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Belle (Il) at (SupenKEKB

e Asymmetric ete- collider, running at Y(4s) resonance”

» KEKB (1999-2012) => SuperKEKB (2019-present)

» Achieved world's record instantaneous luminosity of
5.1x1034cm-2s-1 (December 2024)

» Recorded 772M (387M) BB pairs at Belle (Il), Run 2
data-taking ongoing

e Beauty (and tau/charm) factory experiment

» Improved performance (vertexing, tracking, neutra
particle reconstruction, PID, flavor tagging)

» Hermetic detector and known initial energy (ideal for
decays with missing energy)
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Recent results on peauty and charm®

T qu
e CPV in charm: understand nature of CPV observed in DO—= 17T 06 Moriond 20241 |

» DV—=KUsKUs approaching precision to observe SM-induced CPV, 05
first measurement using opposite-side charm tagging NEW '

0.4
» DO—r10r10 important ingredient for the D= isospin sum rule, 03
least known experimentally NEW '

0.2 -

e CPV in beauty: constrain the angles of the unitarity triangle o1

» 1(B): measured in b—cés transitions, precision close to effect of *o
penguin amplitudes, controlled with BO—=J/Apr©

%
S
&

» Oo(A): least known experimentally, determined from 1Sospin
analysis of B—mr and B—00

035}

03F

e (Semijtauonic and lepton-flavor violating B-decays: enhancements

predicted by models explaining b — czv anomalies and B—=Kwy ok || R
» Measurement of BF of B+—zv (and Vi) NEW 02' :
2 HFLAV SM Prediction R(D)=0.342 £0.026,, —
R(D) =0.298 +0.004 R(D*) =0.287 =0.012,, -
» Searches for BY—=KYsts and BY—=K™Vrr E Eeosamd soms b

0.2 0.3 04 0.5
R(D)
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https://agenda.infn.it/event/44272/timetable/?view=standard#63-search-for-a-dark-photon-an
https://agenda.infn.it/event/44272/timetable/?view=standard#28-tau-and-dark-sector-physics

CPV In charm

ssential iIngredients for charm CPV analysis:

P e- K7
e Knowledge of DO flavor, either from D* tag ® ~ \/ .

or charge correlation with tracks from rest P Do(cu) = s
of the event [PRD 10/, 112010 (2023) s K‘/ \,,—

opposite side same side

signal decay

} Ca‘lbl’at@d W|J[h abUﬂdaﬂt DOAK_N_I_ Bellell simulation j gs
| | 12.5¢ 12.5
o Knowledge of production and detection | Kaon and . Lepton, no kaon,
. . 10.0 | no soft pion (ss) 10.0 F and no soft pion (ss)
asymmetries affecting raw asymmetry | (F) = 0.678 | (") = 0.563
7.5 F 7.5F
» Subtracted using asymmetries measured .t <ol
N control moades | |
2.5 ."_i-._

2.5}

_I--‘_'
—
_______

* 0.01 =1t cbeenecaaia] (0,0 4 1 = -
Alaw =Acp(D? = )+ AL (DO - £)4+AZ(D° — f) “10 -05 00 05 1.0 -1.0 -05 00 05 1.

qr qr
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https://doi.org/10.1103/PhysRevD.107.112010

Acp 1IN DO KOsK0g

e Color and CKM-suppressed transition, interference
between c—uss, udd amplitudes ~O(1%) CPV in SM

e Using Belle (9801b-1) + Belle Il (428fb-1) datasets,
combining D™+ tag (~7k signal candidates) and
opposite-side tag (~20k) samples

» Improved calibration of nuisance asymmetries in
D™ tag analysis with DV—=K+K- control sample

» Removing D™+ tagged events from OS-tag analysis

e Combination of two analyses gives most precise
determination of the CP asymmetry in this mode

Acp(D° — K!KJ) = (0.6

-1.1£20.0)% NEW
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D+tag [PRD 111, 012015 (2029)]
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https://doi.org/10.1103/PhysRevD.111.012015

