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| Asymmetric e‘e- B Factories: Concept

+ Mass of B meson (bq) is around 5~6 GeV.

mass - =2.3 MeVic =1.275 Ge) Vc‘ =173.07 GeVic* 0 =126 GeVic?

=1 Wl @ H -« B pairs can be generated plentifully using ~11 GeV Y(4S)
up charm top J gluon bHc;ggﬁ colliders
1‘: | g . y ; ‘ « Relatively lower energy — intensity up easily — intensity frontier
e R Rk g ) - First generation B factory
e) E, @ . « ARGUS/DORIS Il at DESY 1982 — 1992
electron muon tau . Zboson | g
o [ g S § « CLEOJ/CESR at Cornell 1979 - 2008 (including Cleo-c)
2 o A |- R | . 4OAR =
2 "zelec%f m? tauw 'Wb‘ § + Next, asymmetric B factory:
% neutrino neutrino neutrino oson WS
- BaBar/PEP-Il at SLAC 1999 — 2008
- Belle/KEKB at KEK 1999 — 2010
€- Y(4S) et . 2nd generation asymm. B factory: Belle Il/SuperKEKB at KEK

2019 -



Advantages of an e e~ flavor factory

@ Known initial kinematics and good hermeticity

» possible to fully reconstruct events with invisible particles
@ Clean environment (average 11 tracks per event)

» efficient detection of neutrals (y, 7%, n, ...)
@ Run at the Y'(4S) mass just above BB threshold

» Relatively low background B
» Data off-resonance provide control sample withoud BB
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SuperKEKB and Belle II

WER

Vs ~10.58 GeV

Belle Il Online luminosity

KL and y Detection

KLO p resolution: 15 MeV
M identification eff.: ~90%

Vertex Detector
vertex resolution: 15 pm

Central Drift Chamber
spatial resolution: 100 um
dE/dx resolution: 5%

Pt resolution: 0.4%

EM Calorimeter, Csl(TI)

energy resolution: 1.6%-4%

Particle Identification

K eff.: 90%, fake m rate: 5%

Nano-beam design: 30X peak luminosity of Belle

Exp: 7-42 - All runs

Integrated luminosity
s Recorded Weekly
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e Targeting higher L;,;: 6 X 103> cm™2 s
e Ultimate goal: ~ 50ab™?! 3

SuperKEKB

22mrad |

100um

906 fb! data collected so far
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| Belle 11 physics

The Belle Il Physics Book: em——k
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BB thres. Belle Il Physics Book, PTEP 2019, 123C01
ete” —  Cross section [nb]

7045 05010 Primarily a B factory; But not only B physics!
(ca ) " ls0 @® Also, tau, factories

55 0.38 ® Clean background for and searching for dark

ut 1.61 sector
dd 0.40

7= (7) 0.919 Various type of analyses:
pt = (y) 1.148 @ Lifetime, time-dependent measurement

ete” () 300+ 3 @ well-suited for decays with missing energy and missing mass




B decays
(CKM matrix)
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Charge Conjugation (C)

| CP Violation and KM theory

» CP violation: a key for the matter-antimatter asymmetry.
» Kobayashi-Maskawatheory (1973):

® CP violation in the Standard Model (SM)

® Complex phase in the quark mixing matrix

CKM (Cabibbo-Kobayashi-Maskawa) Matrix

a2 3
Vud Vis 1-2¢/2 A AA (p@)
= 1-12/2 A2

V=1 v V Y, -A
d b
. > ° A}L3(1-) ArZ2 1

Vid) Vis Vi

/ 1(0,0) (1,0)

Triangles in the complex plane (from Unitarity)

In B mesons, CP violation often appears as a decay
time difference. measure position instead of time

Flavor-tag

(B0 or B0 7) Eer~30%

MEENENY

a = ¢ B=¢d1 v=0¢s3



| #. = B :Decay time dependent CPV in B decays

b—c (B —» Jy KO)

Flavour tagging improvements

BY ——— fcp

\ EZV o |Viq|2e?i®n
BO It

Coherent
evolution

] K
e (7 GeV)
|\\ U ptag
Flavour-tagging key: LYy :B
leptons, kaons, high H v
momentum tracks etc Az = Atyfc

boss (B — $K?, n'K?)
* N i «V’/‘*Zz

Aop(At) =

B(B® = fcp)(At) — B(B® — fcp)(At)

arXiv:2402.17260 [hep-ex]

Belle Il simulation
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Graph-neural-network
approach has improved our
tagging by 18%
€(1—-2w) =37.4%

The SM predicts A=0and S = -nsin 2¢:

B(BO — fcp)(At) + B(BO = f

At

cp)(At)
CPV

= Ssin(AmgAt) + A cos(AmgAt)



| CP Violation in B decays

Observation of time-dependent CP violation and measurement of the branching fraction of
B% — JAy n° decays, PRD 111, 012011 (2025)

Measurement of CP asymmetries in B — K5 n°y decays at Belle Il, PRL 134, 011802
(2025)

Measurement of branching fractions, asymmetry, and isospin asymmetry for B® — p°»
decays using Belle and Belle Il data, Phys. Rev. D 111, LO71103 (2025)

Measurement of the branching fraction, polarization, and time-dependent CP asymmetry in
BY — p*p decays and constraint on the CKM angle ¢,, PRD 111, 092001 (2025)

Measurement of the branching fraction and CP-violating asymmetry of the decay B% — 7% x®
using 387 million bottom-antibottom meson pairs in Belle Il data, PRD 111, LO71102 (2025)

Measurement of time-dependent CP asymmetries in B — Kqn™ n- v decays at Belle and
Belle Il, arXiv: 2510.01331, to appear in JHEP



| Search for CPV in B® - p*p~

* much smaller loop contribution = dominates ¢, precision
« two s reconstruction needed = a channel suitable for Belle 11

Events /1.0 ps

Asymmetry

100

[Belle II preliminary &

i B' tag
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At [ps]
S=-0.26=%x0.19 £0.08
C=-0.02%+0.12+0.05

[PRD 111, 092001 (2025)]

Mixing-induced CPV param.

-

{1+q[Ssin(amaat)

Probability distribution

e—lAtl/‘rB()

—C cos(AmgAt)] },

B(BO - P+P_) = (289t8§§) X 10_5 Direct CPV param.

fL — 0.921 igggg Helicity angle distribution Longitudinal polarisation fraction

d’r

14— 91101 — in2 in2
I'dcosf,+dcosf,- 4[4(1 fr)sin” 6+ sin”6,-

+f1 cos? 6+ cos? Gp-] .

Constraining ¢:

Belle II preliminary

o B—pp (WA + Belle II (2024))
[y = [02.6+45])° 1 B - pp world average:
| P2 = [92.0_47
I | _ +4.5v0
0.8 | B ¢2 - (91'5—5.4
Losf 1 B - pp world average
o | +Bellell ptp~ result
04| . o
o B8.3% e = ¢, = (92.6143
02 F |
.......... 954% et 6%"
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Dominated by%ystematics from S



I First measurement of time-dependent CP violation in B? — a'z?

2606.20797

[(B°/B(t) — fep) ox e~ /78 [1 +q( Ssin(Amgt) — Ccos(Amgt) )}
e g Submitted to NP

mixing-induced CPV direct CPV

Aep(At) = P(At, +1) — P(At, -1)
= — PlAL A1)+ P(BE 1) The Issue with B® — 707"

= S'sin AmAt — C cos AmAt

@ ~ 99% of decays: vertexless 4+ final state

8 @ No decay vertex = no At

= 0101

3 @ = standard time-dependent CPV analysis not possible with
= current samples

The New Idea PHYS. REV. D 112, 032011 (2025)

e Quantum entanglement of B°B° pairs links the two decays
@ New approach: use only the tag-side decay time ti,g
@ A time-dependent flavour asymmetry still arises:

. o reduced oscillation amplitude (~ —20%)
e maximal asymmetry occurs at larger ti,g, where fewer B mesons remain

At [ps]

At = tcp — trag from the two decay 0

vertices



I First measurement of time-dependent CP violation in B? — a'z?

