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| SuperKEKB and Belle II

| KEKB | SuperKEKB

22mrad

e+ 4 GeV 3.6 A |

100um =

w

3

3
i

Belle Il
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wewr | Nano-beam design:

Beam squeezing: X20 smaller; Beam current: X2 larger
Target peak luminosity: KEKBx30

Amitieureese i The Belle 1l Detector
vertexing, PID, neutrals,

electrons, muons and
hermeticity.

e

- 7GeV 2.6 A
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'/;Qewbeampipe SuperKEKB

& bellows
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KLong and muon detector: )
Resistive Plate Chambers (barrel outer layers)

Scintillator + WLSF + SiPM’s (end-caps , inner 2
barrel layers) y,

B /

—2

* Add / modify RF systems
for higher beam current

electrons (7 GeV) —
4 i -
Positron source Beryllium beam pipe

~ 2cm diameter

. \
New positron target / s
capture section

AN |
e

EM Calorimeter:
Csl(Tl), waveform sampling :\\

s~ 10.58 GeV

Low emittance positrons
toinject

Damping ring ’h,ﬁ_ﬁ_
Vo &

Low emittance gun

positrons (4 GeV)

o

Central Drift Chamber \’\\
He(50%):C2Hs(50%), small cells, long leve

A arm, fast electronics (Core element), dE/d
Low emittance electrons

to inject




I Belle and Belle II Datasets

 Belle (1999 - 2012) In December 2024
¢ Beue Il RUN'I (2019 - 2022) WORLD RECORD: 5.1 X 1034- Cm—zs—l
. Belle Il RUN-II (2024 - 2025) I o

B Recorded Weekly

>1ab™!
On resonance:
Y(5S): 121 b !
Y(4S): 711 b !
Y(3S): 3!
Y(2S): 25!
Y(1S): 6 !
Off reson./scan:

wu
o
(=]

| —KI;KB

SRR

- 400

- 300

~100 !

|
i
t ~550 b’

On resonance:

A

av a7’

- 200

Total integrated luminosity [fb~1]

Y (4S): 433 b

Y(3S): 30 b

Y(2S): 14 b !

Off resonance: 0.0 -
~54 fh!

100

Total integrated Weekly luminosity [fb™1]

0 A I—-—’.‘J P N P
1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1 Date

Most data at or near the Y(4S) resonance, and 19.6 fb~1 near Y(10753).
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\ I Charm physics at Belle (II)

Two primary mechanisms for charm production at Belle/Belle II: .. l.e*e” > ccb™

l.ete” - cC - X,

* Absolute measurements not possible without reference

» Used for most analyses due to its simplicity compared to BB processes -
2.B-decay
2.ete” > Y(4S) > BB > X, B’
* Precise BB cross section allows for absolute measurements k‘
\
Full topics for charm physics: 25
e 2 | :Yas
> CP violation v/ % 20 S )
= 1. Cross section [nb]
0 _ PO miwi Sqsl § e
> D D le].ng / 'g 15: Y(ZS) (]):g?
> Charmed baryon v’ EF 10 o Y@s) oo
) w 13 ) . 300+ 3
. . +y _ I : . ’}"I:
» Amplitude analysis g 5| flar. o, M~

0
9.44 946 10.00 10.02 10.34 1037 10.54

Mass (GeV/¢)

’ it sl Saptias el
> Lifetime qq pairs (continuum) |
» Rare decay =

ol



CPV in Charm



\ I CP asymmetry in D" > t'nm

0

arXiv: 2506.07879

® A 3.80 CPV in the pionic mode D° —» ntrm~.

» Unclear if observed CP violation can be described by the SM or not, due to large hadronic uncertainties
PRL 131, 051802 (2023) PRD 108, 036026 (2023) PRD 109, 033011 (2024)

® [sospin-related modes D* - w¥n

0

can reduce hadronic uncertainty.

® In addition, Dt - n*tr® (I = 2) is expected to have no CPV in SM

» since it does not receive QCD penguin (Al = 1/2) contribution and has suppressed electroweak penguin contribution.

History of A.,(D* — m*n?):

Belle: A., (DT -» ntn®) = (231 + 1.24 £ 0.23)%

Events / ( 10 MeV/c?)

«10° _ Belle D*-tagged
v?/d.o.f. = 0.91

o
[o] —
L

oy
»
— T

TP EETL LA
01.7 175 1.8

PISTl CITHEITS [ 2 N el
185 1.9 195 2

2
M, (GeV/c)

«10° _Belle null-tagged

2/d.o.f. = 1.69

PRD 97,011101(2018)

TN CTT T PR ST R A P |
1.7 1.75 1.8 185 19 195 2 2.05
M, (GeV/c?)

LHCb: A.p(DY » n¥n®) = (-1.3 £ 0.9 £ 0.6)%

3000

Candidates / (5 MeV/c?)
> @ S 5
8 8 8 8

n
el
=]

_I“IIII::IlIIII.,IIIIIII-HllllllllllII

_____

—
I Data
— Total
e DO
— DFomEnd
----- Pure comb.
. Real-® comb.

———
LHCb
9 fb!

JHEP 06, 019 (2021)
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I CP asymmEtry in D+ SN 1'[+Tl'0 arXiv: 2506.07879

- - : : r(p*-»n*n0)-r(p~-»nn°
® The physics variable that we are interested is Agp(DT - wm?) = FED+—>Z+:0§+1*ED _)Z Zﬂi

N(Dt->ntn?)-N(D~->n~n?)
N(D*->n*n0)+N(D~->n~n?)

® But the variable easily accessed in exp is Ajgy =

® AT isrelated by ATT, = A7E + Ap,,od + AT | > nuisance asymmetries

D
Ap rod

forward-backward asymmetric production in e*e™ collisions of charm hadrons, due to l
y* — Z interference and higher-order QED effects, is an odd function of 0860y, (D).

