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Charge-Parity symmetry is violated
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é ‘%7 i . Dominance of matter in the Universe indicates
Charge-Parity (CP) Violation.
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Hunting for CP violation

Phys. Rev. Lett. 13, 138 (1964)
* First CP violation was observed 1n the decay of neutral kaon meson at BNL!

* Nobel Prize 1980: "for the discovery of violations of fundamental symmetry principles 1n the decay of
neutral K-mesons”.

Prog. Theor. Phys. 49 (1973) 652

* The observation of CP violation in the decay of B meson verified Kobayashi-Maskawa mechanism.

* Nobel Prize 2008: “for the discovery of the origin of the broken symmetry which predicts the
existence of at least three families of quarks 1n nature”.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.13.138
https://academic.oup.com/ptp/article/49/2/652/1858101

Kobayashi-Maskawa mechanism . /,/ S
Direct CPV (CPV in decays) | » . (f 1 e | -
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 There should be at least two possible interfering paths producing a final state f.
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here, one weak phase (CP-odd), one strong phase (CP-even). i .

» Then, AP = )| = |AP = ) |> = 2|A,| - | Ay | sin(¢h; — ¢,)sin(5; — 3,) d
ydir _ VAP =) — AP HIE 2| A,/A, |sin(S; — 8,)sin(g; — )
P AP = f) 2 4 A(P —>f) 2 1+ |A,/A, |2 + 2 |A,/A | cos(d; — ,)cos(¢h; — @)

 Both phase differences should be non-zero. Also the relative size of the two amplitudes
determines size of CPV. Two amplitudes could be a tree diagram and a penguin diagram.



Kobayashi-Maskawa mechanism .
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* This mixing also introduces CP violation. It 1s rather ‘ \
significant 1n B meson and usually 1s measured in a time- 0.4 f
dependent way.
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0 1 2 3 4 O 6
2 2
_"x““ f+ >@— £l —b-‘/) : o >0 f A(PO 2 _ | A(PY 7N |2 T
' : : ' Acp(t) = APD =) |2 — | (_ © _>]j) |2 = S;sin(AMt) — Cycos(AMr)
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CP violation in charm (vud Vae vub) 1-22/2 A Ap —in)
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* Unlike 1n Beauty sector, Charm sector has rather small CPV in standard model.: L

1, small size of |V, |;

2, GIM mechanism;

— CPV effects are at most of order 107>, " ),:""'v-:,

l(' N - S

DY K DY K
l 1 - i l (I -4 -4 ({l .

» Singly Cabibbo-Suppressed charm decays, ¢ — ssu (e.g. D’ - KTK™) and ¢ — ddu (e.g. D — ntn"),
are regarded to have largest CPV due to tree interfering with re-scattering penguin amplitude.
(non-zero phase differences, comparable amplitude size)

* Observation of “excessive” CPV (mode dependent) in charm could be a hint to physics beyond
standard model.



Belle 11 detector

KL and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC
(end-caps, inner 2 barrel layers)

j '
v

Particle Identification
Time-of-Propagation counter (barrel) TOP
Prox. focusing Aerogel RICH (forward) ARICH
Central Drift Chamber

Taken over
from Belle)

Super conducting solenoid
1.5 T B-field

e ST —
ALV ASTTRNS '

EM Calorimeter (Timing)
CsI(Tl), waveform sampling electronics

o

electrons (7 GeV)

Trigger
Hardware < 30kHz

Beryllium beam pipe Software < 10kHz

2cm diameter

i
i
Vertex Detector

2 layers Si Pixels (DEPFET) +
4 layers Si double sided strip DSSD

"

Final focus system QCS
Set of super conducting
magnets very close to the IP

positrons (4 GeV)

Central Drift Chamber
Smaller cell size, long lever arm

New for
Belle Il

Belle Il TDR arXiv:1011.0352
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Mass (GeV/c?)
At Y(4S) resonance:

(v/s = 10.58 GeV)
e o(bb) = 1.1 nb;
* o(cc) = 1.3 nb;
e 6(t777) = 0.9 nb;

Compared with Belle:
« Slightly higher acceptance;

* Vertexing (decay time) resolution;

 Better momentum resolution;
* More sophisticated trigger;
* More ML technique applied.



Interaction
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Region Belle Il detector
SuperKEKB accelerator o\ "t;r:’ |

electron ring

Nano-beam Scheme: P. Raimondi, “Status of the SuperB Effort”

KEKB Super-KEKB

positron rlng electron / positron

linear injector

5mm 100"’"‘/ -

luminosity expected 50 ab-l, x40 previous B factory.

100

4 positron damping ring
E (GeV) B*, (mm) B*x (cm) ¢ | (A) L (cm?s?) . . _
LER/HER | LERHER | LER/HER | (mrad) | LER/HER g oo WIS =Xpt 735 - A Tune
KEKB 3.5/8.0 5.9/5.9 120/120 11 | 1612 | 2.1x10% | ;thfrad oSty " 600
SuperKEKB 4.0/7.0 3.2/2.5 415 K 3.6/2.6 )| 80x10% L1504, -“z‘Reco;e - 47[fb~].__ -
factor 20 factor 2-3 2 ———— 2
8 12_5.. ........................................................................................ b
. . £ - 400 2
Adopting beam squeezing and as means to T Y - :
achieve higher luminosity, the project aims to a peak luminosity & 300
of 6 x 10 cm=2s!l, 30 times more than KEKB. Integrated ¢ o f
£ °
S

In December 2024, SuperKEKB set a new world record for peak R — S .. l
luminosity: 5.1 x 104 cm-?s-1. .