@ Very small signal: ~170 events

o Dominated by continuum background (~130x larger)
e Additional BB background of similar size

@ Goal: extract signal, determine flavour, and measure decay time for Btoag and B&g
e No signal vertex (4~ final state) = cannot measure decay time

@ Use tag-side decay time fi5g instead

P(ttaga q) ~ B. —S;Ej:)
Sig _.-=" X
e—ttag/T |:]_ —q D (Sﬂ-oﬂ,o Sin[Am(ttag - f)] i Qth)
+ Crozo cos[Am(tiag — f)])] %ég
t = arctaﬂ(AmT)/Am ~  1.294ps
Bgg .- 1
O. -
sig_.--""
"""""" .m0
_ IT——— ——————3

~ -
~ -
-
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I First measurement of time-dependent CP vio

Soo = 0.6179-72 (stat) + 0.11 (syst)
Coo = 0.05 £ 0.28 (stat) + 0.07 (syst)

@ (Cyo consistent with time-integrated
Acp = 0.03 4 0.30 within 0.50 (considering
overlapping events)

@ Uncertainties consistent with expectations

@ S compatible with theoretical expectation (~ 0.65)

00

First measurement of mixing-induced CP violation in B — 7’z

Conventional time-dependent analysis:require a data set twenty times larger
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| Semileptonic decay: CKM matrix

e Important to constrain CKM unitarity triangle & test SM
IVudl qusl |Vub|

* Determinations via or exclusive semileptonic Vet = | 1 Vel 1Vl 1V
B decays [ Vial Vil 1Vl
* Long-standing “Vxb-puzzle”: discrepancy btw. Vo Vi
CKM " ckMm

inclusive and exclusive determinations

- B e LA S B DL S BN S p
EXClUSIVe 'o 4.6 :_ Exclusive [V | Ax? = 1.0 contours 3
:l T E ' Inclusive —:

— - Exclusive [V | IV, GGOU 3

B — ntv, B - pfv, B — DY, A, = plu, ete. >g e s VIV IV global fit
. Z42F ] =

- HFLAV Average ]

2 C ~ -

B ox |Vy| 5 Formtactor f (LCSR, LQCD) 4E 30 -

3.8F =

3.6 7 % =

34F Excl.: . E

B—X/v, B—>XCv 32F E

3F HFLAV &

AR . ]

2o [V [1+ cS<m<025>w> . c6(u><f;6>(m i (m;)] v,| = 28F r)=a9%
my my (7: 8 AT L PR [N TN ST SR (NN TR TN TN AT ST TR T S 1 .

+ Shape Function / Fermi Motion (OPE) 36 L 4l e . 3
|Vcb| [10 ]
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I B+_)”+v”

* SM branching fraction:

G3mpm,

B(BT = uty,) =

8

* SM predicted: B = (4.18 + 0.44)x1077.
e Belle: B = (5.3+2.04+0.9)x1077 (2.80)

(PRD 101 (2020) 032007)

“(

My

m2

Belle & Belle ll Combmed pu ]nmu m fCrlI 1076 fb 1

Slqnal
b-u

B —=pvy
Rare
b-c

Data
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Sys. unc.
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Q(Xlum Ob)

J6G (X [Hobs, Oahs)dX -]
/77 10% Quantile ]

Frequentist Upper Limit ]
B <6.25x1077 @ 90% CL™]

G (x|na, 04)

Bayesian Upper Limit
B<7.13 %1077 @ 90% CL]

—= Bgy=4.18 x1077

Frequentlst Pi)F

0.0

* Belle + Belle Il (1076/fb):

2.5

5.0
BB* -ntv,) x107

7.5

10.0 12.5 15.0

« B(B* - pu*v,) = (436 +1.89+£1.01)x1077 (2.350)

B(B* - u*v,) < 7.13x1077 (Bayesian Upper Limit)

B(B+ - u+vu) < 6.25%x1077 (Frequentist Upper Limit)

These are the most stringent limits to date. ”


https://arxiv.org/abs/2602.09800

Inclusive B — X (v

* Reconstruct: Combined signal lepton on the signal side with

fully reconstructed hadronic B on tag side

* Large backgrounds from dominant B — X_.£v decays

- Efficiently suppressed with MLP using different event

shape variables

- Normalization and shape mismodelling corrected using

control regions in data

o Extract signal with 2D fit to lepton energy in B restframe Eg

& momentum transfer q2 = (p, + p,/)2

- G +

signal side

X

[\

.1:Belle Il Preliminary  [cdt=365fb? «o:Belle Il Preliminary [ dt=365fb1 «o:Belle Il Preliminary  [rdt=365fb"
2,00 — —————— — : : : . . . . .
I Other backgrounds | SR 1.60 | 3 Other backgrounds SR 3 Other backgrounds SR
175} BB B - X Av ! Ef>1 GeV B B Xcdv Ef>1 GeV 8.00 - I B - XAv Ef>1GeV
B Signal i ! 1,40 |- I Signal ) My < 1.7 GeV B Signal Mx < 1.7 GeV
150 | #8% Uncertainty | H R’f& g:::na'"ly | #8% Uncertainty g% > 8 GeV?
¢ Data | | 120 ¢ 600l ¢ Data
L25F i i i '
] Ef€[1.0,13) | Ef €[13,16) | Ef €[1.6,1,9) | Ef €[1.9,2.7) Y 100 pre1,0,1,3) 1 EFE[1,3,1,6) | EFE16,19) | Ef €[19,27)
c [= .
S I S | Iy A
5 ,.l Nominal fit result; i
‘ ] 1 ]
i i O
050 e H
0.25
0.00
£ 125F T T T T £ 125 T T T T T
N |, ) }id o,
5 1.00 prpmesnbninies $ ¥ T 100 Bas SR AR
] E [ 1 1 ] 1 1 :
ot 4, | - R o LIV B I TP
o 4 8 26 4 8 26 4 8 26 4 8 26 8 26 4 8 26 4 8 26 1.0 12 14 L6 18 20 22 24 26 15
q? [GeV?] g? [GeV?] EP [GeV]




I Inclusive B — Xuf | 4 PRD 113 (2026) 032004

Predictions of the partial rate

Belle Il Preliminary l
This Determine |V, | from the measured partial
measurement  f~ BLNP L ) ub’ . .
branching fractions in the 3 different phase
Ef>1GeV = DGE s space regions:
_ GGou i
BLNP model: AB(B = X, 0" vp)
PRD72,073006; T — Vas| = 75 - Al'(B — X, A vy)
NPB 699,335 Ef >1 GeV DGE o B
My < 1,7 GeV
DGE model: GGOU e
JHEP 01 (2006) - Nominal result: E/B > 1 GeV with GGOU
097 T — +0.07 -3
Ef>1 GeV = . . |
GGOU model: My < 1.7 éev DGE et |Vub| (4 Ol j: O 19_008) X 10
JHEP 10 (2007) q°>8GeV _ GGou e Covering 87% of phase space
058.
HFLAV inclusive i Dominant systematics:
HFLAV exclusive B —|X v modelling: (1m,,, @) where a = f(my, ﬂ,%) in
HFLAV B - nifv B Kagan-Neubert scheme
. 25 | ;-"I < 10° 35 4.0 43 B — X Zv composition differences between SR and CR
ub

X, fragmentation modelling

Exclusive Average for B — zfv: o . .
Vo] = (3.75 % 0.06ucp £ 0.19gp00) X 10~ Competitive with previous measurements! 16
ub| — \- = . exp +LJtheo



from untagged exclusive B — D4,

mB—l—mD q

cb

Signal yields are extacted in 10 bins of w by fitting the
simultaneously in the electron and muon
channels and in the charged and neutral modes

2

The recoil variable w = vgvp 2mpmp
cosdgy. the angle between the signal B and D¥# system

Belle I [ £ dt = 365fb !
L , — ‘ el PRD 112, 112009 (2025)
. B+ — Dle*v, x2/ndf =335.4/318 + O BoD
1.2} Postfit B é D e 'I"‘rl\r\\D ]
1.0 Conti

2 s o BB - Dty,) = (2.06 £ 0.05(stat.) £ 0.10(syst.)) %

H061
04 + POt ) =
| RBBT - D°Cv,) = (2.31 £ 0.04(stat.) = 0.09(syst.)) %
0.0
ég-%;ﬂﬂu‘ ”“Hh %J.”*+H+”$ b4 +? "T*{'”+*”"& + “+'++h++*u“u*++ Hu “**‘,“1+++++h L .
Al ‘ ‘ | Extract by fitting values of AT /Aw using BCL
0 20 40 60 80

o on - (Phys. Rev. D 82, 099902 (2010)) form factor

%10 Belle I [ £dt =365 fb~!