N + + 70
AT : detection asymmetry of the low-momentum tagging pions. use D™ - K gdasa control
mode to estimate this

Control mode DT - 7r+K§) (Br = (1.562 £ 0.031) %, Cabibbo-favored)
1 EKS _ D e
- K Araw - AKS * Apmd + Ae
CP — Araw _ Araw + AKS s L
1 ~—-0.4%
Signa] mode AKg: 1, CP-violation in the KO-Igosystem.

2, different nuclear-interaction cross-sections for K° and K° mesons with detector.
7



\ I CP asymmetry in D™

= ¢ Data

arXiv: 2506.07879
— T TT
x10° Tagged decays x10° Null-tag decays Signa| mode
L5F Belle I [ L dt = 428 fb™ 6f t Data
% Preliminary \ — Fit Tagged NUII'tag
& L [ | Phys. backg. .
— + +
?: . Signal mode P 7 Comb. backg, Yield 5130+110 18510+240
1 i A, | (-2.9:1.8)% | (-0.4£1.0)%
" L Control mode
SR T,
/ / | Tagged Null-tag
g o + " o d b o Yield | 39630+300 | 123560+500
E
7 02 +_ RARALLY Y DA A | (0.5420.53)% | (0.33+0.30)%
1.8 2 2.2 1.8 2 2.2
m(m+ 7" [GeV/ 2 m(mt %) [GeV/c?]
5_><103 Tagged decays ]5><103 Null-tag decays ¢ USng 428 /fb, Belle II obtain:

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

[ — Fit
d | Background

2. Acp(DY = 777%) = [—1.1 £ 1.0(star) + 0.1(syst)] % for null-tag sample.

 Combined:

Candidates per 14 MeV/¢?

Acp(DT — 7% = [ 1.8 £ 0.9(star)£0.1(sys?)] % , most precise!

® Agree with previous measurements
® Agree with CP symmetry

Asymmetry

1.85 1.9

m(r* KY) [GeV/c?] . m(m*KY) [GeV/c]



I CP asymmEtry in DO - TL'OTL'O arXiv:2505.02912

> Belle reported Acp(D° » m%7°) = (—0.03 + 0.64 + 0.10)% using 980 fb~? datasets.

%x10°

g
tn

PRL 112,211601 (2014)

Events/(0.2 MeV/c?)
o b owm

o
tn

0.145 0.15 0.155 0.16
AM (GeV/c?)

Signal mode: A% % = Ag;”o +|AD" |+ AT control modes: D*-tagged D — K~ zt, untagged D° — K~ z™.

raw

o Afriaz =|AD YD — K=7%) + AMD® - K~z%) + AK(D° - K~z%)

raw prod

. AKzr,untag =A£»00d(DO — K_ﬂ'+) +A§x(DO — K_ﬂ'+)

raw

——

I
—)

A, (cosOq,; < 0)+A,, (cosOry > 0)
2

0 0.0\ _ 4 m7° K. ta Kr.unta
ACP(D — T ) - Ar?‘aw - (Afmw 8 _A,mw g)

, the |Production Asymmetry|is averaged out.

. UsingA/,, =

(odd function of cosfcy,)



I CP asymmEtry in DO - TL'OTL'O arXiv:2505.02912

Signal mode Control mode

10” %10

3 ) S L L 1' & - N . % Fr T T T T T T T T T T L 350 T T T T T T T T T T
E 800 Belle IIJ Ldt=428fb E 1000 C Belle IIJ Ldt=428 fb ] % 300 :— Belle IIJ L dt =428 fb! % Belle IIJ Ldt =428 fb!
—4— Data E —4— Data ~ = o D = 300 D.
T 0 | T f 1{|Z wof 220 cos@ > 0 2 D cosf <0
g = — Total fit g - — Total fit E 5 o Total fit 5 Total fit
2 600 i\ X [ g 800 - O ] 5‘ 200 E_ Il Background 5‘ 250 Il Background
-.-‘9‘“ 500 f . . Combinatorial Back. :‘-_5 600 Combina[orial Back. b = o =200
s} i j 4 .. g .. - g ol .. 3 ..
& 400 , Preliminary 5 Preliminary 3 || & 150F Preliminary 5 150 Preliminary
300 e 2 TN L A 400 4 100 100
200 -
200 50 =
100 Z 50
0 0
9= 13 ) 2 21 0= 18 19 5 21 182 1.83 1.84 1.85 1.86 1.87 1.88 1.89 19 1.91 182 183 1.84 185 1.86 1.87 188 1.89 1.9 191
m(r’z®) [GeV/c mE’r?) [GeVic) m(K *) [GeV/) m(Kn*) [GeV/d]
ORI I I I IS S AT % R s o o e B B s i i s R E’ § E B F i ]
= 2000 E- Belle II | L dt = 428 fb 3 = 2500 - Betlerr [ Lat-1288 3 ||z 90F Betlent [ Lar=azs E 3 100f Bellell [ La= 1281 -
s O b pa 3 2 F 4+ D 1|2 s0fF —+pa = 2 [ —+Dm ]
~ 1800 E A E ~ o “ ] S ,oE — Toulfi 3 8 b ——Toa fit E
; 1600 £~ — Total fit 3 E 2000 = — Total fit = E £ Il Background 3 2 I I Background E
= 1400 F M o ke = & E Bl o ki 11lg 9F E 3 C ]
7] =] = w r 7 E 3
g 1200 Combinatorial Back. -3 % 1500 [~ Combinatorial Back. ~ — & S0F Prelim; = 3 60— Prelimi 3
= E ‘s E = E s 3 g E reliminary 3 3 N reliminary A
g 1000 Preliminary S F Preliminary 3 % 40 Y 3 § kb Yo
< = B < E 3
o 800F — 1000 - 5 30F = 8 - ]
E = 44— 0F . E = = — o ]
o Am = Mp-3— Mpot ] wE Am = Mz+«+ = Mo Tagged E
400 £~ 500 [~ e 80 o pesenaetet S S enttsymeieiand WwE 3 a :
200 Ex F m/////, K , . . . A N N , ] * L
0 4 0 ‘/'//‘ 0.142 0.143 0.144 0.145 0.146 0.147 0.148 0.142 0.143 0.144 0.145 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 A m[GeV/ Am[GeVie]
A m|[GeV/| A m[GeV/e]

Belle I result: Acp(D° -» m%7°) = (0.30 £ 0.72 + 0.20)%
> 15% less precise than Belle, but with < 50% data sets.