Two different charm factories

1.ete- = cchar
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2.B-decay
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Belle 11

Cleaner environment allows for
more generous selections —
milder efficiency effects

Better reconstruction of neutrals
and unique access to final states
with 1nvisible particles

Much easier separation between
promptly produced charm and
secondary (from-B) decays

uPDF

kp # 0

LHCb § ) li

uPDF
Huge advantage 1n production

rate, but also large backgrounds
— stringent online selections

Superior decay-time resolution
and access to longer decay times

(boost)

...but tricky efficiency effects
(e.g. decay-time acceptance)



The observation of CPV in charm

- First discovery: AA p = Ap(KTK™) — App(ntn™) = (—15.4 +2.9) X 10~* by LHCb.

PRL 122, 211803 (2019)

 Advantages to measure a difference of two modes:

1. to cancel nuisance asymmetries: production asymmetry, detection of 7~ o Irom tagged D™

2. to enhance the sensitivity since SU(3)/U-spin symmetry predicts A-p(K"K™) and A-p(z"77) have

opposite signs and same magnitude.

g 0.5
* Later determined also individual direct asymmetries by i 0.4f
measuring A-p in DY - KTK~alone, s 0.3
Acp(K*KT) = (6.8 £54£1.6)x 107, . o 0o o000 0.2
larger uncertainty comes from nuisance asymmetries. 0.1

« AZKTK™) = (1.7£57)x 107, A2 (xtn™) = (232 £ 6.1) x 107* 0.0

3.80

| | | | I | | | | I | | | |
P® Beauty and Charm

- * | Beauty and Charm, E
B éf)’: l// —
/*% . i
\ . ST- LHCb -
- 0703 o % No CPV Preliminary ]
tf‘y h Summer 2024
I T BT T R R B L
—0.1 0.0 0.1 O 2 O 3
di
Acr(KTK™) | 70]

700-7¢06-ANOD-9OHT


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
https://cds.cern.ch/record/2905625

SM or BSM? VssVis

* Interference 1s between tree and QCD re-scattering amplitudes.

O KK~
A ing O(1) tters A Im(VCZV“S . CZV“) """""" /
ssuming re-scattering cpP ~ ¥ R R _
VV@;/ cdVud VeaVua % e ” © QCD
= —Im( Cb)\ ub) ~ —6x 107* T i

« Difference between AgZ(KJ“K 7) and Agg(frﬂ_) using SU(3)/U-spin symmetry can be | 4Acp| = 1.2%X10-3
* A conclusive theory interpretation 1s missing:

 Experimental value can be accommodated by large re-scattering effects
le.g., JHEP 07 (2019) 020, PRD 100 (2019) 093002, PRL 131 (2023) 051802]

 However, same-sign CP asymmetries are 1n tension with U-spin symmetry
le.g., PRD 108 (2023) 035005, JHEP 03 (2023) 205]

 Experimental value seems too large compared to first-principle standard-model computations
le.g., PLB 774 (2017) 235, PRD 108 (2023) 036026, JHEP 03 (2024) 151]

* Triggered several beyond-standard-model interpretations
le.g., JHEP 07 (2019) 161, JHEP 12 (2019) 104, JHEP 10 (2020) 070]

* Need to experimentally constrain non-perturbative QCD effects using measurements of CP

asymmetries 1n several decay modes, related by flavor and 1sospin symmetries
le.g., PRD 85 (2012) 114036, PRD 87 (2013) 014024, PRD 99 (2019) 113001]

10


https://arxiv.org/abs/1706.07780
https://arxiv.org/abs/2305.11951
https://arxiv.org/abs/2312.13245
https://arxiv.org/abs/1903.10490
https://arxiv.org/abs/1909.11242
https://arxiv.org/abs/1912.02676
https://arxiv.org/abs/1903.10952
https://arxiv.org/abs/1909.03063
https://arxiv.org/abs/2203.04056
https://arxiv.org/abs/2210.16330
https://arxiv.org/abs/2207.08539
https://arxiv.org/abs/1204.3557
https://arxiv.org/abs/1211.3734
https://arxiv.org/abs/1902.05564

Measurements from Belle 11

Due to large production rate at LHCDb
0
eord ACP(DJr — ') (x ~1M w.r.t Belle II) and clean

reconstruction of D° — 7zt z~, Belle 11
focus on other two pionic modes.

D

D

Il o ACP(DO — 7197Y%)

Belle I

All are time-integrated.

. . ACP(DO — KAQKQ) Given the small mixing effect, these

are direct CPV searches.

11



Time-integrated A p(D* — 7t7")

Phys. Rev. D 112, 1.031101

d
W,/< u ) “4_>:~ ;
C  ——— ] \< u
d ) d d - d
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https://journals.aps.org/prd/abstract/10.1103/3kqk-ldm4

Pionic decays of D

« A 3.80 CPV in the pionic mode D? — ztz~. 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)

* Isospin-related modes can reduce hadronic uncertainty, following variable 1s derived using isospin

sum rule for AI=1/2 processes (SM). PRD 85. 114036 (2012)

. dlI‘(DO N 7Z'+7Z'_) . dlr(D+ ST 71.0) | dlr(DO ST 71.0)
B i n TpHo (‘%OO 2 %4_0) 1 3 Tp+ (Q%OO | ‘%+—> | 1 . Tpo (:9?_'__ 2 ‘9’?+0>
ng+_ Tpo 3 Tp+ 2 ‘@+O Tpo | Tpo | ‘@OO Tpo 3 Tp+

The branching fractions(9%) and lifetimes(z) have been well measured. (BES3/Belle2/etc)

Before Belle II measuring A p(D" — 7« *7Y) and ACP(DO - 272", R=(09+3.1) x 10~°.
arXiv.2206.07501

R # 0: CPV arise in AI=1/2 transitions, SM contribution present.

R = 0: CPV arise 1n AI=3/2 transitions, SM contribution absent, New Physics observed ?!