- | parameterization.

14} =0, +
B+ =Dt + 0 B-D"
1.2} Postfit B é D TrueD ]
False D
= Continuum ]
2222 ortainty

| V., | = (39.2 + 0.4(stat.) £ 0.6(syst.) = 0.5(th.)) x 1073

> Result in agreement with exclusive HFLAV average
> Most precise measurement using B — Dfv, decays

3,
;El* Pttty 6+$ 4 ‘1+ t 1 IR +15 44 t,444 t b4 L+ J.+§ 4y J+1 4 i dp e 1LJ.+ JU e
S_1F +T (R 8 f+Y T v” ¥ [X R L YH o4t it ¥t 7+r HH T Ty *H fal ERSREE AL RR
-3F ]

0 20 10 60 80
(cos Oy, w) bin 17



+ Belle Il preliminary [ £ dt=365fb"1 Belle Il preliminary [ £ dt=365fb"
N'_‘40'—ina+x —— Total mode| 'E | — Signal + Sx —— Total mode!
Inclusive B — X I S T T | 3T S TR
eaking - —— Peakin
Partial branching fraction (BF) in 1 < q <6 GeV 2 ) camnd1 <g |<6Ge"2 2 |wehamel1 < g7 < 6 Gev?
2 o 20 ~
~ =210
® Anomalies in exclusive measurements 8 10 g
v B(B — K®*) ) lower than SM in low-g2 ([1, 6] GeV?) & e S0
v/ but large theory uncertainty (~ 20%) in B — K FF 3 oF s e - -
S e i ehe 53 530 820 522 524 526 528 530
e What about inclusive? My [GeV/c?] Mpc [GeV/c?]
at about inciuswe«
v BSM (B — Xsl+l—) — 4.2 % 10—6 i Belle 11 (365 ﬂ)‘": 20 X5 modes, myx, < 1.8 GeV/c?)
i (1.36 + 0.2370-13) x 106 Preliminary
® Run 1 Belle II data (365 fb_l) Untagged analySiS i BaBar (428 fb!; 10 X modes, mx < 1.8 GeV/c?)
S fExclusi thod | (1.60703575-2%) x 10-6 PRL 112, 211802 (2014)
um-or-rxciusive metno i
. . . E Belle (140 fb'!; 18 X modes, myx, < 2.0 GeV/c?)
2
5 Xs 1312(; hatdr onic r7nlo(;le(s mlml)(i o)< 1.8 GeV/c=. TN (1.4940.50°%4) x 1075 PRD 72, 092005 (2005)
visible fraction ~ o (inc . i l 1 . , :

1 2 3 A 5 6 7 8

estimated with Pythia (Lund Strlng\ mode?) 2/¢1]) [x 10

BB—Xtl; 1<q2<6[GeV

® Signal extraction Lo
B(B— XseTe ) =

BB — Xutu)
BB — X.(T07)

(1.60 + 0.337017) x 107°
(1.13 +£0.331085) x 107°
(1.36 £ 0.23701%) x 107°

E2

beam

v by fitting to My, = —D;

v/ peaking backgrounds from fake leptons
— subtracted using data

good agreement with SM, factor 2 improvement in precjgion






I Charm production at Belle II

* At Belle I, e*e™ mainly collide at 10.58 GeV to make Y(4S) resonance mainly decaying into BB.
« Meanwhile, continuum processes e*e™ — qq (q = u, d, s, ¢) have large cross sections.
« Two ways to produce charm samples: 1) e*e™ — cc, and 2) B — charm decays.

Two charmed hadrons produced from continuum One or more charmed hadrons produced in B decays
e c X,
X,
W s,
}’/ZO
XC
et
=
Large statistics but high level background Low statistics but very clean sample
Only relative branching fractions can be measured Absolute branching fractions can be obtained:
Absolute values obtained using external inputs cross section of BB precisely measured

ZU



I First observation of D, (2317)" — DTy  ereiss 20000

Motivation and analysis strategy

- Nature of D*(2317)" and D,;(2460)" unclear: c5 states, hadronic

molecules, mixed configs, tetraquarks — motivate further studies

. Reconstruct DF — ¢[ — K*K~- |z and D} — K[ — K~z"]K" decays

D#*(2317)* candidates from D, *y or Dz combinations

. Ds’*a(2317)+ — DFz" as normalization channel: yield obtained from an

unbinned maximume-likelihood fit to M(D;’Jto) spectra

. Detailed study of background sources: use D, and 7" sidebands

Peaking background from a missing y in D,;(2460)* — D_*z" decays

FEATURED IN PHYSICS

I Fitted
B —e— Belle Data . .
| — Total Fit signal yield:
4000 — o Combinatorial BKG +
L D, Sideband 10820 £ 230
N n° Sideband
2000 —
0 i ‘ AN
= 4| = |
o -4
2.2 2.25 2.3 2.35 24
M(D;r% [GeVic?]
- Fitted
- —e— Belle Il Data . .
- Total Fit signal yield:
oo Total BKG
2000~ gfggg‘:;::"a' BKG/ + 6108 = 163
| n° Sideband

.2 2.25 2.3 2.35 24

M(D;r% [GeVic?]



| First observation of D_,(2317)"

Results
First measurement of R = B(D_;- — D, *y)/ B(D,; — D) using a
simultaneous unbinned maximum-likelihood fit to M(D, *y) spectra

R=(7.14%0.70,,,+0.23,,,) %

35

—*— (S state
30
—=— Molecular state
25

* Exp:7.13+0.75

20  Experimental band

15

IIIIIIIIIIIIIIIIIIIII|IIII

10

Branching Fraction Ratio [%]
Events / (5 MeV/c?)

A
0 | | e
Ly Gogy, 00/3,742/,,, Ke Bardeeaessf u

L

- Dgty

Events / (5 MeV/c?)

Above molecular predictions, below quark-model expectations:

could be a mixed configuration

PRL 136, 241901
FEATURED IN PHYSICS

[
a
o
o

¢ Belle Data ——— Total Fit
------ Total BKG [ Combinatorial BKG
[ pz* sideband
1000 e
500
0
| —— ]
23 2.32 234 2.36 2.38
M(D:*y) [GeVic?]
¢ Belle Il Data -~ Total Fit
------ Total BKG [ Combinatorial BKG
600 [] pi* sideband
b K g

e
M(D:*y) [GeV/CZ]

2.34 22 38



=+ =0
I Z¢ and E; decays

Reconstruct:
° =0
"‘C
0 + =+ 0 =+
* '-'c K™, E¢ = pKy, E¢
500
§' F preliminary
% 400 } An (a)
=300
®, o
@ 200
c t
o £
> 100 [—
0 L L L 1 L " L 1
— 5 ‘
g of |
~338 24 2.42 044 2.46 248 25 252 254 2.56
M(An) [GeV/c?]
Belle [ Ldt = 983.0 fb—!
300~ . paa
% [ o 'B"ackground (e)
g 200:_ Broken signal pl;&‘blﬁll-df)’
g e t }i {
) - A4
S 100 i
a [
o i L 1 1 1
4
= 2F
u:__g _-—J ”‘r"h-‘"\l.-’."‘--“-‘-"-‘l #
22 2.45 25 2.55
M(z°K*) [GeV/c?]

- Antt, B

- An, 20 > An’ (singly Cabibbo-suppressed (SCS))
- 20t (SCS)

& s preliminary ’
L An’ (b)
® 400 F
= [ TN
‘2300 —
z’ 200 E— +
2 200 F
§ © Belle + Bellell
Lﬁ 100 —
E A
N . .
_ 5
z o
B4 2as 246 248 25 252
M(An) [GeV/c?]
Belle Il [ L£dt = 427.9 fb—!
: —— Data
150 (— — Total fit
S [ —— Total Background (f)
E 5 Broken signal preliminary
o o
g -
8
c
4
w
0 . . . .
4
= 2F
g0 *’T-L-"'r"‘—l——f‘“-lil-'uﬁilrl‘
2F
4

2.45 25
M(EK") [GeV/c3]

2.55

ete™ - EF/Z2 + anything

Events/ 2.0 [MeV/c?]