Acp INn DO—=10r70

e Non-zero CP asymmetries arise from interference of CKM-

suppressed and QCD-penguin amplitudes

» Current data suggest ~O(1%) CPV in D9—=r0r9 in SM

» [Sospin sum rule of D=7 to identify source of charm G

e Using D+ tagged Belle Il sample (~16k signal candidates)

» Detection asymmetries cancelled with (un)tagged DY— K+

» Production asymmetry cancelled by averaging over cosg”

e Precision comparaple to
on the Isospin sum rule

Acp(D? — 7°7%) = (0.30
R=(1.5=

Selle result and 18% improvement

- 2.5) x 1073
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P\

T O.72(stat) T O.QO(SySt))% NEW

‘paper In preparation]

1000

cosE*(D™)>0

o Belle Il [ Ldt =428 fb™'

D
-]
-]

Candidates per 4 MeV/c?

N
-
-

800

A

4
_@-

t s

|

m(x°7°) [GeV/ c2].

Candidates per 0.2 MeV/c?

Belle II [ L dt =428 fb™' —
—+— Data B

— Total fit —

0 0
Bl D' Kin°

Combinatorial Back. —:

O i &~ <] J A A A J
0.14 0.142 0.144 0.146 0.148 0.15 0.152 0.154 0.156 0.158 0.16

A m [GeV/c?]



CPV in beauty
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—ssential ingredients for BY C

°\/ analysis:

e [ag Initial flavor from partially reconstructed

tag-side BY |[PRD ~

10, 012001 (2024)]

» Improved efficiency with Graph-NN (~37%)

o xploit correlation of BOBO pairs to measure At
asymmetries

» Improved At resolution from pixel detector
and constraints from nano-beams

e—|At|/TB()

P(At, q) = {1+ q[Scpsin(AmyAt) — Ccp cos(Am,At)]}

4T BO
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Candidates per 0.05
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https://doi.org/10.1103/PhysRevD.110.012001

(A)¢7 iﬂ BO—PJ/(’D]‘[O 190 PRD 111, 012011 (2025)

| Belle I ¢ Data
— Fit

--- B J/yr®
BN B J/yX

100 F redt =365 !
80 | |

e Doubly-CKM suppressed (“penguin’) amplitudes can shift
the value of Pg=20; measured in BY—=J/WKY by ~O(0.5°)

Candidates per 14 MeV
@)
-

\
40
» Current experimental knowledge o = [45.12+0.94]° .
» B and CP asymmetries in BY—=J/prd constrain Agq T T T Y
B | | | - | AFE [GeV]
e [rst observation of indirect CPV and competitive BF with BETNT \
. . N - DeLe N ¢ Blug(g=+1)
392+24 signal candidates o[ JLde=365 b1 | { o B lg= -1
: BO—>J/¢7TO !

» Experimental error on @g=[45.6+11.1 o(exp)+0.3(SU(3))]°
reduced by ~10% with this result |arxiv:2501.09414]

~
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Candidates per 2.0 ps
S

B(B° — Jap7®) = (2.00 £0.12 +0.09) x 10~°,
Cop =0.13+£0.124+0.03, Scp = —0.88 £0.17 4 0.03

Asymmetry
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.012011
https://arxiv.org/abs/2501.09414

2 in BO—=r0r0 Accepted by PROL [andv:2412.14260

é zz}elle Il preliminary BO tag g zz Belle Il preliminary BO _tag
-~ | | ~ L dt = 365 fb” ~ f L dt = 365 fb”
. Knovv\edge of BF and CP asymmetries in 2 ) Tome 2 o)
BO— 070 limits the precision on @2 RN - eet| g 2
extracted from the B— 7 system g et a2