» Consistent with CP symmetry and the best existing measurement, from Belle 10




I CP asymmetry in DY - Kg K_g PRD 111, 012015 (2025)

arXiv: 2504.15881

® The CP asymmetry

(D’ — KYKY) —T'(D° — KUKY)

A DY KOKOY — _
CP( — g S) F(D(}—}KEKE-)+F(D{)—>K2-K2-)

* It may be enhanced to be an observable level (~1%) within the Standard Model, due to the
interference of ¢ — uss and ¢ — udd amplitudes. [PRD 99, 113001 (2019), PRD 86, 014023 (2012), PRD 92, 054036 (2015)]

S S

(- a ? C (j

u d U d

S S

« World average: Acp(D? - K{K¢) = (-=1.9 + 1.0) % is dominated by

Belle (921 /fb): App = (=0.02 £ 1.53 £0.02 £ 0.17) %, using D’ - Kgﬂo as control mode. PRL 119, 171801 (2017)

LHCb (6 /fb): App = (=3.1£1.2+0.4+0.2) %, using D' — KTK~ as control mode. PRD 104, L031102 (2021)

11



I CP asymmetry in DY - Kg K_g PRD 111, 012015 (2025)

0 00 - 3k
Acp(D” — K K¢) using D*-tagged sample
« Measure Aqp(D° — KgKg) based on D" — D%z* sample at Belle + Belle II (1.4 /ab).

KSKQ . KSQKS KYK— K K- . . . . . . .
e ALyt = (A, — Ay )+ Acp assuming nuisance asymmetries are made identical by kinematics

weighting.

 Main background from same-final-state D° — K 071' 7~ decays. Separate with Kg flight distance
significance L/o: S,,,;,(Kg) = log[min(L1/01, L2/02)]

min
™ I .
m, m peaking background
L& 5
T L.~ T
d.ECBYVB]'[Ex 1-[+
K _/

12




| cP asymmetry in D° - KK

Candidates per 0.2 MeV/c?

Pull

Asymmetry

Signal mode

Belle | L dt=980fb!
¢ Data
— Fit
.- D"KK? R
- =D'>Knt ) p
= Nonpeaking back. U v
’ 1 " "
] )
Ve \| e
4 |h ”. K
£/ NN\
] \
) . | i, | ¢ LA
: | T e
2.005 2.015 2.02 -5 0 5
m(D°*) [GeV/c?] S K9

1400

1200

1000

800

600

400

200

Soo | Lons
o~ &

L
S92
aio

* Simultaneous 2D fit to m(D°z™")

and S

min

(KJ).

Candidates per 0.13

Pull

Asymmetry

AKSKS — (1.0 + 1.6) % in Belle:

raw

KgKs
ATCIW

PRD 111, 012015 (2025)

el Belle IT | L dt = 428 o™ | ALY
43000 '
> j t Data 400
= 2500 — Fit
S === D'5KKS -
= 2000 i o 300
o = =D'>Kn*n 1
7] ) 1
g 1500 — Nonpeaking back. - 4 3200
5 7\
2 1000 / \ ) i
@] {4 [ 4 .
’ \| * 100
500 2 .
> «' R
e
4
= 2
z >
4
e i
£ IIREITE FLREPRIII. WP UPTPY L4 bog
g o, * # 14-02
< 04 . . . . 04
2.005 2.01 2.015 2.02 s 0 5
m(D°m*) [GeV/c?] 8K

* Signal and Physics background
(D" — K{n*n") peak at the same
position in m(D'z") but different

ms, ;.

(K3).

= (—=0.6 £2.3) % in Belle IIL.

13

Candidates per 0.13

Pull

Asymmetry



| cP asymmetry in D° > K2K?

3

Control mode

%10 %10° x10° %10°
50
180
60 Belle | L dr =980 fb™ 80 100 Belle IT [ L dr = 428 fb!
N\“ 70 < 5 40
> 140 } Data 4 Data = >80 $ Data { Data
2 120 — Fit — Fit 60 < = — Fit — Fit
P . weme DOSKTKT n 5 . sene D'KYK 30
S 100 xes DD KK ! o 5 0§ o oo DD oK KO - D'k
. - - —_ T o [<% * =
o - =+ D" DK )Tt 0 . 0 g z | - - DD KT — = D~ multibod
& 80 = = ["— multibody 2 8 40 4 .- 0 ’ . y 20
3 60 — = D" D"— multibody)z* [ pSee 30 E g ] = = D D (— multibody)m B o~k K
g Other background Comb. back. g g Other background Comb. back.
~
20 10
- pasaaey - —] — - L) N =) e N
10
_ 5 0 5
E Ik ¢ *
-5
-10
)
9 0.05 5 2
g 1 g 2
5 ‘ ae —0.05 7 2
—O.l 1] 1] 1] ] Il ] —0.1 d ~
2.005 2.01 2015 2.02 18 1.9 2 2.01 2.015

m(D°r*) [GeV/c2] m(K=K7) [GeV/c?]

m(D°*) [GeV/e?] m(KK*) [GeV/c?]

AKK™ = (0.17 £0.19) % in Belle; AK'X™ = (1.61 £ 0.27) % in Belle II.

« Combined Belle and Belle II (1.4 /ab), Ap(D° —

raw

existing measurement (LHCDb).

PRD 104, 1.031102 (2021)

® Agree with CP symmetry

14

KJKJ) = (—=1.4+1.3£0.1) %, comparable to the best

PRD 111, 012015 (2025)

Candidates per 3 MeV/c?