Events/ 2.0 [MeV/c?3]

Events/ 2.0 [MeV/c?]

Belle [ Ldt = 983.0fb~!

800 [~ ( al) e Data =
r — Total Fit -
- Combinatorial

600 _— Background ]
F¥ ]

400 — ~

200 0 ]
F pKS g

0 . *
E z J-.-'—v.l.-'-p!
2
57 2.45 2.5 255
M(pKY) [GeV/c?]
Belle [ Ldt =983.0fb"!
E (bl) —— Data ]

wo b — Total Fit 5
o e Combinatorial
r A 1.[ + Background 3

- :_ ween Z I AR _:

200 freesec Ml et L K 3
E t .

100 - =

g E.... ) ) ]
E §Euﬂ-\.—wﬁfwm ""‘*“LI""“ “"'g
-4 2.4 2.55
M(An ) [GeV/cz]
Belle [ Ldt = 983.0fb~!
] ( Cl) : —+ Data ]
— Total Fit
----- Combinatorial |
hX 0 T +  Backgrouna ]
200 e AAry T

245
M(E’T) [GeV/cd]

25

Events/ 2.0 [MeV/c?] Events/ 2.0 [MeV/c?]

Events/ 2.0 [MeV/c?]

200

Belle IT [ Ldt = 427.9fb~!

- (a2)

T
—— Data

~— Total Fit

**+ Combinatori

Background

ial

Pull

_E E“\.—‘J‘—w.r-ﬁ‘ﬂ""ﬂ-—'-—}"-“-‘%ﬁkﬁri

24

M(pKD) [GeV/cZ]

Belle Il [ Ldt = 427.9fb!

255

100

'(b2)

T
~s— Data
=~ Total Fit

=+ Combinatorial

Background
er e AR

245 25
M(AT") [GeV/c?]

Belle II [ Ldt = 4279

100

[ (c2)

—— Dm
= Total Fit

«++- Combinatorial —]

Background
o AYAR)Y

25
M(Z°r) [GeV/c?]
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I Branching fractions  First or most precise measurements!

[JHEP 08 (2025) 195] [JHEP 03 (2025) 061] [PRD 113, 032015

. o Zou et al. [4] : . @ ‘ . (b) v (E) Zou et.al [12] ¢ tef i - Zhao et al. [15]
| Geng et al. 5] - . - Geng et.al [13] o " || Geng et L 16
. o —— . - Geng et.al [14] ¢ VL zowetal 7]
—e—t L Zhao et al. [6] - . Huang et.al [15] : ’
L Hsiao et al. (I) [7] - . . Zhong et.al (I) [16] p——o— Fe4 | Genget al.[18]
—— L Hsiao et al. (II) [7] - - .~ Zhong et.al (II) [16] ot o || Hsiao et al. (1) [19]
- .« . Xing et.al [17] |
- Huang et al. [§] : - 1 . Geng et.al [18] o o4 i I Hsiao et al. (II) [19]
—— L Xing et al. [9] . g . e Liu [19] —e— ol ] |t Zhong et al. (I) [20]
. ' e bt . -~ Zhong et.al (I) [20] I
L Liuet al. (I) [10] " = - N Zhong et.al (II) [20] I—O—i Zhong et al. (II) [20]
L Liu et al. (II) [10] . . —— Zhao et.al [21] L] I Gengetal [21]
o | ] . . - Hsiao et.al (I) [22] (|
Zhong et al. (I) [11] = N " Hsiao et.al (I1) [22] ol i Zhong et al. [22]
—o—if L Zhong et al. (II) [11] - :j'; I'O:'l I Xing et al. (I) [23]
- CLEO Collaboration [12] | == - - e e ement F—e— | | Xing et al. (I1) [23
L Belle.a.ndBelleH 1Ll ‘|||||||||||| im J,JJ?‘[E]:I:I|IIIIIIIIIIIII —E [ Belle and Belle IT
0.0 08 16 1 2 00 01 02 combined measurements. g s 0 s s 12 88 0 4 8 0 15 o3 g Combinedmeasuements
B(Ed = £YK)(%) BET - %) (%) BET - E°K™)(%) B(E—pK) x 107 B(E;—An") x 10*  B(E{—>2"r") x 10° BE > Ap)(x107)  BEL - Ay)(x107)  B(E2 - Ax®)(x107)
[4] the pole model (Pole), current algebra  [12] Pole and CA [15, 17-23] SU(3)¢ flavor symmetry
(CA) [13-22] SU(3)¢ flavor symmetry [16] Pole and CA
[5-11] SU3)¢ flavor symmetry [22] Topological diagrammatic approach

Next steps: 1. Explore three-body decays;
2. Amplitude analyses to search for new intemediate states and identify J®. ”



| CP Violation in D decays

Measurement of the time-integrated CP asymmetry in D° — K K decays using Belle and
Belle Il data, PRD 111, 012015 (2025)

Search for CP violation in D" — KK~ n* 1" decays using triple and quadruple products,
JHEP 04 (2025) 036

Measurement of the CP asymmetry in D™ — n™ n° decays at Belle Il, PRD 112, L031101
(2025)

Measurement of the time-integrated CP asymmetry in D°— n° n° decays at Belle Il, PRD
112, 012006 (2025)

Measurement of the time-integrated CP asymmetry in D° — K¢ K decays using opposite-
side flavor tagging at Belle and Belle Il, PRD 112, 012017 (2025)

Measurement of the CP asymmetry in D* —» z*z—2° decays at Belle Il, 2510.21224, PRD
113, 052006 (2026)

25



| CPVinD - nn

e D'ontm:
o the only channel with > 36 evidence of CPV in charm.
o  The SM generates CPV through interference of a tree-level and suppressed QCD loop
amplitude Al = 1/2 (1 =1sospin) [Pys. Rev.D 83, 114036 (2012)].
e D'—an’:
o I=2 and can be reached from the I= 1/2 initial state only via a Al = 3/2 transition.
o  Therefore, any observation will confirm New Physics.

o D’—nlnl:
o Can have I=0 or I=2 and hence can have nonzero direct CP asymmetries in SM.
o  Isospin sum rule:

- 0.0 0

R acp(ntm™) & acp(m'n?) i acp(mtn?)
ok Tpo Boo 2 Bio T 4 Tpo { By— 3 Bye 1 s 3Tp+ [ Boo + By
o TD() 3 TD+ B()() TD() 3 TD.|. 2 B-H) TD() TD()

o a.,# 0, R=0: CP violation from the Al= 3/2 amplitude (New Physics!!)
o R =(0.93+3.1) X 10, uncertainty is dominated by the n’n’ mode HFLAV

26



| CP asymmetry in D* - 't nf

PRD 112, 031101 (2025)
r(p*t-n*n)-r(p~>n"n?
r(p*-n*n0)+r(D-->n"no)

® The physics variable that we are interested is Acp (Dt - wtn?) =

o N(D*->n*rn®)-N(D~>n~n?)
raw N(p+-mntn0)+N(D~->n~n0)

® But the variable easily accessed in exp is A4

® ATZ, is related by AZp = AT&, —|(Apyea + AD)> nuisance asymmetries

prod’

AP - forward-backward asymmetric production in e*e™ collisions of charm hadrons, due to l
y* — Z0 interference and higher-order QED effects, is an odd function of o8Oy (D®).

+ + + 770
AT : detection asymmetry of the low-momentum tagging pions. use D™ -> T K sasa control
mode to estimate this

Control mode D% - z*K] (Br=(1.562+0.031) %, Cabibbo-favored)
T Ky __ D +
W _ anm A"KS 1 Araw;q - AKS + Aprod + Ag
cP — “raw raw+ Kg :L
| ~—=0.4%
1 Agg: 1, CP-violation in the K°-Ksystem.

Slgnal mode 2, different nuclear-interaction cross-sections for K and K° mesons with detector.
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| cP asymmetry in D+ > *°

%10° Tagged decays x10° Null-tag decays
L5 Belle IT [ L dt = 428 fb™! 6 t Data
% — Fit
E i I [ Phys. backg.
~ 1 4k v/ Comb. backg.
2| ;
g ignal mode _
= L
3
5 0.5 2
8 [ P e
N . < N RN s, S
AL trd ottt taned, G I
E\‘ 0 1 =
£ 02 { :
1 ST K AT
S + t + ¢ t
7 —02f bﬂ}
2 t § |-0.1 t fa
1.8 2 2.2 1.8 2 2.2

m(r*7°) [GeV/c?]