e xperimentally reconstruct 2rvs (1.e. 4

ohotons and no vertex) among large N T—— | 2 fhmn S
COﬂ:iﬂuum baCKgrQUﬂd - _—0—3 -02 -01 O 01 02 03 04 05 - _—0—3 -02 -01 O 0.1 02 03 04 05
AE [GeV AE [GeV
e ound 1206+20 signal canaidates, achieving = |
competitive precision on BF and Acp 82; Belle Il preliminary [ , ] ‘ \
| ] | - i 1 (- i
» ~30% fractional increase in ¢z precisior ,\0'754 W/ II ) \I‘\ j\\
from B—r1rm system including this result 30§} wih it I A
T o04f \/ \ , ‘\ I M
o3g '\ Ty r '\ """"""""" \'
BB’ - n°x°) = (1.25+ 0.20 £ 0.11) x 10~ ° 0.2 | |
Acp(B® = 7%7°) = 0.03 + 0.30 + 0.04 B e e Eaa
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c|>2 (degrees)
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https://arxiv.org/abs/2412.14260

q>2 Iﬂ BO _nO"'p' Submitted to PRD [arxiv:2412.19624]

- = [ong. signal -==-= Self-crossfeed qq RBR T { Data
=== Trans. signal = ===== Peaking backgrounds BB — Total

o BV—ot+0- dominates precision on g2 due to

small 1o oD C ontribution 200 - Belle II preliminary : s00 [ Belle 11 preliminary b
O : /Edt=365 fp—1 1 — I /Ldt=365 fb—1
f S 150 i, 1 2 '

* xperimentally reconstruct 2rvs in the final state 2 100 f 2
and angular analysis to separate longitudinal/ £ 50 Tt 5 200
fransverse polarization iIn P—VV decay S B

: = 3E ———
. . . . A A& _3E - | .

e Found 436+35 longitudinally polarized signal B T T
candidates, from which competitive precision on cos 0,
At-dependent CP-asymmetries is achieved _ _ _ _ _ _

- __Belle IT preliminary é;%g?éq: + 11)0__ - __Belle IT preliminary B, (g= —1) -

o L . [fcdt=365m" e=r=t1 b cdt =365 0870 <r<10

» ~8% relative improvement on the precision 5 e & e

Of P2 from B—=00 1SOSpIN analysis > >
B(B® — pp7) = (2885055 7037) x 107°, ¢y = (92.6132)° | ’
fr = 0.921%5025 70,0155 Ay = (24T88)0 3 E -
S = —0.26 + 0.19 % 0.08, S S e

¢ =-0.02%+ 0.12418:8?’ 6 I—I4 —I2 (I)I | ; AIL 6 —_6I | I—I4l —|2 (I) ; AIL 6

E— At [ps] At [ps]
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https://arxiv.org/abs/2412.19624

, BT TU signa
B — -ta I n Belle II Simulation TT e v,
PR [ £dt = 365 b -0.30

10.25

—ssential ingredient for analyses with >1v in the final state ~
e Fully reconstruct tag-side B-meson with hadronic decays < -
(eg B—}D(*)HH') NEﬁ i 0.10

0.05

o (Calibrate tagging efficiency (<1%) in data using B8—=Xlv
and partially reconstructed B5—=Drr decays Y e
. o . BT TL backgrouno
Separate signal and background distributions in S

-10.16

10.14

» Sum of the energy deposits in the calorimeter Not
associated with Biag and Bsig (Eect)

10.12

0.10

0.08

M2... (GeV?/c?)

» Missing mass squared of the event from the known
peam energies (Mmiss?)

0.06

0.04

0.02

0.0 0.2 0.4 0.6 0.8 1.0 000

Eg® (GeV)
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BF of Bt—= 71U

S decay with
SSM (cha

largest Br,
ged H@gg 21

otonic
NSitive to

o | O
e

O
=

and theoretically clean probe for Vus g
B(BT = 7Fv,) = G%’gjm’% ] — ﬂ”ﬁ £21ViulPrs 5

e |Jsing hadronic B-tag and z—(e,u)vr ano
T (17,0)v modes (~72% of T decays)

e Observed 94+31 signal candidates from

fit 10 Erc and Mmiss? (30 evidence)

» SEens
Naaro

Dle to previous
alyses NEW

+0.19(syst.)| x 104

tivity compara
Nic-tagged ar

B(B+ — ’7’+V7-) = [1.24:: O.41(Stat.)
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Events/Bin