Pull

Asymmetry



I CP asymmetry in D? > Kg Kg arXiv: 2504.15881

ACP(D0 — KgKg) using opposite side charm-tflavor tagger

Cq ~ e ¢~ o — C D "H( d)"| DO(ciny =
| <

signal decay

\l/

PRD 107, 112010 (2023)

* Charm flavor tagger: novel method to tag flavor
of DY meson from other collision products (K*/u* ~G

= (] < (e @) el e )0 = signs ol doca
from other charm hadron) — new CFT-tag I@m/ ¢ . ¢ b (‘TI:) T e
independent sample. | o
h‘%cqﬂ—cﬂ—.—h— C i Do(cu) S ol decey
* q = =1, the predicted flavor 5 ;@W signal decay
* o, per-event wrong-tag probability
 Define dilution r = 1-2w. Use product qr to measure Acp. B -
« Calibrate r value using self-tagged decays (D — K~ z%) in data. Betletlsimulation T |
ol
* Use Belle + Belle II data sets (1.4 /ab), excluding D*-tagged sample. 3
* Larger background wrt D*-tag: train BDT with kinematic e
information. J
« Cut on BDT output and Smin reduce D° — Kg:fryr_ significantly. t . -

—01.00 -0.75 -050 -0.25 000 025 050 0.75 1:00
~ qr 15



| cP asymmetry in D° - KK

arXiv: 2504.15881

Candidates per 1 MeV/c?

Candidates per 1 MeV/c2

1400

1200

1000}
8004
600}

400}

200}

n T T T T T
1600}

Belle J Ldt =980 fb™" |

¢+ Data
— Fit ]
CD-KK
—- Background ]

e 195 2
m(KeKY) [GeV/d)

 Bellell J.Ldt= 428 fb'

¢+ Data
— Fit ]
CIPSKKE
—- Background ]

1.9‘ - ‘1.95‘ - I2
m(KeKY) [GeV/?

Candidates per 0.01

Candidates per 0.01

800
700}
600 |
5002
4002
300
200[f

100 |

1805
1602
140:
120
1001,

L L L L L L

Belle J Ldt =980 fb" ¢
t

e rln,

Ll"‘_,JL,_']_.-l'.r- Iﬂfrl_u']mr" ..J'[r"'-.

No nuisance asymmetry!
* No nffrom D**

* Negligible production asymmetry

Combine Belle and Belle II:

Acp(D° - KIKY) =

(1.3+£2.0+0.3)%

Method Acp [%]
D*tag -14+£13+£0.1
CFT- tag 1 3+2.0+0.3
Combination | -0.6 £1.1 +0.1

Most precise!

It agrees with CP symmetry and with
results from other experiments!
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I Search for CPV in D{;, - K¢K m*m*

JHEP 04 (2025) 036

. D(J;) — KE’K 2tz has a dominant intermediate process: D*S') — KK (tree, annihilation, penguin.)

These amplitudes interéere with one another, potentially giving rise to CPV

* Unlike time-integrated CPV, which is proportional to siné - singh, CPV via kinematic observables (e.g.
triple-product) is proportional to coso - sing. (0 strong phase difference, ¢p weak phase difference)

M - PinPkPI

\ Tﬁjxﬁk

.
Pi

e ,M
Same. ﬁ}.
pi

* A couple of 4-body decays searched using this technique.
+ First time on D) — K{K 7"z, whose B = 0.23 % (1.53%).

N.(X>0)-N.(X<0)
N(X>0)+N(X<0)

. AYD}) =
* N is obtained from fit.

1
. Agp = E(AX(D(J;)) - A)‘((D(;)))

= (5]' X Pr) - B

NX>0-N(X<0)

AP0 = RS TN ®<0)

X is CP-conjugate of X

l T
Db—> Ksrc“n'no (CF)

D°—K*K w*x (SCS)

| T T T | T T T | T T T

I T T T
(-0.28+1.38"%2%)x107®
e [Belle] 076

(3.5:2.1)x107

i e [FOCUS/ BaBar/ LHCb/ Belle]
D’—KKgr'n (SCS) | (-1.95+1.424019%
____________________________________________________________________________________ b Bl
D'—-K . K'K'n* (CF) 5 (-3.3422.68)%
0 [Belle]
D*—=Kn*x*n® (CF) o (0.2+1.5:0.8)x10™
: [Belle]
D*—K.K*r'x (SCS) ! -2.7:+7.1)x10°
S ! gFOCUS/ B):Bar/ Belle]
D*—-K'K*z*n® (SCS) .- (2.6+6.6+1.3)x10™°
i [Belle]
D*—K'nn*n’ (DCS) - : (-1.3+4.2+0.1)%
____________________________________________________________________________________ o BellE]
D:—K_K*x*x (CF) ! -8.2:5.2)x10°
y s E EFOCUS/ B):Bar/ Belle]
D! —K*K'n*x® (CF) o (2.2+3.3:4.3)x10™°
| [Belle]
D:—K*rwn*n® (SCS) - (-1.1+2.2+0.1)%
[Belle]
| 1 1 1 | 1 1 1 | 1 | 1 | 1 | 1 | 1 1 1 | 1 1 | |
-0.06 -0.04 -0.02 0 0.02 0.04 0.06




Search for CPV in D{;, - K¢K m*m*

Candidates/(1 MeV/c?)

Candidates/(1 MeV/c?)

JHEP 04 (2025) 036

; x10° x10°
) E DY KYKTntn* — 35f DF 5 KYKFn*n*
3 N i
;| Belle data > 30F Belle data
[ Ldt =980 fb~! i} = o5F [Ldt =980 fb!
4 5o - s
: B 20f
3t ® 15f
5 o E I ..
: 2 1wf
| 3]
1 O 5F
n " 1 l L 1 1 1 L 1 n L 1 L L 1 1 1 A 1
x10° 16 210°
45F D* o KOKFntn* o b Df - K{KFntn*
4 L r
35 Belle II data % 12 Belle II data
af [Ldt=427 b = jof [Ldt=427 b}
25 7 sf
jo] F
2 © 6 F
15 = :
2 4fF
1 5 ; R
0.5 o 2 .....",; ........ i
[ T o i rn [} | TR e I T SUOTR WO
182 1.83 1.84 1.85 1.86 1.87 1.88 1.89 19 192 1.93 194 195 1.96 1.97 198 199 2
M(DY) (GeV/c?) M(D) (GeV/c?)