- x10° Tagged decays

m(r+r®) [GeV/c?)

x10° Null-tag decays

Belle IT | L dt = 428 fb™!

Candidates per 14 MeV/c?

Asymmetry

I Background
* > Kin

m(ir*Kg) [GeV/c?]

1.85
m(r*K?) [GeV/c

1.9

PRD 112, L.031101 (2025)

Signal mode Tagged Null-tag
Yield 5130+110 18510+240
A, (-2.9£1.8)% (-0.4£1.0)%
Control mode
Tagged Null-tag
Yield 39630+300 123560+£500
A, (0.54+£0.53)% | (0.33+0.30)%

* Using 428 /fb, Belle II obtain:

1. Acp(DY — 7t7°%) = [=3.9 £ 1.8(star) £ 0.2(syst)] % for D*-tagged sample;

2. Acp(Dt — nt7% = [=1.1 £ 1.0(stat) £ 0.1(syst)] % for null-tag sample.

* Combined:

Acp(DY = 7t72% = [—1.8 £ 0.9(sta)=0.1(sys1)] %
O  most precise measurement
o 1mproved precision compared to Belle’s result:

(2.3 £ 1.3£0.2)% [Phys. Rev. D 97, 011101 (2(18)]




| cP asymmetry in D° - 7%x°

PRD 112, 012006 (2025)

Controlmode D° - Kt

Signal mode

x10 x10

3’ T T T . T T i T [' - % - i T i i T T i T l' “b T T T T T T T T T T ‘?J 350 T T T T T T T T T T
E Belle IT [ Ldt =428 1™ 3 E oo F Belle I | L de =428 fb > Belle I1 | L dt = 428 f! B Belle IT | L dt = 428 16
—4— Data - —4— Data = —— Data = 300 — Data
-+ -+ L — —
g — Total fit g o —— Total fit 5 —— Total fit cos H > O 5 —— Total fit cos 9 < O
2 [ A 2 800 o - 2 [l Background ;)‘ 250 [l Background
-_5 Combinatorial Back. g 600 I Combinatorial Back. -‘é g 200
<] — k=l I — g o b<] ..
& Preliminary & I Preliminary 5 Preliminary & 150 Preliminary
M 400
225 100
200
~. 0 %A 0
2 2.1 17 18 19 2 2.1 182 1.83 184 185 1.86 1.87 1.88 189 19 191 182 1.83 184 185 1.86 1.87 1.88 189 1.9 191
m(@’z) [GeV/ m(r’n?) [GeV/ e m(K ) [GeV/c*] m(K z*)[GeV/c*]
.y 10° w 10°
9 E T T T T T T = T T T T T T
3 2200 T T T T T T T = ‘E L T T T T T T T T T . < E_ _ _E < : - :
Z 2000 Belle IT | L dt = 428 b ] 2 2500 Bellel [ Lar=428™ J |2 °F Belle I1 [ L dt = 428 3 Z 100 Belle IT | L dt = 428 f =
s 4D 3 s C PN ] 5 80 - —#— Data = E [ —+ Data ]
~ 1800 ata E ~ o ata ] g . FE — Toanm 3 g E — Totl fit ]
< 1600 — Total fit = < 2000 — Total fit = S E I Background 3 s 8o [l Background 3
& 1400 M - K 3 & F - g 60E E g ]
% 1200 Combinatorial Back. —E % 1500 Combinatorial Back. ~ — & 50 E Prelimi = g 60 — Prelimi ]
= P E = F P E ] E reliminar, 3 = C reliminar ]
£ 1000 Preliminary = g . Preliminary g WF ¢ Y3 2 f ¢ R
< 3 E E — —
o 800 _ - 1000 [~ — S 30F -5 8 r E
600 Am — MD* = DO r ] 20E Am — Mf-)*-i' - Iz\od:DO TaggEd E
400 . 5 500 P eSS SOy wE E 3 E
20 ‘ /,/// /,/ /// ¢ M/ / ’ . . : o \: . / \ _
0 -"M g 0 / 0.142  0.143 0.144 0145 0146 0.147 0.148 0.142  0.143 0.144 0145 0.146 0.147 0.148
0.14 0.142 0.144 0.146 0.148 0.15 0.152 0.154 0.156 0.158 0.16 0.14 0.142 0.144 0.146 0.148 0.15 0.152 0.154 0.156 0.158 0.16 AmlGev/e] Am(Gevic]
Am[GeV/c?] Am([GeV/c?]
0 0.0 0
e A _(D"-n"n"):(0.30+0.72 £0.20) % — -3 0/ i - o
cp ( ): ( ) e R=(1.5+2.5) X107, 20% improved precision.
0 . . . .
o 15% less precise than the Belle measurement: o

(0.030 £0.64 = 0.10) % [Phys. Rev. Lett. 112, 211601 (2014)]

The improved precision per luminosity due to Belle II’s

better reconstruction 7" .
29




° O + —
I CP asymmetry 11 D — T T T PRD 113, 052006 (2026)

ml

a Data Belle i J’ N 1
3 ¢ Praiminary ) L6t = 428

25F

2

e SCS three-body decay. interference of several amplitudes

e Signal: D™ tagged sample for D’ —=x"nn’.

0 0
.A:-ra’:;r Lo ACP + Aprod + A;\'ﬂ"fl’ + Agtﬂg

Candidates / (0.1 MeV/c?)

Pull

e Control mode: tagged and untagged D° =K~

Asymmetry [%]

e Simultaneous fit to (Am. m(x wn")) in 8 bins of coSOy -
averaged symmetrically around 0 to remove the
production asymmetry

Belle Il [Ldt =428 fb~"

15

e A, D >ataa®): (0.29 £0.27 + 0.13) % }

0.5}

Acp [%]

Most precise measurement till date
34% more precise than BABAR with just 10%

more statistics

0.0

—0.5

_1'%.0 01 0.2 0.3 0.4 0.5 0.6 0.7

|cos 8cm| (D°)
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| Time-integrated CP asymmetry in D° — KKy

D* tagged D°

> Proceeds through color- and Cabibbo-suppressed transition orpeste Sidi R
> Involves the interference between ¢ — us§ and ¢ —» udd amplitudes N\ -

— T Q= c =D+
» Expected CP asymmetry of 1% 7 \ D(t&nal
> World average: ¢ .

Acp(D° - KIKJ) = (—1.9 + 1.0)%, is limited by statistics. -
> Belle (980 fb™1) + Belle I (428 fb™1) data are used s A
L, ®

0 k0 R 0Y_ (50 kO O
> ACP(DO - KSOKSO) — F(D KSKs) r'(D°-KJKJ)

I(DO-KIKD)+T(DO-KIKD)

» Two independent measurements: . = L‘:‘f—/ "
+ D* tagged DO [Phys.Rev.D 111 (2025) 1, 012015] \
» Important definition: Sy, (KO) = log[min(L, /oy, Ly/0;,)] .
* Opposite-side flavor tagged D° [Phys.Rev.D 112 (2025) 1, 012017] oppositeside(os) | sameside(ea)
+ Flavor g = +1 for D°, g = —1 for D° > 6~ @ — ¢ DO(cil) 5

K+(§u) signal decay

* Dilution factor r = 1 — 2w (w 1s the mistag probability)

Opposite-side flavor tagged D°
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https://doi.org/10.1103/PhysRevD.111.012015
https://doi.org/10.1103/8x1h-39dp

| Time-integrated CP asymmetry in D° > K{K?
(D* tagged D)

D* tagged D° Phys.Rev.D 111 (2025) 012015
« Use D** - D%z to tag flavor <o i
* Determine production and detection asymmetries using D° — 1 :

K*K~ LI ;

