 (2023) PRD 109. 033011 (2024)

O ys. backg.

5; 4 "+ Comb. backg.

2 ® Isospin-related modes Dt — m*n® can reduce hadronic

= 2 uncertainty.

SU 2.7//?//;////

v oo @ Inaddition, DT -» ntnt® (Al = 3/2) is expected to have no

z 0.1 } ! # CPV in SM

E O, ."““I S np g ! + b

5 . L—O.l + ++ l $Ii| > o it d . CD . Al = 1/2 buti

- . - - . = since 1t does not recetve QCD penguin (Al = 1/2) contribution
m(z+ %) [GeV/c?] m(+ 7% [GeV/c?]
Belle: A¢,(D* - n¥n®%) = (2.31+1.24 £ 0.23)% | PRD97.011101(2018)
Ni® = 5130 + 110 Noull = 18510 + 240 R
LHCb: 4., (D = (-1.3+ 0.9+ 0.6)°
A28 — (-3.94+1.84+0.2)% AM = (—1.14+1.0+0.1)% (D™ > m7mT) = ( t0.940.6)% JHEP 06, 019 (2021)
Combined: . :
O
Ay (D* - 1+ 19) = (1.8 4 0.9 + 0.1)% Agree with previous measurements

® Agree with CP symmetry

18



CP asymmetry in DO > 7t " PRD 113, 052006

x10° J ® Largest CPV expected in singly Cabibbo-supressed D decays (1n SM)
25 [~ L :::ZI - greel:iemlilnary Ldt = 428 fo”
| R o R ® Due to interference between tree and loop diagrams

E e mandiom thgs 0 < |cos6*| < 0.208

® Also, SCS decays are uniquely sensitive to new physics through penguin
diagram

1) BABAR with 385 fb~! (82k candidates) PRD 78, 051102 (2008)

§ :z - ++ ...... + ______ + H .......... + ....... +++ ...... » Acp =(0.31 £0.41 +0.17) % (most precise Acp determination so far)
S ++ ++ + +++++ 2) Belle with 532 fb~1 (123k candidates) PLB 662, 102 (2008)
7 . ++ﬂ > Acp =(0.43£0.41 £1.23)%
= L5 m(r;:r 2 [Gew;;]’s 3) LHCb with 6 fb~1 (2.5M candidates) JHEP 2023, 129 (2023)
EiF » Energy test (unbinned comparison of Dalitz plot distributions): p =0.62
4) LHCb with 7.7 fb~1 (3.8M candidates) PRL 133, 101803 (2024)
10 | » Time-dependent CPV parameter AY =(-=1.3+6.3 +2.4) x10™*
=
< Acp = (029 +£0.27 £0.13) %
gzl
RT | ST S D | 34% better than current best
|cos6"| (D) with only 10% more data

19



Summary

Experienced many challenges: operation, rising
cost...

But, still lots of achievement! >50 publication in
2025.

Make good use of Belle || unique advantages.

Now ~600/fb data, push to 1/ab before July. 5-
10/ab till 2032

20

Belle Il publication per year

B PRL M Pub.

2020 2021 2022

2023 2024

Thanks!

2025

/70

52.5

35

17.5
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Systematic Effects and Corrections

Type _ : % MC

g ¢ B OWE) (7.830.2 1. Background subtracted using fractions
T — K_Kglfr(z e ) A on MC and validated using low BDT
A B e e e e IS regions

Background 1.3 0.1

ATV Adﬁ(ﬂ'_'_/ﬁ_) +At;4igge;~+Adet(tag) T G A(KO/I_(O) LR

2. Detection asymmetry correction extracted from data control samples.
3. Neutral kaon asymmetry from absorption and interference corrected from
theoretical predictions.

4. Remaining 7 contribution removed through a dilution factor using SM assumptions.

g J1A1 + f2A2 + f3A3 ~ ( J1—J2
J1+f2+ 3 J1+f2+ 3

)Al :DXA1

8/21



N. Cabibbo M. Kobayashi T. Maskawa

CP violation and the CKM matrix

Quark mixing via charged-current interactions

- Kobayashi and Maskawa predict three generations of quarks
- Three mixing angles and one CP violating phase
- Unitarity condition represented as triangles, e.g.

o " - Interaction eigenstates Mass eigenstates
VidV%: + VogVE + Vv =0 j |
dW Vud Vus Vub dm
sw | = Vea Ves Veb B
bw Via Vis Vi b,

Common CKM parameterization: Wolfenstein
- Exploit hierarchy of matrix elements

1 — A2/2 A AN (p ) )
Vinerr = =) 1 —A2/2 AN +O(X%)
(0,0) (1,0) AN(1—p—in) —AN? 1
\ /

23 scaled apex parameters



1995 Before BaBar and Belle
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Is the triangle closed? (Hint of New Physics?)

With results from BaBar, Belle, and LHCb’s
Run1,2 data, the triangle Is still closed.

e« p1 = = argl( VCdVCb) (22.21+0.7)°
VidVep
= a = arg( thV“’) (85.2%%3
VudV, ub

Va, i
by =y = ang(— ) (66.275)

HFLAV

With much more data from LHCb and Belle I,
we could shrink the uncertainty, test this triangle
and look for hints from new physics.
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