Submitted to PRD [arxiv:2502.04885)
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https://arxiv.org/abs/2502.04885

Search for BO—= K0t

e | F\/ b—stf transitions arise in models

explaining b—ctr anomalies witn
SFE~0O(10-9), close to experiment

al sensitivity

e First search for BO—=K0t¢ using hadronic

S-tagging and recoll mass to reconst

r'uct M-

» Clean Kos—= - signature, first B=2Kt
analysis including T—ov channel

» Most stringent ULs on b—ste transitions

B(BO ST ILL
B(BO — KsT M+
B(BY - KarTe™

(
B(BO — KsT €+
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https://arxiv.org/abs/2412.16470

Search for BO=K*0trt

o BF~O(107) In SM, enhanced up to ~O(10-4) in models

explaining b—=ctr anomalies and B—=KLL eXcess, Close
to experimental sensitivities

e Reconstructing tag-side with hac
side from combinations of T— (e,

Ay In the

e Signal ext

shape va

final state)

momentu

» Limit twice improved over previous Belle search (

M and Egcy

racted from fit to BDT classifier combining event
nables, kinematic of K* and 7, missing four-

B-tagging efficiency and inclusion of T—=ov channel)

» Most stringent limit on b—s7t7 transitions to date

- BFBY2K0tt1)<1.8 X103 @90% C.L
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ronic decays and signal
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Summary and outlook

Selle || continues to provide essential INputs
to test the CKM structure of the SM

» Several world leading results and
Mostly unigue measurements witn

neutrals and missing energy

» Improved detector performance and
analysis technigues

1 1

» EXpecting significant increase In
sample size with ongoing run

15
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: * Signal
AE = E, — 2
M. = \/5/4 — pgz 5 B~ Vs/ Co_ntinuum
o I BB background
Signal
Continuum
BB background

5.2 522 524 526 5.28 5.3 03 -0.2 -0.1 0 01 02 03

Beam-constrained mass |GeV/c?] nerqy difference |GeV] —vent shape
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Candidates per 0.2 MeV/c?
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Systematic uncertainties

Uncertainty (%)

Source Belle Belle 1I
Modeling in the D° - K9K$ fit 0.04 0.05
Modeling in the D — KT K~ fit 0.02 <0.01
Kinematic weighting 0.06 0.07
Input Acp(D° - KTK™) 0.05 0.05
Total systematic 0.09 0.10
Statistical 1.60 2.30

Belle

Acp(DY = K3K?) = (—1.1 4 1.6(stat) +

0.1(syst))%

Belle ||

Acp (DO — KgK(S)) = (—2.2-

-2.3 (stat) =

-0.1(syst)) %

A Y
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TABLE II. Relative systematic uncertainties on the branching
fraction compared with the statistical uncertainties.

120 o - Source Relative uncertainty on BF [%]
% : Belle I1 + Data § | Belle 11 + Eita 71.0 efﬁciency 3.7
100 F _ = — Fit > - [Ldt =365 fb! 1 Lepton ID 0.4
- [ £dt =365 fb —e— BYS g/ = 130T / --= B%— J/yr® BDT 0.3
= 80 F { N B J/yX - B— J/yX Tracking efficiencies 0.5
= [ —y . I BB External inputs 0.4
2 g0l — =100 F i N(BB) 1.4
3 N I /% 1.5
= 40 \ & - Fixed parameters 0.9
= .-Cg 50 B Backgrounds composition 0.4
"g 20 — . Multiple candidates 0.5
8 c% ! Total systematic uncertainty 4.5
0E = = === ~ 0 = - e —— ’ Statistical uncertainty 6.0
—0.1 0.0 0.1 0.2 0.3 2.95 3.00 3.05 3.10 3.15 3.20
AFE [GeV] m(£1L7) [GeV/c?]
TABLE III. Systematic uncertainties on the CP asymmetries
2 e i Belle 11 t D?‘ta 2 ol Belle 11 t D.ata compared with the statistical uncertainties.
= | [Ldt=365 b o = | [Ldt=365 b it
= - B J/yn® ” - BY— J/yr® Source Cep —1rScp
[ 0 i 0
qu Biag . B g Calibration with B — D*~z* 0.017 0.023
o, 40 A, 40 Signal extraction fit 0.003 0.017
% % Backgrounds composition 0.005 0.009
b= = Backgrounds Ar shapes <0.001 0.001
'E I = [ Fit bias 0.010 0.010
< 20 < 20 Multiple candidates <0.001 0.002
C% I % | Tracking detector misalignment 0.002 0.002
@, | @, _ Tag-side interference 0.027 0.001
0 0 70 and Amy <0.001 <0.001
—10 —9 0 5 10 —10 —9 0 3 10 Total systematic uncertainty 0.034 0.032
At [pS] At [pS] Statistical uncertainty 0.123 0.171
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Table VI. Systematic uncertainties for B and fr. Relative
uncertainties are shown for B.