13


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.114036
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.051802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.036026
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.033011
http://arxiv.org/abs/2206.07501

Arp(DT — at V)

* In addition, Dt (I = 1/2) - ztz° (I = 2) is expected to have no CPV in SM: "
l”"“-"‘-~

~\~ ;’ .-\
ed, s, b"
~‘~ C ( .o\. ) .:‘

1, 1t does not receive QCD penguin (AI=1/2) contribution; -

2, suppressed electroweak penguin contribution;

3, re-scattering 1s suppressed since [=2 strong-interaction intermediate states are insignificant.

* Only tree amplitude dominates. It 1s a golden mode to search for New Physics.

14



Previous results of A ,(D" — t7Y)

Belle D*-tagged Belle null-tag

x10° 108
1 led of = 0.0 0.16 led ot 166 ° Belle I_»l_esult ; PRD 97, 011101 (2018)
S ook Acp(DT = 71”) = [2.31 £ 1.24(star) = 0.23gsyst)] %0
> 0 D* sample split according to whether the D™ is
_ %
= 06f reconstructed from a D"t — D*zV wof decay or not.
< b Tagging suppress background.
2 7
) _
0 0.2F
0-.hJ-.|-.A.a..t4 21157, 5 e l‘" SRS SURTRTRT MR OM
1.7 1.75 18 185 19 195 2 2.05 1.7 175 1.8 185 19 195 2 205 o — T 7T T 7T
M, (GeV/c®) M, (GeV/c?) 3 3000 LHCb 1 ?att; -
0 ‘ — 9 :
2500 ' Do’
E l)i — D _—)::t—n .
\\-/200() T U Pure comb. -
- by T oo - Real-n° comb. 1
o LHCb result JHEP 06, 019 (2021) f_‘} 1500 g
+ 0 S Ee :
Acp(DT — n7n”) = [—1.3 £ 0.9(star) = 0.6(syst)] % SI000E e -
S 500! e T—
using 7- — y( — ee) y and n° — eey. e
1800 1900 2000 2100

m(m*n’) [MeV/c?]

15


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.011101
https://link.springer.com/article/10.1007/JHEP06(2021)019

Direct CP asymmetry A (D" — 7t7")

(DT - 2772%) - T(D™ - 7z~ 2"

The physics variable that we are interested is A p(D™ — 7*7') =
['(Dt - 7t7x% + I'(D- — 7—7Y)

. . . . N D+ — ]z.+7z.0 _ND— N 71'_7[0
From experiment, the variable easily accessed 1s A7 = ( ) — M )
N(Dt — 7t7zY%) + N(D- — n—7Y)

They are related by A7 =A% + AIQ,O gt Ag’i, assuming very small asymmetries.

raw

Alﬁ . forward-backward asymmetric production in e*e™ collisions of charm hadrons, due to

y* — Z interference and higher-order QED effects, is an odd function of cosf,(D™).

Aé’i: detection asymmetry of the low-momentum tagging pions.

16



Nuisance Asymmetry

raw

They are related by A%, = A%G + Alﬁ() g+ Ajfi, assuming very small A’s.

To estimate these nuisance asymmetries, we use D — 7z+Kg, (Kg — n777) as a control mode
that has similar kinematics.

Dt - z*K] (Br = (1.562+0.031) %, Cabibbo-favored)

nKe D +
A = Ag + AP+ AT

raw pr

» ~—=0.4%
Agg: 1, CP-violation 1n the K'-K'system.

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

—— ]TKS
o= AT — AT 4 Ay

raw raw

17



Selections for D™ — n'rn

0

Following same strategy as Belle, splitting the sample by D*-tag.

The main limitation in the Belle analysis was the large background due to fake z° candidates and
random 777" pairs.

Thus, at Belle 11:

. When reconstruct z° — yy, use multivariate discriminators (employing timing and cluster shape
variables) on y to suppress fake photons from hadronic split-off and beam background.

. Use the z* impact parameter and final state kinematics as input to a neural network to suppress
combinatorial from charged pions not originating from a long-lived D decay.

18



Fit to signal D™ — ztz"

x10° Tagged decays %10° Null-tag decays

Belle Il [ L dt =428 b 6 { Data
' — Fit

Phys. backg.
~ Comb. backg.

* After full selection, tagged and null-tag =

have similar shapes 1n mass spectra,
signal peak sitting over combinatorial

background, physics background on the
left.

DY+ D~ Dt + D_v/
v

b d
-

Candidates per 7 MeV/c?
>
)

e Physics BKG is composed of D° — z77~#°,

D* — xt72%% D* — 2% v, DT — K9n°. E s o b
. . . ) |

Fractions are different in two cases dueto £ o M P

selection. Z 02 | {1 |
1.8 P 22 1.3 P 22
m(m+n’) [GeV/c?] m(mta’) [GeV/c?]

e Simultaneous fit to D' and D™ using
h tric PDF with ¢ Tagged Null-tag
charge SymImetric With asyInmetry Yield 5130+110 18510+240

for each component.

Ao (-2.9+1.8)% (-0.4+1.0)%

19



Control mode D™ — 77K, (K, > n7n™)

x10° Tagged decays 5 %10° Null-tag decays
¢ Data

— Fit

Y Background

* Similar selection as signal mode.

* (Clean, high yield, precisely measured.

* Background 1s negligible.

DY+ D~

* Signal Peak 1s narrower due to all
charged final state.

Candidates per 14 MeV/c?

P
* PDF has charge dependency on mean & °2
and width of the peak. (Unlike signal, £
where y dilute the resolution.) < .
185 1.9 185 1.9
Tagged Null-tag m(m*K) [GeV/c?] m(w*K?) [GeV/c?]