CTP(D+) =(-23+45+15)x1073

AZP(DF) = (0.2+£2.440.8) x 1073

' |
Db—> K*nn® (CF)

l I I +IJ 23 3
(-0.28:1 38*023), 10

* [Belle]
0 +- - : -3
- + ! 3.5:2.1)x10
D"—~K'K ' (SCS) e FOCUS/ )BxaBar/LHCbIBeIIe]
D’—K.Kgn'n (SCS) : B1E"9:'],+1 4250 h%
”b"";'k;}i;&{;:}ibm('éf)' ....................................... ¢geﬁi;5¢08)x103 ...................
D! =K K*K* (CF) i (:3.34:2.68)%
' Belle
D*—=K_Kr*t* (SCS .- -2.3+4.5+1.5)x1072
s ( ) : Belle (I1) ] s
D'-KK'x*n® (SCS) o géﬁz?.sim)xw'“
D*—=K_K*1*1 (SCS i -2.7+7.1)x10™°
e (SCS) —— FOCUS/ B)aXBar/ Belle]
D*—=K'nn*x° (DCS) E_.:§¢]4.2¢0.1 )%
.................................................................................... ... IBelle)
D!—-K_Kn*r* (CF ' 0.2:2.4+0.8)x103
s—KsK '™ (CF) ""' Belle (il) ] s
D!—=K_K'n*x (CF : -8.2+:5.2)x10°
s~ KK (CF) — FOCUS/B):Bar/BeIIe]
D;—K'K'x*n® (CF) . Egéznzls.sﬂ.s)xw'a
D:—=K'wn*x® (SCS) : (-1.122.2:0.1)%
' [Belle]
I | 1 1 | 1 1 1 | 1 I | 1 1 1 I 1 1 1 |
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Crp
ACP

No evidence for CPV found!
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D°- D° Mixing




I DO . l_)O mixing in DO N Kgﬂ'-l_ﬂ'_ arXiv:2410.22961

® In SM, the D° — D° mixing in charm is small (x =~ y =~ 1073).

® Some New Physics effects beyond the SM can enhance the mixing.

® Hence, precise measurements of charm mixing can serve as tools to probe NP.

The mass eigenstates of neutral D can be expressed in terms of flavor eigenstates as:

|D1,2>=P|DO>iCI|EO>» Ipl?+1ql* =1
D?-D° mixing parameters:
Word-averaged value
X (4.07 +£ 0.44) x 1073
y (6.45%323) x 1073

Mass of Dy , Width of D ,

> Using combined Belle and Belle II datasets, we perform the measurement of the DY — D? mixing
parameters using D**-tagged D° — K9t m~ decay.
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D? — D° mixing in D° - Kon'n

arXiv:2410.22961

Candidates per 1 MeV/c?

Candidates per 1 MeV/c?

Belle | Ldi=9511b" t Data Belle [ L dt=0951 fb‘.I' $ Data
10°F . W — Fit <4100 10 3 — Fit 10
L ! : Random pion E 8] Random pion @
: ' Other background f % 10* Other background 10° g
1 1 | =} g, =%
] 4 E %] 8
10'F s BURE~I- £
E @ - 3 3 =
: s =5 10 100
1 1 'E % rﬂﬂ
: : E O Q
1 1 5
. T s 10° 10?
10°E : ' 10
E 1 1
PRI PRI T P T RN R
1.85 1.95 5 10 15 20 -1 1 2 3 0.1 0.2 0.3 0.4 0.5
m(Kir ) [GeV/c?] Q [MeV] ¢ [psl o, [psl
—1
. Belle I | L dt =108 o™ $ Data ; Belle IT | L dr =408 fb t Data .
10 , q10 10 — Fit 10
. — It
! Random pion A Random pion @
' Other background | E 8 10! Other background - 10* 0
. ' RS- g
10 ! 00 8 g \ , i
] ¢ = 10 10° <
I -2 'E E
: T S , S
i 8 10 10
10° : 10°
1
p 10 10
1.85 1.95 5 10 15 20 -1 1 2 3 0.1 0.2 0.3 0.4 0.5

m(Kngn:‘) [GeV/c?]

Q [MeV]

(4.0 +£1.7+04) x 1073

=(294+1.4+4+0.3) x 1073

t [ps] o, [ps]

2D fitof mand Q to
subtract signal events

* Fitto (¢t,0;)
distributions to obtain
mixing parameters.

These results are about 20% and
14% more precise than the model-
dependent Belle measurement!
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Charm baryons



I Topics

® Hadronic decay:
« 20 5 2K, E0xt
* A¢ - pKdm®

® Rare decays:

=0 =074+7—
e Z; 2> EVIT

® Charmed Baryon Spectroscopy:

* Search for excited charmed baryons
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I Branching fractions of £ - Z%h° JHEP 10 (2024) 045

= 150 [FBetie. 380 1o :::wn o~ fBellenazne PRELIMINARY
v" First measurements of the branching fractions T a1y (el B~
= wofdly Sc 7= n 2
B(E2 - 2%9) = (6.9 + 0.3(stat.) + 0.5(syst.) + 1.5(norm.)) x 1073 % %
B(E? - %) = (1.6 4 0.2(stat.) + 0.2(syst.) + 0.4(norm.)) x 1073 3 5

24 25
M=) [GeV/c?]