Source B [%] fr[1072]
Tracking +0.54 —
7V efficiency +7.67 —
PID +0.08 —
To +2.87 —
MC sample size +0.24 +0.2
Single candidate selection +0.55 +0.3
SCF ratio ot o2
B’s of peaking backgrounds fg:gé +0.1
7777 background yield -8 +0.0
Signal model s +0.2
q7 model To's1 To2
BB model oo To
777" model 026 To
Peaking model et -3
Interference +1.20 +0.5
Data-MC mis-modeling 350 s
Fit bias +1.03 +1.2
S/ foo +1.51 —
NBB +1.45 —
Total systematic uncertainty 007 I
Statistical uncertainty s 21
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Table VII. Systematic uncertainties for .S and C.

Source S[10~2] C[1072]
B’s of peaking backgrounds fg:g 10.1
77 background yield +0.9 o0
Data-MC mis-modeling J_F‘i:fli ﬂ_L(}):g
Single candidate selection +1.3 +1.9
SCF ratio J_r8:i J_r(()):g
Signal model M +0.3
C](j_model =2 +0.2
BB model +0.9 +0.7
7777 model +0.1 40.0
Peaking model o8 +0.2
Fit bias +2.0 +0.6
Interference +9.8 417
Resolution ) J_ri:ill J_rjlt..z
At PDF for q¢ and BB -8 +0.7
Tag side interference +0.5 +2.1
Wrong tag fraction J_Fgé 105
Background C'P violation + g:g J_rg-g
CP violation in TP signal fg:g J_rg-i
Tracking detector misalignment +1.4 4+0.5
To and Amyg J_r}l:‘é 40.3
Total systematic uncertainty f?% J_rg-é
Statistical uncertainty +18.8 1121
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TAB. IV. Observed and expected values of the background

yields in the fit.

The expected values are estimated from

a simulation corresponding to an integrated luminosity of

365 fb~ .

Parameter Observed value Expected value
Mp, ot 4907 = 71 4846 + 24
Ny, i+ 4620 £ 69 4493 + 24
(I 454 + 22 461 £ 9
T ot 772 4+ 28 811 + 11

TAB. V. Observed values of the signal yields and branching
fractions, obtained from single fits for each 77 decay mode

and the simultaneous fit.

Decay mode s B(10~%)

Simultaneous 94 4 31 1.24 +0.41
et v, U 13+ 16 0.51 £+ 0.63
wt v, U, 40 + 20 1.67 +0.83
Tt . 31+ 13 2.28 + 0.93
ot U, 6 + 25 0.42 + 1.82
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TAB. VI. Summary of systematic uncertainties (syst.) on the
fitted branching fraction presented as relative uncertainties.
The eftect of each source is evaluated in the simultaneous fit
of the four signal modes. The last three sources do not affect
the signal yields.