Yield | 389630+300 1235604500
A | (0.54+0.53)% | (0.33+0.30)%

20



S ]Z.KS
= AT — AT 4 Ay

raw raw

Tagged Null-tag
A (DT = ntnV) (=2.9+1.8)% (=04 +1.0)%
A,,..(DT = 1K) (0.54 +0.53) % (0.33 £0.30) %
Ag. (—0.4223 +£0.0030)%  (—0.4181 = 0.0016) %
Arp(DT = 770 (-3.9+1.8)% (—1.1+1.0)%

e Statistical error only.

» Ago1s estimated based on kaon thight path and detector material budget.

21



Source Uncertainty [%)]
Tagged Null-tag

o
Systematics Nodeling of the D7 > 7 76 0119 008
Modeling of the Dt — 7t K? fit  0.122 0.048
Kinematic differences 0.096 0.053
Neutral kaon asymmetry 0.007 0.007
Total systematic 0.196 0.084

e Iit mOdehng: Statistical 1.8 1.0

1, asymmetry on all parameters, e.g., 4 — A(1 £ A)). All A’s <2 ¢, resulting AA, <2o.
2, alternative models for each component (signal, combinatorial, physics) (control, background),

resulting AA,  1s assigned as systematics.

« Kinematics weighting between control and signal mode using MC: cosO,/(D%), cosO(z™), p(z™).

resulting AA, , 1s assigned as systematics.

: AKQ‘ uncertainty due to precise knowledge of the material budget (varied by 5%) of Belle I1.

22



Results

 Using 428 /tb, Belle 11 obtain:
1. App(DT - 7t 7Y) = [-3.9 + 1.8(stat) = 0.2(syst)] % for D*-tagged sample;
2. Aqp(DY = 7t7Y) = [—1.1 £ 1.0(star) = 0.1(syst)] % for null-tag sample.

® ] *
Combined: Phys. Rev. D 112, 1.031101

Arp(DT — 7t 7)) = [-1.8 = 0.9(stat)£0.1(sys1)] % , most precise!
Statistics limited, could be further improved with coming data.

The impressive gain on precision comes from machine learning, good vertexing of Belle II and
tiny beamspot of SuperKEKB.
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https://journals.aps.org/prd/abstract/10.1103/3kqk-ldm4

Time-integrated A p(D° — 7'z

PRD 112, 012006 (2025)
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https://arxiv.org/abs/2505.02912

Time-integrated A (D" — 7°7")

» To determine the production flavor of neutral D, D° — 7°2° from D™* — D%z are used.

« Using 980 /b, Belle obtained ACP(DO — 797Y%) = [-0.03 £ 0.64(stat) = 0.10(syst)] % PRL 112. 211601 (2014)

« Signal mode: AT — Agz,”o +AD" 4 A’s; control modes: D*-tagged D' - K=z*, untagged D° - K—x.

raw prod

o Afmiaz =|AD (DO — K=z*)+ AXD° — K~n*) + AK(D° - K~7)

raw prod

. AKﬂ,untag =A£fgd(DO N K_JZ'+) +Ae{{ﬂ(DO N K_7T+)

raw

(cosOpy > 0)

raw

A (cosO~,<0)+ A
. Using A/ = ran cu <Y)

raw
2

, the [Production Asymmetry|is averaged out.

(odd function of cosOry,)

o 0 0.0\ _ 4 mn’ 1Kntag (Kruntag
ACP(D _)ﬂﬂ)—Amw_(Amw _Amw )
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.211601

2D fit to s1

:

S

Candidates per 4 MeV/c?
oo

= 8

onal D' — 7'z

0_0

IllI

————
BelleII [ Ldt =428 fb'
—4— Data
Total fit

B 0’ kia®

lll

2500

:

L > LI

EZ

Preliminary

Combinatorial Back.

m(x’7’) [GeV/c?)

T

Candidates per 0.2 MeV/¢?

1500

:

500

OO

Asymmetry
—g=

|
~ O .

llllm T

|
o

l'Illllll'll'l]lllillllll

§

14

ll]lll’ll"l'l']’ll

Dt +D-  Bellell [Ldt=428b" =

—4— Data
Total fit —

Bl o’ k.

ZZ

0.142 0.144 0

\

146 0.1

EZ

Preliminary

48 0.1 0.152 0.154 .156 0.158 0.16

Combinatorial Back. _—

Am[GeV/c?)

 Simultaneous 2D fit to m(z°z") and Am (mass difference between D+ and D).

e Physics background (D° — KSJIO) peaks on the left in m(zz") but same position as signal in Am.

* Combinatorial background 1s well-constrained in both spectra.

+ Yields: 14100 = 130 in forward bin and 11550 + 110 in backward bin. A% = (1.73 = 0.71) %
20



Fit to control modes D' — K7

 Samples weighted to cancel nuisance asymmetries.

Tagged mode fit by Am (mass difference between D™
and D") with signal PDF that has flavor-dependent

mean and width.

_|_

X
[S—
1o
w

20

“{) __'_ L L L L B
> _ _ -1 -
> 100 |- BelleII [ Ldt =428 fb A ]
oEo ~  —4+— Data ]
8 20 - Total fit ]
o - [ Background + + -
2 F .
g 00 ]
= - Preliminary -
R -
Q = -

09142 0.143 0.144 0.145 0.146 0.147 0.148

A m [GeV/c?]
* Background 1s negligible. g 02 h £
E  OF Hopte o bt
K l ;\ -0. / \ f :
¢« A" 8 =(2.49 £0.09) % 0 o
. 350xlOf....,....,.,..,....,....,....,....,....,....,
, S , > Belle II [ L dt = 428 b
 Untagged mode fit by m(K~7™") with signal PDF that > 300 — Daa
: » —— Total fi
has flavor-dependent width. E 250 g paekgroune
. S 200
 Background significant but flat. 3 .
& 150 Preliminary
K D* + D~
o ANEUNAS — (1.05+0.07) % 100
* Two values are consistent with expected differences in
reconstruction asymmetries for charged particles in 182 183 184 185 186 187 188 lfz 1)[96 \1/}9;
. . mK T+ ev/c
forward and backward directions. 2 S
=
=
>
27 <




Source Uncertainty (%)

SyStematICS Resolution in cos(6*) <0.01
Modeling of the D° — 770 fit 0.15

Modeling of the tagged D° — K7t fit 0.05

Modeling of the untagged D° — K—n™ fit 0.09

Kinematic equalization 0.09

Total systematic 0.20

* Resolution in cos(6%): Statistical 0.72

1, using MC, difference of using reconstructed 6* and true 6%*.