B(EQ - %) = (1.2 £ 0.3(stat.) + 0.1(syst.) £+ 0.3(norm.)) x 1073

Belle I, 426 o PRELIMINARY

. L] ~—— § § 30
« taking E2 - E~n* as reference mode 2 $
v o =
b faVOl'll’lg pIEdiCtiOIlS iI'l SU(S) ﬂaVOI' SymmetryUHEp 02.235 (2023)] E I E 10 J{ { j
. o i
v' First asymmetry parameter a (22 - £°7°) measurement e e s IR S e
) M(="n) [Gewc'g] ' M(=’n) [Gev.fcg] ‘
a (8 - E%79%) = —0.90 + 0.15(stat.) + 0.23(syst.) SE— —
S PRELIMINARY Enl S PRELIMINARY
. . . . . S PE 20, 50,y S 15
« through a simultaneous fit depending on differential decay rate g Lp T N *
e £oE 4}
10 s f
dN § S _ § Sﬁ-U.H.uT AU
——— x 1+ a(E2 - Z°h%)a(E° - An®)coshzo ) 1 0 g s, Lt VA Ui
ME") [Gevicd] T ME [ceviy s

* consistent with predictions!*#l

I Belle, 980 fb™ | Bellell, 426 !
r 15000
[1]PRD 48, 4188 (1993) [2] PRD 101, 014011 (2020) [3] EPIC 7, 217 (1999) [4]PLB 794, 19 (2019) %000r PRELIMINARY - PRELIMINARY

First Belle + Belle || combined charm measurement
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- 2tKY,E0nt,E0K T ,pK 9, AT, X0x Y

Events/4.0 [MeV/c?] Events/4.0 [MeV/c?)

Events/4.0 [MeV/c?]

200 = 150
. —— Data | —— Data
- —— Total fit —— Total fit
150 | —— Total Background (a) {E‘ | —— Total Background (b)
C Broken signal preliminary E 100 (— Broken signal preliminary
100 [ } = r
= B
h THHH*{% 8 50 ﬁuu}ﬂ f% T : 'l+ 14 l.jl*
e - ¢ L} 't LT L e
¢ e
- S arXiv:2503.17643
. L . . .
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- 2K, E0n,Z0K T ,pK o, AT, X0x Y

Ratio of BF between signal and reference mode:

Events/4.0 [MeV/c?]

B

sig

!
Ysig X Bsig

arXiv:2503.17643

= @ g f T, (v)
10000:— preliminary %mof preliminary
EEE__,_ 1-... |L_ 'J §Eél-rf_.|..._L_..__..L_.._____
* M(2 s ) [GeV/zcg] - . M(éf*n*) [Gewzég] -
(EF - TKY) = (0.194 £ 0.021 + 0.009 + 0.087)%.
— Z07) = (0.719 £ 0.014 4+ 0.024 + 0.322)%.
=0K™) = (0.049 £ 0.007 4 0.002 £ 0.022)%.

Improved precision

For the first time

Bref

Events/ 2.0 [MeV/c?]

yref X B;ef

MEn") [GeV/c?]

JHEP 03(2025) 061
T ouu T T T
(a) —e— Data r (b) —— Data
= Total Fit ‘E‘T B = Total Fit
B «se. Combinatorial | = «=+s. Combinatorial |
2000 B Background | % 1000 [ Background
E L
‘3.
L oV}
. L
1000 |~ £ s00
& L
>
L
0 T M 4 A A 1 0
n==_’ _§E N VN r-lj-._-__-_..ll_-ll'._ljnwé E 7§ E_ = e u R 1-_.52
2.4 2.45 25 2.55 4 2.4 2.45 25 25

M(E ") [GeV/c?]

(716i046i020i321)><10_

:(452j:041j:026j:203)><10_

= (1.20 £ 0.08 £ 0.07 + 0.54) x 1072

For the first time
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First or most precise measurements!

arXiv:2503.17643

0.0 08 1.6 1 2 0.0 01 0.2
B(EX - YK (%) BEF - 27 (%) BE - 2°K1)(%)

Zou et al. [4]

Geng et al. [5]

Zhao et al. [6]

Hsiao et al. (I) [7]
Hsiao et al. (II) [7]
Huang et al. [8]
Xing et al. [9]

Liu et al. (I) [10]
Liu et al. (II) [10]
Zhong et al. (I) [11]
Zhong et al. (II) [11]
CLEO Collaboration [12]

Belle and Belle 11
combined measurements

JHEP 03(2025) 061
(b) (c)

0 1 2 3 0 5

10 15 20 1 2 3 4
B(E:—pK) x 10°  B(Ei—An")x 10*  B(E—-=n") x 10°

Zou et.al [12]

Geng et.al [13]
Geng et.al [14]
Huang et.al [15]
Zhong et.al (I) [16]
Zhong et.al (II) [16]
Xing et.al [17]
Geng et.al [18]

Liu [19]

Zhong et.al (I) [20]
Zhong et.al (II) [20]
Zhao et.al |21]
Hsiao et.al (I) [22]
Hsiao et.al (II) [22]

Belle and Belle 11
combined measurement
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IA-CI._ — pK 211'0 arXiv:2503.04371

+ 0_0 corr( A+ 0,0
B(AT — pKgrn®) Yy (AL = pKgn®)
BAf — pK—nt)  yorr(Af — pK—7nt)xB(n° = vy) x B(K§ — ntn)
. Signal Reference
. Signal , Reference
"""""""""""""""""""""""""""" (RLER L L B B A B r
- ] N _ 451 45 c-
(\.‘&i 15:— _: NE 0.15:— _: i 'I._ . .' .'. N(1535) E l
%J B _ % _ ] _ 4:— St T - . o
s F ‘ 1= 1% K*(892) ©
& op N 115 - s
- S0 = | ] 3.5 N
% ‘_ ::' '-_‘ 1 ‘% : : % : % E
o °C i '-.“ - o oos— — C%_ 3:_ iCC_I,- =
% Z é_ L ame IR 1 % s ;_ L ! T I 2‘5:_ le:_ E
B R Y R 7 R TR i R R X ¥ R KV R K 2 N TR ¥ R ¥ ) B ¥R ¥ TR K TN Y i ) P R SR PP B ... i PP I R S
0 , ) 2 '0F4' . l[)ﬁl - IU,B‘ = ] it '12‘ ! '1‘4' . l'lli‘ - ITB‘ 0 0.4 0.6 0.8 1 1.2 1.4 16 1.8
M(pK¢r°) [GeVic] M(pK'n*) [GeV/c?] MA(KO7) [GeV2/c] M (K'n") [GeV7rc’]

B(AY — pKgn’)
B(AF — pK-—7+)

=0.339+£0.002 £0.009, —> B(AS — pK2n®) = (2.12£0.01 £ 0.05 + 0.10)%,

Consistent with the previous measurement by CLEO and has a fivefold improvement in precision!