SM SM
|Vub | exc |Vub | inc
T | | |
- Belle II (365 fb~!, hadronic)
i 1.24 £0.41 £0.19 Preliminary
(HE. BaBar (417.6 fb~!, semileptonic)
i i 1.7 £0.8 £0.2 PRD 81(2010)051101
o BaBar (426 fb~1, hadronic)
i 1.83%825 £0.24  PRD 88(2013)3,031102
ol Belle (711 fb~?, hadronic)
i 0.72 %927 +0.11 PRL 110(2013)13,131801
- Belle (711 fb~!, semileptonic)
1 1.25 +£0.28 =0.27 PRD 92(2015)5,051102
i.l | | | |
0 2 4 §) 8

B(BT = 71.) (x107%)

Source Syst.
Simulation statistics 13.3%
Fit variables PDF corrections 5.5%
Decays branching fractions in MC 4.1%
Tag B~ reconstruction efficiency 2.2%
Continuum reweighting 1.9%
7V reconstruction efficiency 0.9%
Continuum normalization 0.7%
Particle identification 0.6%
Number of produced 1°(45) 1.5%
Fraction of BT B~ pairs 2.1%
Tracking efficiency 0.2%
Total 15.5%
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8 | Belle+Belle Il preliminary —— Data
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TABLE I. Efficiencies (€), signal yields (/Ngig) of the data fit,
central value of the branching fractions and the observed BY"
at 90% CL. The first uncertainty of the central value is sta-
tistical and the second is systematic.

Channels e(10™%)

B(107°)
Nsig Central value UL

B - Kortu~ 1.7
B - K2r—ut 21
B - K21%e™ 2.0
B - K2r7et 21

—1.8+3.0 -1.0x1.6x=0.2 1.1
2635 1.1x1.64+0.3 3.6
—12+24 -05=x1.1x+0.1 1.5
—29+20 -1.2+£094+0.3 0.8

| (GeV/c2)

rec0|
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Table I: Signal efficiencies (¢) and expected background yields,

| Bellell preliminary 4 Data L %% Bemempreliminary 4 Data ’ for n(BDT) > 0.4. The signal categories are ordered accord-
30 | mm B Krtr- | : e B0 K*Ort7- ing to the expected sensitivity.
= | /Edt:365 fb-! e BB | = 250 | /Edt=365 fb-! s BB : - —
5 | (¢ category T g : 5 e category g Signal category e x 10 BB 49
o 60 77z Uncertainty {1 o 200 ¢ 7777 Uncertainty ] 44 4.0 275 39
— Signal B=10"* | ; + —— Signal B=10"* 194 7.6 1058 230
S | S50 ! - p 15.5 3279 845
a0 | @ T 4.0 1077 424
g | qﬁ) 100
> | >
=20 - 50
. Table II: The systematic uncertainties for the
_— branching fraction of B — K*777~, which were computed
2 if_ 3 following the procedure in Ref. [38].
: QE T 3
00 02 04 06 08 1.0 12 14 . . . . . . . Source . . Impact on B x 10
Foxtra [GeV] Foxta [GeV] B — D**//1v branching fractions 0.29
M S S A ; A S S Simulated sample size 0.27
- BelleIl preliminary ¢ Data | | BelleII preliminary ¢ Data qq normalization 0.18
600 | B KOrtr— - - mm B'SKrtr . '
— f /Edt=365 fb-? : Bg_) [ 200¢ [Ldt:365 fh-! S BF_) ROE cluster multiplicity 0.17
% 500 | . ' % . d K ID 0.14
d" 500 1 p category T qg . Ci.)" - 7 category T qg T an . . :
o : 777z Uncertainty | & 150 | 2277 Uncertainty | B decay branching fraction 0.11
g 400 Signal B=10"* ] ‘;‘ ' Signal B=10"? Combinatorial BB normalization 0.09
< 300 | Z 100k Signal and peaking B"B" normalization 0.07
2 | 2 Lepton ID 0.04
L 200 | 2 70 efficiency 0.03
2 . | 50 foo 0.01
Nr@s) 0.01
D — K1 decays 0.01
Signal form factors 0.01
E ] § ] Luminosity < 0.01
4 E . . . . . . ] - . . . . . . . Total systematics 0.52
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14 T
o [GeV] o [GeV] Statistics 0.86
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