2, using MC and data, deviation due to equalizing distributions of | cos(6%)|.
* Modeling of PDF:
1, introduce asymmetry on parameters.

2, using bootstrap, r.m.s. of observed biases assigned as systematics. Ann. Statist. 7(1) 1 - 26, 1979

 Kinematic equalization:

1, using MC, bias of subtracting background by sPlot. NIM-A 555, 356 (2005)

2, alternative variables for weighting.
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https://www.sciencedirect.com/science/article/abs/pii/S0168900205018024?via=ihub
https://projecteuclid.org/journals/annals-of-statistics/volume-7/issue-1/Bootstrap-Methods-Another-Look-at-the-Jackknife/10.1214/aos/1176344552.full

Results

PRD 112, 012006 (2025)

 Using 428 /tb, Belle 11 obtain
A-p(D? — 7%7°%) = [0.30 £ 0.72(star) = 0.20(syst)] % . This is
15% less precise than Belle, but with <560% data set.

Agi};(DO — 1tx7) Agi;Q(DJr — 7t 7Y) Ag}E(DO — 7°79)

0.5 + — ACP(IT+ITO) b
——= Acp(m*m®) a
—— Acp(m®r®) b
0.4 - ——= Acp(mr9) a
acp LHCb 68% CL
~2
2 0.3-
a SN T~ ——
S N N e
s
W o021 T~ T T T e——
0.1 -
0.0

R = + +

1+ Tpo (%00_2%4_0) 3 Tp+ <‘%OO+‘%+—> 1+

%4__ 3 Tp+ 2 %4_0 Tpo Tpo Tpo

Tpo % 00

limited by A-p(D° — 7°2°) precision

 Before these two measurements, R = (0.9 +£3.1) x 1073
including Ap(D° = 7%7% — (1.5 £ 2.5)x 1073

including A p(D* = 7t7%) - (3.1 +£2.3)x 1073
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Tpo <<%+_ _ 2 %4_0
3 Tp+

) 0.25 ~

Sum rule uncertainty(%)

Expected Acp precision for D°-n°m® and
D *-»n*n® compared to LHCb acp(D°—»rm*m ™)

i Zl’u 1IO 1|5
Luminosity (1/ab)

Expected precision on charm sum rule

Total uncertainty scales with / Lint
— -~ Statistical uncertainty scales with v/ Cint