PWA or amplitude analysis in the future.
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I First search for Eg — Eol'l' [~ Belle 980/fb [PRD 109, 052003 (2024)]

v" No neutrino-less semileptonic decays of charmed baryons observed yet.

* Only upper limits of A, = p£* £~ decays were set for charmed baryons®2], which receive both W-exchange

and FCNC process contributions. [1] PRD 84, 072006(2011)
[2] PRD 97, 091101(2018)

* |f observed, the signal channels would allow to test LFU

® Belle Result: No significant signal was observed

251 15
but consistent with SM g - Data i ~+ Data
o 20F (a) —'éota‘: Fit 4 o - (b) —Eotad Fit g
. . . e round | = AL e acKgroun
= First set upper limits set at 90% CL: 2 45k =0 Sideband 2 of " =0 Sideband
n C w0
Measured SM prediction £ 104 ’ i ’ g 5L
BE? - Zete™)| <9.9x10°5 < 2.35x10-6 o 5 HH l u l%
= = ’ ) 0 wL B ll l 1 l AR e L B i l i OHJLHI'L LTI [ T H'"; .“.H.l“:l"; Il 1.
2.3 2.4 2.5 2.6 2.35 2.4 2.45 2.5 2.55 2.6
BE? - Eoutu)| <65x105 <2.25x10-6 M(Ee*e) [GeV/c?] MEu 1) [GeV/c?]

SM prediction: PRD 103, 013007 (2021)
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\ I Search for excited charmed baryons in A} 7 system

Belle 980/fb PRD 110, 032021 (2024)

800

600

400

200

Entries/5 MeV/c?

40000
A
035000

Vv

5

~~
7))
D 15000
) —
10000

5000

E

10001~

o 30000
= 25000
20000

- (a)

~+Data —Fit
s A((2880)" --r A(2940)"
N -~ Bkg
L +
A teMac ity
+
dededetatededocoateistsdestataiaa oo n o bl
285 29 295 3 3.05 31 3.15
+ 2
M(AiM) In—>77] (GeV/c?)
= (c) -+ Data —Fit
= wes Ao(2880)" --- A,(2940)"
--- Bkg
AN s T T
285 29 295 3 3.05 31 315

M(pD°) (GeV/c?)

Entries/5 MeV/c?

Entries/5 MeV/c?

400F
350F
300F
250F
200f
150F
100}

- (b) 4 Data — Fit
- v A (2880)" --e A,(2940)"
= -.- Bkg
3 # 4
R }
; +
dededetetededadeaiatodadeateatoiadadene i ou o b Ly
285 29 295 3 3.05 31 3.5

M(AM) - (GeV/cd)

(d) ~+4-Data —Fit
oo A(2880)" ---- A,(2940)°
--- Bkg

o tadens

Covdasets
2.85

AT s L R
29 295 3 3.05 31 315

M(Z.(2455)m)[SR] (GeV/c?)

** No significant excess is found in the
M(A.n) spectrum. This is in contrast to
excited hyperons, where resonances
decaying into An have been observed.

¢ Clear A,(2880)* and A.(2940)* signals
are observed in the pD® mass
spectrum.

¢ Ratio to 2 .(2455)m :

R,p0(2880) = 0.75 £ 0.03 = 0.07,
R,p0(2940) = 3.59 + 0.21 + 0.56,

Q First measurement
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I Summary

- Belle Il and Belle hold a unique data sample. A number of interesting
measurement has been already performed in charm sector, such as

 Measurement of CP asymmetry in D%* - 7%t 7% and D° - KJK¢
e Search for CPV in D° —» KJKnm, no CPV found.
* Measurement of the D°- DY mixing parameters

* Charm baryon decays and spectroscopy.

- Only 1% of target luminosity collected so far. Stay tuned for more exciting
results from Belle & Belle II.
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| International Belle Il collaboration

Philipo 1
Philippines.

Beihang: Beihang Univ.(BUAA)
iy Fudan: Fudan Univ.
iy HNU: Henan Normal University
HUNNU: Hunan Normal University
IHEP-China: Institute of High Energy Physics(IHEP)
JLU: Jilin University
LNNU: LiaoNing Normal University(LNNU)

NNU: Nanjing Normal University

Papua New

Nankai: Nankai University

SEU: Southeast University
Shandong: Shandong University
Soochow: Soochow University

Belle Il now has grown to 1229 . ofScienesand Technloay o China(USTC)
researchers from 28 countries/regions.

ZZU: Zhengzhou University




| What is Belle I1?

- Multipurpose experiment for the SM and BSM.
B physics, tau physics, dark sector physics
- SuperKEKB (e"e™ collider) + Belle Il detector
Typical /s = 10.58 GeV (Y(4S) resonance)

- World’s highest luminosity with “Nano-beam scheme”

Design peak luminosity: 6 x 103> cm2%s™1
(30 times higher than predecessor KEKB)

Interaction
Mt. Tsukuba Belle Il de

== ki Nano-beam scheme
,/1 e\ _ WY KEKB(Belle) SuperKEKB(Belle Il)
== KEKB Eiﬂg- o R : Positron beam YK Positron beam
[ .= .._.- A i . i z
electron / positron s l;,é-- _
linear injector Electron beam ' I&anbeam\
0,~100 um 0,~10 ym

positron damping ring

SuperKEKB ~ %~2Hm oy~0-96 pm



What is Belle I1I?

Multipurpose experiment for the SM and BSM.