PETY FUTY FETY PUTY PP PeeY Fev
=)
S

KIKY _ N(D° = K{KJ) — N(D° = KJKJ) s
raw N(DO-»A§£§)4-N(DO-»R§R£) 5T T o 1;:
_ D s =0 (A { BF
m— ACP + AP + AES 2.005 2.01'"(D0”‘)i:)c1\5ﬁ(:] 2.02
0 0770 KSKS _ aKkK™ 0 + - _
ACP (D - KS KS ) — ATaW - A‘I"aW + ACP (D - K K ) . z:}:z: Belle IT [ L dr =428 fo”' -
 Main background: D® —» KQm*n~, separated by S, § —D:[A{A” :
« 2D extended UML fit to m(D°x %) and S,,;,, (K2) : I 1
* Belle: Acp = (—1.1 + 1.6(stat.) + 0.1(syst.))% o
« Belle Il: Agp = (—2.2 + 2.3(stat.) £ 0.1(syst.))% g o A
93 t H i

| | 000 | |ON&
9‘5 [*FS &b
B

* Belle + Belle II: A¢p = (—1.4 £ 1.3(stat.) + 0.1(syst.))%

m(Dx") [GeVie?]
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Candidates per 0.13

Asymmetry  pull

Candidates per 0.13

Asymmetry Pyl


https://doi.org/10.1103/PhysRevD.111.012015
https://doi.org/10.1103/PhysRevD.111.012015

| Time-integrated CP asymmetry in D° - K{Kg
(Opposite-side flavor tagged D°)

Use information from the other tracks in the event to tag Phys.Rev.D 112 (2025) 012017

L CEUNE I ) I F R L ISLAN L R B B S S S B B

flavor 1600k

800 _q E
Belle Ldt =980 b ¢

' Belle J Ldt =980 b
: ¢ Data ] ik
— Fit z
[C1D°-K3KS

—- Background

1400

Remove all the candidates in used in the D tagged

1200

1000

measurement

~
]
Hﬂ]ﬁJJJE‘ |
I‘"‘J‘k’l"—'_‘.mf""n‘,];'"u )

Candidates per 0.01

Candidates per 1 MeV/c?
o®
S

Background from partially reconstructed D —» KOK%m*

Dl | P |

(peak at lower mass values) ! ]
2D extended UML fit to m(K2K?) and gr ;;ng) [Gcw':]s' B
Belle: Acp = (2.5 + 2.7(stat.) + O.4(syst.))% SANEEARREessanas
Belle I: Acp = (—0.1 + 3.0(stat.) + 0.3(syst.))% il s iy
Belle + Belle IT: Acp = (1.3 £ 2.0(stat.) + 0.2(syst.))%
Combined two tag methods:

Acp = (—0.6 + 1.1(stat.) + 0.1(syst.))% ‘

The most precise determination to the date. T

m(K%KY) [GeV/c?)
Agree with results from other experiments. -

¢ Data
— Fit
[ ]D°—>KIKS
— - Background

Candidates per 0.01

Candidates per 1 MeV/c?

$
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I First measurement of A,(Ef —Z" h™ h™ ) and A,(Af —ph™ h™ ) at Belle II

Motivation and analysis strategy
« EF = Z%h*h™, A} — ph*h™ (h = &, K): first-ever measurements

Acp in 3-body baryon decays. Test U-spin symmetry

SM expectations
Acp(BF = Z¥rata™) + Aqp(Af - pKTK™) =0

Get Aqp from
data
Afaw Ajer + App + Acp
/ / \ goal of the
what we measurement

Measure detection asymmetry
using control channels.
Reweighing final states to mimic
the signal ones.

Cancel forward-backward

data
raw

measure

asymmetry by averaging A

over opposite D production
angles

PRD 113, 032017 (2026)
":;, ZZZ:Z Belle;l IdLadtta= 428 fb™? A(f N pzr*K‘
= 40000, — total fit control channel
%30000 - packaround to measure A,
% 20000 Fitted signal yield:
§ 10000 410300 £ 700
0

2.24 2.26 2.28 2.30

MAS 2pK~n*) [GeV/c?)

2.32 2.3¢

o
(=

Asymmetry
o
o

-0.1
2.24

2.26 2.28 2.30 2.32 2.3¢4

3000
Belle Il e A -epntnT

+ + - .
2500 3 A =pn* K~ (unweighted)

2000

-
w
o
o

Yield per 100 MeV/c
=
1=}
=}

500

proton momentum [GeV/c]



IFirst measurement of A.,(E5 —X* h™ h™ )and A,(Af —ph™ h™ ) at Belle I

PRD 113, 032017 (2026)

Results 400
Belle Il [ Ldt =428 fb?

300 | data

=t - STKYK-

Signal yield extracted via unbinned maximum-likelihood fits to  ioeal fit
200 T background
M(EY) and M(A}); instrumental effects subtracted afterward | .
ORI !
ACP(E: - XtKTK)=3.7%x6.6x0.6)% Fitted signal yield: 780 + 50
) 9.40 2.42 2.44 2.46 2.48 2.50 2.52 2.54
Acp(ES = ™) = (9.5£6.8+0.5)% - M(=2 3K *K") [Gevic?)
‘3 . I I I Hildal lllil 'un Ll I
Ap(At = pKTK)=B39%x1.7+x0.7)% £ oo i b e
cP\rAe 7 P E i i
< -0’240 2.42 2.44 2.46 2.48 2.50 2.52 2.54

Acp(AF = prtr7) = (03 +1.0+0.2)%

6000 Belle Il f L dt =428 fb~!

from which we get | g Af — pKTK~

40001 - background

ACP(E:- - z+7[+ﬂ'—) + ACP(A:- — pK+K_) = (134 + 7.0“(” + 0.9”,“) %
i 2000

—_ _ _ o Fitted signal yield: 13600 £ 200
Acp(EF = ZYKYK™) + Acp(A} — prtn) = (4.0 £ 6.6, +0.7,) % gL onary

2.26 2.28 2.30 2.32 2.34
M(AS »pK*K ™) [GeV/c?)

Statistically limited | * | | r

I R
2.26 2.28 230

Asymmetry
o o
o e

Compatible with SM predictions

|

=}
N
[N)
a5
N
w
N

@D

dn
N
w
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I Charm CPV

Channel Acp References
D? - nOn? (+0.3+0.7+0.2) % PRD 112, 012006 (2025)
Dt - ntnf (—1.8+0.9+£0.1) % PRD 112, LO31101 (2025)
D? > mtn n? (0.3+£0.3+0.1)% PRD 113, 052006 (2026)

PRD 111, 012015 (2025),

0 00 — %
D® - KK (=0.6+1.1+0.1)% PRD 112, 012017 (2025)

(+3.9+4.5+1.1)%, (—0.2+2.5+

D*, D - KK ntnt JHEP 04 (2025) 036

1.1)%
Af - AK*, 0K+ (+2'112°6i062)(/;' (+2.5£5.4% | 5 Bull. 68 (2023) 583
(0)
Af - pK*K-, pretme (+3‘9i1'7"‘“0672))ﬁ7 (+0.3£1.0+ | beb 113,032017 (2026)

=+ > XTKYK-, (+3.7+6.620.6) %, (+9.5+6.8+

5tactare 0.5)% PRD 113, 032017 (2026)
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Quarkoium and exotic states



New hadrons found at Belle(Il)

L 1 1 L 1 I J i i I

I i i I I

I 1 i i

Z,(10650)*
11.04'1 35 pew hadrons found at Belle g( ) @Y (10753)
Z,(10610"'®  @2,(10610)° )
hy(2P) ® ® bb(gq)
10.04 ho(1P) @  @Ns(29) ® bg
® cclqq)
9.0 ¥ @® cccc \v
A\ 5 \
\ ® < \
T 507 (4660) : Z‘;‘;q L
> +
k) 2c(4430)'€g W(4360) g y(4350) cqq
- 4.04 Xco(3915) (o) : Zc(4250)* . ® 2c(4200)* i
g (38729 @ @X(B3940) ) B Zc(4050)+ Zc(3900)" Wy (35)3) ®x°(3860) B ccqqq
n.(25) @ (2P)
D*(3350)® Ol =¢(3080)°
i 5c(2800 : .
3.0 se35000, =c(3080)" Ac(2910)*
2c(2800)+ :c(2970)
D,*(2300)® ;
2.0- 0*(2012)
$++(1430)
$+-(1430)
1-0 T T 1 1 T T T T T T T T T T T T T T T T T
2005 2010 2015 2020

Date of arXiv subm

ission

Belle 1l has been designed to make precise measurements of weak interaction parameters, study
exotic hadrons, and search for new phenomena beyond the Standard Model of particle physics.
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I e"e” - h"h7)/¢ (h = m, K, p) via initial-state radiation (ISR) at Belle 1l

Adavantages of ISR:

* Allows to study energies below E_

« Wide energy range available

* Measure more precisely the line-

shapes

ete” -» wn)/YP via ISR:

Events / (20.0 MeV/c2)

Belle II Preliminary |Ldt=42791b"

(a)

T

40

35 4 45

20

b

5

| |
Eﬁﬂﬂ”ﬁw . | Wi

55

4 45 5
M@ INy) [GeV/c?]