o

N

o
|

0.15 +

\\
\N
-
~~
~~~
e
—-_-
—
——-——————_-_
el e B S ——

0.10 -

o

o

)
|

0.00

Zi. :I*‘, 1IO 1|5
Luminosity (1/ab)


https://arxiv.org/abs/2505.02912

| D
el

OELLE Belle I

Time-integrated ACP(DO — KgKg)

PRD 111, 012015 (2025)
PRD 112, 012017 (2025)

S S
C d c d
u L d u d
S S
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.012015
https://arxiv.org/abs/2504.15881

ACP(DO — KgKg)

I'(D° —» nt7") — (DY — KJKY)
(DY - KIK?) + T'(DY - KIKY)

. The time-integrated CP asymmetry A »(D° — KK}) =

[PRD 99, 113001 (2019), PRD 86, 014023 (2012), PRD 92, 054036 (2015)]

* It may be enhanced to be an observable level (~1%) within the Standard Model, due to the
interference of ¢ — uss and ¢ —» udd amplitudes.

« World average: ACP(DO — KQKQ) = (—=1.9=%x1.0) %1s dominated by

Belle (921 /fb): Ap = (—=0.02 £1.53 £0.02 £ 0.17) %, using D° — Kgﬂ'o as control mode. PRL 119. 171801 (2017)

LHCD (6 /fb, run 1&2): A-p = (=3.1£1.2+£0.4+0.2) %, using D’ - K*K™~ as control mode PRD 104, L031102 (2021)

LHCDb (62 /fb, run 3) ACP = (19 +1.0=x 04) %0 ) U_Sil’lg DO — Kgﬂ_l_]l'_ as control mode. indico.cern.ch/event/1569705/

o ACP(DO — KTK7): improved by LHCb, uncertainty < 0.1%.  PRL 131, 091802 (2023)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L031102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.171801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091802
http://%5BPRD%2099,%20113001%20(2019),%20PRD%2086,%20014023%20(2012),%20PRD%2092,%20054036%20(2015)%5D
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.014023
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.054036
https://indico.cern.ch/event/1569705/

ACP(DO — KQKS) using D*-tagged sample

» Measure A-p(D° — K{K.) based on D™t — D'z} sample at Belle + Belle II (1.4 /ab).

KOk KOk + + - . : : : : : :
o A 5 = = (A5 A,{ng ) Aé{PK assuming nuisance asymmetries are made 1dentical by kinematics

Welghtmg

e Main background from same-final-state D" — Kon n~ decays. Separate with Kg flight distance
significance L/o: S,,;,(K{) = log[min(L.1/01, L2/02)]

mm
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2D fit to signal mode D" — KgKg

3500 500 e Simultaneous 2D fit to m(D"z™)
Belle I | L dt =428 fb”' N 0 o dS . (K°

U 3000 D" — Ko™ i and S,,;,(Ks).
> ' ¢ Data 400
> 2500 | — Fi =

: 1t R 0 070 u
[ DS
T 2000 === D'oK K * D %“KSK 300 £ . .
2 - = D" K'n 7 ‘ g2 e« Signal and Physics background
- | x S -
§ 1500 — Nonpeaking back. L4 00 S (DO — Kg;ﬁn ) peak at the same
. p— :3 ° ° ° L4
£ 1000 ~ position in m(D'z ") but different
& : 0

100
(L .
> | |HI| , >
2 i 2 2
= \ [y ‘ X \ nfl. e LY. T, a . .
z ~ T Db b o I =+ Non peaking background 1s
< -0, < modeled by sideband data in
2.005 2.01 2.015 2.02 =5 0 5 S (K%
min\"=§

(K3)

m(D°r) [GeV/c2?] S

min

AKSKS — (1.0 +1.6) % in Belle: AXKS = (20.6 +2.3)% in Belle II.

raw raw
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2D fit to control mode D — KtK~

100

©

2 80

>

S

; 60

oy

8

g 40

=

=

(4w}

O 20

.

(D] .

E 0

7 —0.05§

< 01
2.005

e m(D°z") and m(K+YK™)

x10°

Belle IT | L dt =428 fb™"

¢ Data ¢ Data
0 b oyr—
«=== D" 5D (KK )1 b=k K
- = D'SK 1

- - . *+ 0 - et .
D —-D(—=Krn')rx —— D multibody

B ML

= = D"*—D’(— multibody)r" B D >K'K 7t
Other background Comb. back.

2.01 2.015 2.02 1.8 1.9 2
m(D° ) [GeV/c?] m(K K" [GeV/c?]

« AK'K™ = (0.17 £0.19) % in Belle; AX' K™ = (1.61 £ 0.27) % in Belle II.

raw

KK~

» Difference in A,

raw

due to reconstruction asymmetries for low-momentum pions.
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Results (D*-tagging)

e Systematics:

Source Uncertainty (%)

Belle  Belle II
Modeling in the D° — K?K? fit  0.04 0.05
Modeling in the D° - KTK~ fit  0.02 < 0.01
Kinematic equalization 0.06 0.07
Input Acp(D° — KTK™) 0.05 0.05
Total systematic 0.09 0.10
Statistical 1.60 2.30

PRD 111, 012015 (2025)

« Combined Belle and Belle 11 (1.4 /ab), ACP(DO — KSKQ) =(—-14%+13=%x0.1)%, comparable to the best

existing measurement (LHCDb).
PRD 104, 1.031102 (2021)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.012015
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L031102

Charm-flavor tagger

\I/‘

PRD 107, 112010 (2023)

Cq <~ 0 — D" (cd) DY(cit) =
| it
* Charm flavor tagger: novel method to tag flavor e

of DY meson from other collision products (K*/u*
from other charm hadron) — new CF'T-tag I@m

independent sample.

signal decay

pdct

\I/

signal decay

«C«‘*C*DO(CM) —— signal decay

\

e

‘\é@ Prockes
7 lﬁ%) signal decay

e g =1, the predicted flavor
* w, per-event wrong-tag probability

x 104

Belle Il simulation —— DO

* Define dilution r = 1-2w. Use
product gr to measure Acp.

* Calibrate r value using self-
tagged decays (D' - K~ z) in
data.

---------
------

-----
----------
___________
-------

I 1 i | 1 i i I | i I 1 1 1 I 1 i i | 1 1 i I | i i I 1 | I 1 1 i | 1 T- -----

0
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
qr
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.112010