B physics, tau physics, dark sector physics
- SuperKEKB (e"e* collider) + Belle Il detector
Typical /s = 10.58 GeV (Y(4S) resonance)

- World’s highest luminosity with “Nano-beam sch¢me”

Design peak luminosity: 6 x 103° cm~2s~1
(30 times higher than predecessor KEKB)

L

Silicon vertex detector (VXD) L
Pixel detector (PXD): 2 layers
Strip detector (SVD): 4 layers

Central Drift Chamber

Belle Il detector

Muon & K} detector (KLM)

1.5T solenoid

Electomagnetic
Calorimeter (ECL)

e~(7 GeV)

Cherenkov detector for

(CDC) charged particle identification

Mt. Tsukuba Bator

electron / positron
linear injector

positron damping ring
Campus

SuperKEKB

Nano-beam scheme

KEKB(Belle) SuperKEKB(Belle Il)
PQEiEO” beam Vk: Positron beam
Electron beam = " laéi@
0,~100 yum o,~10 um
oy~2 pm ay,~0.06um



I Overview of the run schedule

Run 1 was from March 2019 to June 2022.
- Total integrated luminosity: 426 fb~!
Long Shutdown (LS) 1 to upgrade both SuperKEKB and the detector.

Run 2 started in January 2024 with efforts to maximize the performance

- The peak luminosity: 5.1 x 1034 cm2?s~!

(KEKB: 2.1 x 103* cm™2s71)

- Total integrated luminosity: 573 fb~! so far

I Run 1
|

| LS1

|
| Run 2

LS2

Run 3

Full P):(D installed / TOP PMT Replacement

5—-10 ab-"

World record

Upgrade

June 20th, 2025

— 50ab

Peak luminosity [x10°cm2s'1]

~N

e Until 2026, about 1 ab™! data,
comparable to Belle
Until 2029, about 4 ab™?! data.

C Peak luminosity ]

:_ [ PR Z/ f:gs upgrade zfz SQ:S upgrade ] ........................ / /_._ _T

r Integrated luminosity (delivered) : ]

F w/ QCS upgrade w/o QCS upgrade / —
_ [ inLS2 inLS2 ] el

Projected by SuperKEKB/Belle 11 s E

o R e S R O SR S S R / ................................................................... _i

b /) :

:‘l i ln ﬂn A ’ ’ | .

Jan 2024 Jan 2029 Jan 2034 Jan 2039
Date

37

~
S

b

60

50

—40

—30

20

S
Integrated luminosity (delivered) [a

0



uPDF

Two different charm factories

Belle 11 LHCb
. . . uPDF X2
Cleaner environment allows for - Huge advantage in production
more generous selections — rate, but also large backgrounds
milder efficiency effects — stringent online selections
Better reconstruction of neutrals +  Superior decay-time resolution
l.e*e” = cchr and unique access to final states and access to longer decay times

e’ c 4 : = :
with invisible particles (boost)

o - Much easier separation between -+ ...but tricky efficiency effects
promptly produced charm and (e.g. decay-time acceptance)

2.B-d
y %‘[ X secondary (from-B) decays



\ I CPV in Charm

® Unlike in Beauty sector, Charm sector has rather small CPV in standard model:

1. GIM mechanism

2. small size of |V,
3. dominance of tree-level (lack of interference)

— CP violation ~107°

® Dominance of matter in the Universe indicates Charge-Parity (CP) Violation. KM i1s not sufficient.

There should be additional source of CPV.

® Observation of “sizable” CPV in charm could be a hint to physics beyond standard model.
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I Search for CPV in D(S) — Kg K ™ JHEP 04 (2025) 036

Kinematic observables (X) A‘(’;(p

e In addltlon to trlple product Crp=Dx- P K9 X pﬁ+) first time use quadruple product

-

» Six variables for CPV search:

L. X:CTP .................................................... Y oanrtutesy L M

A X =co SQKQ . cosOy- * Asymmetry defined first by signs of X then charm flavor:

-y . 0 o AD )_N+(X>0)—N+(X<O). _(D_)_N_(X>O)—N_(X<O)
- A = COSOgg - COSOg- - Cp TN X >0 +NX<0) TN X >0+ N(X<0)
6. X= COSQKQ - cosO- - CQP * N is obtained from fit. X is CP-conjugate of X

A= (AX<D(S)) Ax(D;)
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D* Tagging The ROE Flavor Tag

slow pion: M(D**) — M(D®) ~ 145 MeV/c?

+ perform flavor tag with information from the rest of the event (ROE)
* main ingredient is to determine the DO flavor at time of prOdUCtion « ROE: every track and cluster not related to Signa| decay

» standard approach: reconstruct strong decay Dt - DOJZ,'S-I-, where + inclusive approach in which single tracks are reconstructed in the ROE and
their charge provides the tag
+ this approach could
» compensate loss in statistics of D* tag,
» reduce combinatorial background (charged mesons)

charge of "slow” pion determines flavor
- major drawbacks:
» inefficient reconstruction of slow=low momentum pion
» loss in statistics (only ~25% of all charm quarks hadronize into D¥)

- inspired by:
1000 D DYk . ROE method for flavor tagging (by Giulia and Giacomo, link)
ano - pellell. expiz » B-flavor tagging algorithms at Belle Il (category-based and deep-

learning tagger, link)

600
400 +

200

0.140 0.145 0.150 0.155 0.160

-hel Bertemes - BNL
AM [GeV/c?]
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D° - KJdmtm™ Time-dependent Fit

arxiv:2410.22961 submitted to JHEP

Belle | Ldr=051fb™ t Data

* Fit decay time t and per-candidate uncertainty o (t) » 4 2
simultaneously in Dalitz bins '

per 60 f

Candidates

* Shapes: directly determined from the fit or the
M(KQm*m™) sideband. Independent parameters in
different Dalitz bins | P N -~

Belle IT | L dt =408 fb!

per 60 fs

signal PDF = D%decay rate ® time resolution

Candidates

P(f.} (ft|b) :Cb{fsblg%Slg(f'O-”b)]—'— ffndprnd(t? O_Z‘|b)‘\ -1 0o 1 2 3 01 02 03 04 05

1 [ps] o, [ps]

bj} PDF for Random soft pions bkg. is defined by the signal
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