5.5

Opom (ete T T I/Y) (pb)

Disadvantages of ISR:

decreases

 The detection efficiency is also

smaller

Belle II Preliminary ILdt =4279fv"

T U — T T
3 Belle (a) _—
§ Bellell -

¥  Belle +Belle Il

s (GeV)
* We can see the Y(4008) evidence and Y(4230/4320) signal.
* The significance of Z.(3900) is 5.30.

Events / (20.0 MeV/c?)

Pull

 The effective integrated luminosity
decreases as the c.m. energy

JPC=1--

¥

Ty

Initial state radiation

arXiv:2602.13569

20

Belle II Preliminary

J-Ldl =4279 fb’!

T -
—+- Signal

— Total

— Z.(3900)
----Reweighted MC

3.8 4
M, ("IN) [GeV/cH]
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https://arxiv.org/abs/2602.13569

Gy, (ee—>K*KI/y) (pb)

Events / (40.0 MeV/c?)

ete” - K*K7)/y via ISR: e"e” — ppJ/P via ISR:

PRL 131, 211902 (2023) The cross section for ete™ — P.p is

Belle II Preliminary ILdt =427.9 v’

MEK*KTNy) [GeVic?]

|
|
|
|
— - 1 . .
» : T - |;, : d g o[ ¢ BESIN (2022)  This work —Fitresut | estimated to be < 0(0.1 pb) [arXiv:
101 [} s:u: I (b) . _E: L --Y(4230) - Y(4500) o Y(4710) : 2508.08694].
I \ ¥ Belle+Bellell | g i I ~ . Belle II Preliminary ~ |Ldt=427.9 1"
I \ 13 I > [ ©
sty . 18 I
i i
) ] 8 I S |
oLt J! g LRI 4 LS o
4 45 5 55 6 O ! £ ! ‘
Is (GeV) : - s'ﬂs.s' 6 65 7
Belle II Preliminary J-Ldt =427.9fb" 1 M@ppIhy) [GeV/cH
o 1 . : Belle II Preliminary J-Ldt=427.9 b
o (b) | No clear signals were | 2% T T e
~ - I —~ R4 Belle Il (¢
[ - observed at Belle II. L2 O —
' 1 I 2
o } } H ‘ } 1+ More data are needed. « T ||
3 1 | & 1 v v ]
i 1 R A v .
} ‘ l } ‘ - 1] BATIRERATIS
4 45 5 55 6 LC O tbitigs e ey
|
|
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Mass, [MeV/c?]

| Bottomonium

Conventional bottomonium (pure bb states)
Bottomonium-like states (mix of bb and BB)
Exotic charged states (Z;")

11000

10800

10600

10400 -

10200 +

10000

9800 -

9600 -

9400 -

The Y(10753) was first discovered in t* =Y (nS) final states

using scan data by Belle [JHEP 10, 220 (2019)].

150 351 1P1 3P° 3P1 3p2 3D2
Y(6S)
Y(5S)
Thresholds:
_Y(10753) BsBs
e ONZ0esO) B
| e o) ___._._._._._.__B8
N Xb1(3P) Xb2(3P)
Y(3S) T,
>y —————
hp(2P) o(2P) Xb1(2P) Xb2(2P)
nn
T Y2(1D)
nn
Nb(25) Y(2S) ¥n nn
hp(1P b2(1P)
nn b( Yoo(1P) b1 K210
KK -
m
nn
Nb(1S) Y(1S
0L+ 1L— 1';-— o-;'+ 1-;-+ 2-;-+ zl—

jPC

E

=
L
L

o(r(1S)n'x) (pb)

o
T

Yb(10753)j “ Y'(5S) Y'(6S)
f

b

o(Y(28)x"x) (pb)

&

o(Y(3S)x") (pb)

Belle 11 collected 19 fb! of unique data around +/s ~
10.75 GeV to study the nature of the Y(10753):

P - 1 1 1 1
10.6 10.7 10.8 10.9 1



| Unique scan data near s = 10.75 GeV

35/fb 1.6/fb 9.8/fb 4.7/fb 12? T T T | T T T T T [
a _ [ mmm Belle -
= 1 T, 107 mmm Belle Il S .
R =
2| | g 8 E
& { g |
=5 ‘ E 6 o g
} { £ 4 3.5 fb -
% (@)} 7
/\%\ \{\ ,H{ N 1.6 fb? .
0 PR SURRTSFRPCRTT B0 S [y i 4 1 I | | 1 1 1 | I 1 | ] L]
R TR PR PN [PV IR 1860 10.65 10.70 10.75 10.80 10.85
10.5 10.6 10.7 10.8 10.9 11 Ecm [GeV]

E.n (GeV)

« In November 2021, Belle II collected 19 fb-! of unique data at energies
above the Y(4S): four energy scan points around 10.75 GeV.

» Belle II collected the data in the gaps between Belle energy scan points.

« Physics goal: understand the nature of the Y(10753) energy region.
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Y(10753) mass

(10756.1+4.3) MeV/c?

Y(10753) width

(32.2+18.7) MeV

8
i --Belle data — --Belle data
o —Belle Il data f./_ 10r ~Belle Il data
i == Total fit /é\ ~ = Total fit
af g |
B =
l T o
L _:_(D :
2r ‘o I
L b i
0] e S DRI o == , OF=t-;-;-----1-%¥% At 4l o'
10.7 10.8 10.9 11 10.7 10.8 10.9 1
s (GeV) Is (GeV)
" -Belle data - --Belle data
. +Belle Il data - =Belle Il data
— = Total fit | =—Total fit
2_
ol Loa I | L
..l.l.'.'.l|....... ..I...'.l....l. 1
10.7 10.8 10.9 1 10.7 10.8 10.9 1"
(s (GeV) Is (GeV)

WXy and ete” - (MY %), 0n_wXp at Belle and Belle 11

JHEP 04 (2026) 101

0(e+e'—>XbJ(1P)u))
o(ete->Y(nS)ntm)

|
|
|
|
: 1.5 at /s ~ 10.75 GeV
|
|
|
|

N
0.15 at /s ~ 10.867 GeV

This may indicate the difference in the internal
structures of Y(10753) and Y(10860).

= e o o o o o o e M M o e e e

B(T(10753) — xp1 w)/B(Y(10753) = xp2w) 1
! :
1.13+0.38+0.34 :

* The (t" T 1) 0n-wXpj €Xcess maybe
due the cascade decay of
Y(10860,11020) — Z,T - Xy,;p™ [PRD
90, 014036 (2014)].
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I ete” - nY(2S) and ete” - BWB®

[arXiv:2509.01917] [JHEP 10 (2024) 114]

— — 0.1 =
) ~] & 5 Belle ¢ Belle Il BB
= 4 ©nY(2S) at Belle T2 -
©35 . ' 2

: #1Y(2S) at Belle Il (Preliminary) &

3 Different fit models:

2.5 Black: B*B* + Y(10753) + Y(55)
2 Green: Y(10753) + Y(5S)

Blue: Y(55)

Vs [GeV]

 The Born cross section of ete™ — nY(2S) around B*B* mass is
relatively large.

E.. [GeV]
Rapid increase of og«+ just above the threshold.