ACP(DO — KgKg) using opposite side charm-flavor tagger

signal decay

Cq<—c<—0—>c—>Do(cu) SagiHT

I@&M) signal decay

7, ‘;@ signal decay

* Use Belle + Belle II data sets (1.4 /ab), excluding D*-tagged sample.

* Larger background wrt D*-tag: train BDT with kinematic information using signal MC and
Sideband data.

e Cut on BDT output and Smin reduce D° — Kgﬂ' - significantly.
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2D fit to signal mode D" — KgKg

Candidates per 1 MeV/c?2

 Simultaneous fit to m(KgKg) and qr (template: data 1n sideband—BKG, data in region of interest

200}

100}

700
600
500
400

300}

I | | | | I

Belle If f Ldt = 428 fo~ -

¢ Data
— Fit _
 D"=KKs ?
— - Background -

Preliminary

[ ]

1.9 1.95 2

m(KoKq) [GeV/c?]

with BKG subtracted —signal).

« Note that 1, MC shows that DY and D has identical distribution of r. 2, MC also shows that BKG in

Candidates per 0.01

1805
160
140:
120 |t

20 1§

60f

40
20F

100 {f

I | | | | | I | | | | | |

Belle II f Ldt = 428 b~

Preliminary

sideband are 1dentical to BKG 1n ROI. Thus templates of r are accurate.
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Result of Ax(D” - KJK.)

» No nuisance asymmetry! No z;” from D™, and negligible production asymmetry since pairs of charm
are selected by CFT. (Verified by equalizing cosHCM(DO) distributions.)

Source Uncertainty [%]
. 0170 . . Fit modeling 0.35 0.10
1. Alternative model for m(K¢K,) and varying sideband data for r. K%z contamination 0.25  0.23
: : Total syst t1 0.43 0.25
2. Small contamination (~2%) of D? — Kgﬂ'_l_ﬂ'_. Ssaf’istsi};salema . 57 3 0
PRD 112. 012017 (2025)
» Combine Belle and Belle II: A (D" — KQKQ) =(1.3x20x03)%. Method Acp [%]
» Equivalent to extra data 35% to Belle and 60% to Belle II. D*-tag | -1.4+1.5+0.1
CFT-tag 1.3+2.0+0.3
Most precise! Combination | -0.6 +1.1 £0.1
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https://arxiv.org/abs/2504.15881

Summary

» Time-integrated A p(DTY — 797

Using Belle II run 1 data (428 /fb), Aop(D™ — 7t 7Y) = [-1.8 = 0.9(stat) = 0.1(syst)] % (most precise,
statistics limited) and ACP(DO — 797%) = [0.30 £ 0.72(stat) = 0.20(sys?)] % (comparable to world best).
R is updated to (3.1 £2.3) x 1073. Could be further improved with coming data.

« Time-integrated ACP(DO — KgKg)

Using Belle + Belle 11 (1.4 /ab), D*-tagged + CFT, ACP(DO — KSK?) =(—-0.6x1.1x0.1)% (most
precise). We are developing tools to get the most out of the data.

* Belle II will resume data-taking this coming fall. More results on the way, ACP(DO — gt 1Y),
Acp(BEF = ZTh™h™), Acp(AS = ph™h™).

« LHCDb also has started to analyze their Run3 data.
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Thank you!

Enjoy the charm .- physics



Vertex resolution of Belle 11

l 1 1 ) I

o ¢\ Belle Il

| DO— KT+
Belle

N /4 v
BABAR [\ it i

t [ps]

 Manifested in the measurement of charm meson lifetime, the vertex resolution of Belle 11 1s a factor
of 2 better than that of Belle.



D — zx sum rule 1nputs

Agiﬁ(DO — 1 n7)

Agi{)(DJr - 777

| Agif)(DO — 72'072'0)

R =

‘%OO

%4__ Tpo 3 Tp+ 2 %4_0

AZYDY - ztz7) = 0.0013 £ 0.0014
AZY(D* > 7*7%) = 0.004 £0.013
AdL DY - 7%% = 0.000 £ 0.006
B, =RBD°— rtn)=(1.454 £0.024) x 1073
RB.o=RBD" - xtz%) = (1.247 £0.033) x 1072
Boo = BDY — 72 = (8.26 £0.25) x 10~*
T = (4.103 £0.010) X 10~! ps

7+ = 1.033 £ 0.005 ps

1 5 Tpo (%00_2%4_0)'1_3 TD"‘(

9?+_> | | e <%+__2@+0)

Tpo ‘%OO Tpo 3 Tp+

If R#0, then CPV arises in AI=1/2
transitions

If R=0 and at least one direct CPV
1s observed, then CPV happens in
AlI=3/2 transitions — non-SM



Fit model

P(Tﬂl(]) X Nsig(]- + quig)Psig(m) + Ncomb(l + chomb)Pcomb(m)

+ Nphys 1(1+ qAphys l)Pphys 1(m) + [Nphys 2(1 + qAphys 2)Pphys 2(m)]

» Signal Peak: Johnson @ Gaussian.

(¥, 0, and A of Johnson fixed by MC values.)

* Combinatorial BKG: Exponential +
Constant

e Physics BKG (D° — zt77 72", DT —» zt2%",
Dt — 72%uTv):

Two Gaussian for tagged,

One Gaussian for null-tag.

1.5

Candidates per 7 MeV/c?
S
)

Asymmetry
S o
N O

Tagged Null-tag
Yield 5130+110 18510+240
Araw (-2.9£1.8)% (-0.4+£1.0)%
x10° Tagged decays %10° Null-tag decays
Belle Il [ L dt = 428 fb! 6 t Data
R — Fit
Phys. backg.

1.8

.I

2
m(mtal) [GeV/c?]

Preliminary

!

7

';|

2.2

7+ Comb. backg.

Preliminary

m(m+n’) [GeV/c?]




Control mode D™ — 77K, (K, > n7n™)

Tagged decays Null-tag decays

° . ° ° 3 3
* Similar selection as signal mode. 510 (510
Belle Il [ L dt =428 fb! ¢ Data
— Fit
- Background

* (Clean, high yield, precisely measured.

10

Preliminary

Preliminary

* Signal Peak: Johnson ® Gaussian.

(A and u have charge dependency.)
 BKG: Exponential

Candidates per 14 MeV/c?

=
)

* All parameters float

|
=
o

Asymmetry
S

Tagged Null-tag
Yield 39630+300 123560+500
Araw | (0.54+0.53)% | (0.33+£0.30)%

1.85 1.9 | 1.85 1.9
m(m*K}) [GeV/c?] m(m*KY) [GeV/c?]




2D fit (signal D° — 7z"z")

:

Candidates per 4 MeV/c?

. ' L . . Ll l . Ll . . ' L) .

+ ok Belle II [ Ldt =428 fb'

+ Data

Total fit

m(x°7’) [GeV/c