The significance of B*B* bound state is larger than 3.2¢0

A new bottomonium-like state around B*B* threshold?
The Y,(10650) is predicted in Refs. [arXiv:2505.02742, arXiv:2508.11127, arXiv:2505.036471. 44



ete” - yxpyand ete” - T Y;(1D)

60
N -~ Data " o Belle Il preliminary, 9.8 fb”
S - —Fitted result -y, S = 10.746 GeV
[} 40— u* w mode
S | — Background " Kpa
O L
= : PRD113, 052009
B 20
z 1(2026
o L
it T
0 I L ! I
9.75 9.8 9.85 9.9 9.95 10
My Y(1S)) [GeV/c?]
100
‘\To\ : ~ Data " Xuo Belle Il preliminary, 9.8 fb'
= —Fitted result -y, _ {s = 10.746 GeV
) B e*e mode
S | —Background - Y
© 501
S T
£ L
g T+
LlJ e
0HH\HH\H‘F\HH\HH
9.75 9.8 9.85 9.9 9.95 10

* No clear signal of e"e™ — yxy, can be seen.

. oUL

M(yY(1S)) [GeV/c?]

o[n' Y (1 D)—m"Tt‘YXbJ (pb)

arXiv:2602.19807

Inverted triangles: the 90% C.L. upper limits on the product
o(e*e” » ' Y,(1D))B(Y,(1D) - yxp1)) as a function of C.M.

energy.
Y (10753) Hypothesis
14 C v Measured upper limits
- K3 Estimated value at 10.866 GeV
L Extrapolated line shape
12— [ Uncertainty band
10
8-
6
4=
o
0 P\ S il vy oo e T '
10.6 10.65 10.7 10.75 10.8 10.85 10.9 10.95 11
Vs (GeV)

o[n' Y ,(1 D)—m*TE‘YXm] (pb)

Y (5S) Hypothesis

22 v Measured upper limits
5 = ¥ Estimated value at 10.866 GeV
E Extrapolated line shape
1.8 [ Uncertainty band
1.6 —
1.4
12
1=
08
0.6
E v
04 v
02 v
ob L b e
10.6 10.65 10.7 10.75 10.8 10.85 10.9 10.95 11

Vs (GeV)

* A pronounced suppression in the coupling of the Y(10753)
resonance to Yj(1D) states via dipion transitions.
* The upper limits do not conflict with the Y(10860) line shape.

Born(€7€” = yYXp1) at 90% C.L. at /s = 10.746 GeV is 0.25 pb, which is much

smaller than the Born cross sections for e" e~ — wyy; and e"e™ - ™~ Y(nS).
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|Future prospects

From https://www.belle2.org/research/luminosity/

= 7 7170 —
o C Peak luminosity = <
mg 6k [—— ™™ SECESPEE T, oo 7 e
S T Integrated luminosity (delivered) : ] g
'; 5 ; ) [ W/ LC;CZS upgrade W/tz SOZCS upgrade / — 50 g
= I 1 =
= r  Projected by SuperKEKB/Belle 11 b g =
© Y / e 40 2
g T 'z
=
_— 3 SRR RS DRI | (OO 1 ..c =[5 S ey A 30 E
s | . E
- b=,
: by 5
J[rrmemesssassessmnms // 444444444444444444444444444444 10 '8

0 :J lﬁ ln ﬂﬂ ﬁ‘ L | 0

Jan 2024 Jan 2029 Jan 2034 Jan 2039

Date

« Until 2026, about 1 ab~! data, comparable to
Belle

« Until 2029, about 4 ab™! data.
During the long shutdown starting in 2032, upgrades

are planned for the SuperKEKB accelerator and the
Belle IT detectors

From SNOWMASS2021
(https://arxiv.org/pdf/2203.10203)

Physics reach:

The goal of Belle 11 is to uncover new physics beyond

the Standard Model.

Testing violations of lepton flavor conservation
and universality and understanding their origins
Checking the unitarity of the CKM matrix to high
precision

Identifying new weak (CP-violating) phases in the
quark sector

Probing the existence of dark-sector particles at
MeV to GeV mass scales

Reducing the uncertainty in the theory prediction
for the muon g-2 anomaly

Understanding the role of QCD in the production

and binding of new hadronic states of matter
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https://arxiv.org/pdf/2203.10203
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Summary

- Belle II: new data + upgraded detectors + new software tools
B CPV/semi-leptonic/rare, charm CPV/BF/a/spectrum < y/n%/K2/v
(recoiling/Eg,/BDT) etc

- Exotic states, T physics, dark sectors < special data at e*e~ collider

- Only 1% of target luminosity collected so far. Until 2026, about 1

ab~! data at Belle Il. Stay tuned for more exciting results from Belle II.
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Backup slides



Exclusive: B — zlv, B — plv, B — DUly, etc

I CKM matrix EIement %“IbeIZXIFF(qZ)I2 Form factor from LCSR, LQCD

Belle Il important task: Inclusive: © = Xulv.B = Xlv
Constrain CKM unitarity triangle & test SM B o Wl [P0~ i)+ s+ From OPE
) S s o s o e e
(p.n) Vud Vus Vub %:jé — 2: ::E : =l.0cl;v:§£w i

> E VIV, T | vy global fit 3
[/ . ‘/ @ L . T 42F + =
Cd (62.] Cb = - HFLAV Average

4 ~30 —E
Vie Vis Vi 38F / =

368 : -

34 f_ EXC|."._.. o _f

32F 3

3F HFLAV &

g L2021 | o

28F POA)=89%

R T [ i

(1,0) 36 38 40 42 44
|Vcb| [10- ]

ub__¢- Several measurements carried out by Belle and Belle I
Bip

7
|V.,] - Angular coefficients of B — D*[v Belle: PRL 133, 131801 (2024)
ch ¢
Yi 2
I—a—, V.| - !Vub| from B — (7, p)lv simultaneous analysis  New from Belle |l
ubl - Simultaneous inclusive and exclusive [Vuo| peije: PRI 131, 211801 (2023)
— T — T~ ! b V
B\ | B B__ | | B | Vs | . . .
\ S S \’fw / A Ratio of inclusive b — ¢ and b — u decays Belle: arXiv: 2311,00458
cb



Common variables for B — (X)lv decays (only one neutrino missing)

@ Leptonic system mass squared q2 = (p1 i Py)2

- o M,:23+M)2(—q2
@ Recoil parameter w = PTU

@ Missing mass squared Mf]niss

2EFEF —M2—M2
BY _B_ Y Y _— X|system
THIEH Y

@ cosVgy =

— 1 missing neutrino 1 missing neutrino
>1 missing particle

—— > 1 missing particle

Candidates

Candidates

/ 2
1\Imiss 51



Measuring time-dependent CPV at Belle |l

_lag

TBO )
m P(At,q) = 841'% [1 + q[C cos(myAt) + S sin(AmyAt)] Reco side
' CP eigenstate

m General technique at Belle |l for CPV analyses Sﬁnalf ( e )
1. efe™ - , boosted in lab frame : :
2. The produces an entangled B°BO pair : '

- 177 >0 +0" Y(45) g ;
3. Att = 0, one of the Bs decays, call it tag B ep 42 RO : Ly

-
"'
-

4. After a time At, the second B decays into a CP or e B
ag

flavor eigenstate that we fully reconstruct :
>

- Ifthe signal B decays first, At is negative Az ~ 130um

m Resolution of At significantly influenced by Az 1 2 3 4
resolution from pixel detector
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| Belle and Belle 11 Datasets

906 fb! data collected so far:

¢ 2019: Run 1 data collection started (365 fb™!)

¢ 2022.06: world record L_{inst}: 4.7 \times 107{34} cm~{-2} ®
sM-1}

e ~2023.12 LS1, New Collimator, 2-layer PXD, etc

® 2024: start of Run 2

® 2024.12.27: new L_{inst} record (Belle Il off) 5.2 \times
10734} cm~/{-2} sM{-1}

e Plenty of physics results with the data collected so far

¢ LS2 planned for a major upgrade: 2032

e Targeting higher L_{inst}: 6 \times 107{35} cm~{-2} s*{-1}
e Ultimate goal: \sim 50 ab?{-1}

e Upgrade & Redesign of the Interaction Region (IR)

e Window for upgrades of the Belle Il detector

Belle (1999 - 2010)
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w o

=
o
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Exp: 7-42 - All runs
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o
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N
o
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o
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P A A .
Date
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g 6- [ i | W // ——60
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i 5 o [ ;/stSupgrade ;/7. sozcsupgrade —50

>.‘ B -

= t  Projected by SuperKEKB/Belle I 1

g I LS2 1
= 3__ ................................................................................. 30
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F7L e —_——— / ............................. —10
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