Bl p°— K.

EZ-] Combinatorial Back.
Preliminary

Candidates per 0.2 MeV/¢?

* Yields 14100 £ 130 in forward bin and 11550 = 110 1n backward bin.

0_0
« AT = (1.73£0.71) %

o
N
S
1 UL

llglll

1

Asymmetry

|
o

500 |

lll%lll

O

o

o O

_

48 O.l 0.152 0.154 .156 0.158 0.16
Am [GeV/c?]

LI l LI

EZ

Preliminary

4 0.142 0.144 0.146 0.1

Ll l LI

Belle II [ Ldt =428 fb"
—4— Data N

Total fit

B 0’ kla°

Combinatorial Back.

l L

l LI

B e O = B
L LR LLLL sor <oe

m(x’z?)
Signal mode: Johnson + Gaussian

Physics BKG (DY — K/z"):
Gaussian + Exponential

Combinatorial BKG: 2-order
Polynomaal

Am (mass difference btw D"t and
DY)

Signal mode: Johnson + 2
Gaussians

Physics BKG (DY - Kgﬂ'o)l
Johnson + Gaussian (o from
m(z'7"))

Combinatorial BKG: threshold
like function.



Fit to control mode D" —» K=z
» Am (mass difference btw D"+ and DY) (tagged)

Control mode: Johnson + Gaussian (flavor-dependent

mean and width)
Background: (Am — m_, )’ - e HAM="Mz+)

AN — (D 49 +0.09) %

X
[S—
1o
w

20

“{) __'_ L D D L L L _
> _ _ -1 -
> 100 |- BelleII [ Ldt =428 fb A ]
= - —4— Data -
8 20 - Total fit ]
o - [ Background + * -
2 F .
g 00 ]
= - Preliminary -
E A0 -
Q = -

09142 0.143 0.144 0.145 0.146 0.147 0.148
A m [GeV/c?]

Asymmetry
=)

S =
)|

3

E S

-2~

---

-

——

m(K~z") (untagged)

Control mode: Johnson + Gaussian (flavor-dependent

width)
Background: linear line.

Arvmuniag — (1,05 +0.07) %

Two values are consistent with expected differences in
reconstruction asymmetries for charged particles in

forward and backward directions.

N{_) 350 llllilllltlllllllllllltlllllllllllllllllllllll

> Belle II [ Ldt =428 fb™

2 300 F —+ Data

5 —— Total fit

- 250 B Background

D)

S 200

) . .

& 150 Preliminary
100

182 183 184 185 186 187 188 189 19 191
m(K m*) [GeV/c?)




2D fit (signal mode D" — KgKg)

e m(Dz):
3500 Belle I | L dt = 428 b 0, KO b 200 Signal: Johnson (from MO);
— T Y
L3000 S
e . t Data 40 =  Peaking BKG (DY - Kgﬂ'-l_ﬂ'_)i Johnson
> 2500 |  —Fit 0 01270 2 .
2 e DOSKOK 4. D’ — KK, . & (from MCO);
g 2000 -~ -D°—>K(S’7r+7r‘ ,' ‘\ é . .
2 1500 . P < Non-peaking bkg: threshold-like
= = Nonpeaking back. ; . - 200 © . . :
S ot ‘ 5 distribution.
= ~ O
2 1000 / \ ‘ )
S A ' +. 4 9100
1 K
500 L/ \‘ o ;
min\-=>§/
> T 1T 04
9 MM.M 02 8 .
= Wiy pH NS st etiag LY ) £ Signal: Johnson (from MO);
7 02 2>
< -0. —0.4 < . 0 0 .+ —
2.005 2.01 2.015 2.02 =5 0 5 Peaking BKG (D" — Kin'r ): Johnson

(from MCO);

m(D°7*) [GeV/e2] S (KY)

AKSKS = (21,04 1.6) % in Belle: AKK = (0.6+2.3)% in Belle I . on-peaking blkg: sum of two Johnson
(sideband data)

raw raw



2D fit

Fit to m(KgKg):
BKG PDF: Exponential.

Signal PDF: sum of two Gaussian.

Fit to r:

Candidates per 1 MeV/c?

200} ., 4

700|
600 |
500}
400}

300F

100F

| I | I | I I 1 | 1 I

Belle If f Ldt = 428 fb" -

¢ Data
— Fit

'O 020
~ D°—KKj{
— - Background

Preliminary

| l | 1 | |

0 |
1.85

1.9 1.95 2
m(KoK9) [GeV/c?]

BKG PDF: template from sideband data (D° + DY).

Candidates per 0.01

180 ‘
| Belle If f Ldt = 428 fb-

Preliminary

1 l | | | I I 1 | | | I I 1 I |

60 th 1 J\
4 'ﬂ*““”‘ﬂmLWhﬂmLy i t
20 |
0 S l l
-1 0.5 0 0.5
qr

Signal PDF: template from data (D° + DY) in region of interest subtracting BKG.

Note that 1, D' and D° has identical distribution of r in MC. 2, BKG in sideband are identical to
BKG 1in ROI in MC. 3, This analysis aims only to measure A, p, not branching fraction.

P(m,q,r|Acp, Ay, ...) =f,(1 + grA )P (m| ... )Py(r) + (1 = f,))(1 + grA-p)P(m| ... )P (r)



Acp(D? —» KJKJ) using CFT

* On Belle data.

Candidates per 1 MeV/c?

600 |
400 ¢

200}

Similar shape but more severe background.

1600
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l | I | I I
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— Fit
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e e —— - DUAden beam loss

= BP_BW_35(LER) by BP_FW_145 with 133.8 mrad
=== BP_FW_145(LER) : :

o
o

.i......I......I.....|.....1......}.....I......|.....I.....{......}.....I.....I.....i.....{......[.....I.....I.....i.....].

= BP BW _145(HER)

integrated dose (10us+50us) '
BP_FW 35 1026.1 mrad
BP_BW_ 35 1249.2 mrad
BP_FW_145 1029.9 mrad
BP_BW_145 880.7 mrad
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o

Dose rate [krad/s]
(0 0)
(=)

Beam loss monitors
‘abort the beam when
‘beam loss 1s severe.
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We have many reasons to be (cautiously) optimistic

We have identified, for the first time, a physical mechanism that can
explain sudden beam losses in LER

Number of beam abort accompanied by pressure burst

Much work being done over summer shutdown:; —  newreann
- Removal of stains from vacuum sealant

- New electron gun
- New enhanced shielding near non-linear
collimator @ Oho

at D10L02 T. Ishibashi
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Belle 11 luminosity projection
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* Just ballpark estimate.
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