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Integrated Luminosity in fb”’

The hunt for New Physics

Historical contributions by ‘B factories’
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Also a charm factory!

B factori

_arge
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Publis

es, Belle @ KEKB and BaBar @ PEPII, played
crucial roles in advancing knowledge

samples of B mesons, charm, tau, and
ultiplicity events

Discovery of CPV in the B system (2008 Nobel Prize)

ned more than 1200 papers, still publishing

Mmore |

han 13 years after shutdown

Belle Il @ SuperKEKB represent significant improvements

-xpected to record 50 ab’, two orders of magnitude
more than BaBar and 50 times that of Belle
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The Belle Il Experiment s .
The high-luminosity super B factory

e N
KL and muon detector:

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

— -k

f T

EM Calorimeter:

Csl(Tl), waveform sampling:
N \

electron (7 GeV)

Beryllium beam pipe:
2 cm diameter

2 layers DEPFET + 4 DSSD \

E/ertex detector:

(
Central Drift Chamber:

He(50%):C2Hs(50%), Small cells,

long lever arm, fast electronics
. J

KEKB head-on (crab crossing)

o, 100-150 um

S > —»

O. 6-7mm
overlap region = bunch length

Nano-Beam SuperKEKB

0. 5-6 mm 0. 10-12 um

il

— d =
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<o

Belle IT

detector

Pérticle Identification:
Time-of-Propagation counter

positron (4 GeV)

| Readout (TRG, DAQ):
B Max. 30kHz L1 trigger

W] 1MB (PXD) + 100kB per evt
7 |- over 30GB/sec to record
Offline computing:

Distributed over the world via the

GRID
o

w,

New positron
damping ring
Animation © KEK

Peak luminosity 4.7 X 10°* em—2s—1 (June 22, 2022)

uu, dci, sS, CC, Tl +— etTe™ — T(nS) — B g) ;



- Belle Il can make precision, absolute lifetime measurements
_arge samples of exclusive charm decays without

ifetime-biasing triggers a
Precise calibratio
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-xcellent ver

Precise charm lifetime measurements
Leveraging the excellent detector pertormance

N of fina

X O

nd selections

state particle momenta
etector alignment
Very good vertex resolution, small

V p= production vertex

mp

%A
. d.p

nDeam size

World-leading measurements for DY, D*, D, A, confirmation of QY

Belle Il
J L dt =207 fb

{ Data ) S+

— Total fit

-+ Background
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PRL.131.171803 (2023) PRL.127.211801 (2021)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.131.171803

Charm physics at a (super) -

B factory

a flavor of the possible avenues of exploration

- Two possible production

mechanisms

« One or more c

Nar

med

nadrons produced |

N B meson decays

- Two charmed hadrons produced from continuum, along with fragmentation particles
D" (¢u) PR
: + - =
o \ ; - ete” - cCc — DtangragDsig
—>"
/' | - Typically only reconstruct the signal channel
D™ (cd) X - Also provides access to charmed baryons
| DOt - No entanglement between two charmed hadrons,
| KgﬂJ%_ inaccessible strong phases
- Exploit charmed flavor tagging: using D™t = D% or with information from rest-of-event*
- High precision SM (e.g. litetimes), branching ratios, searches for rare or forbidden decays
- Can also use B decays or reconstruct fragmentation system to make absolute measurements




Searching for New Physics in charm decays
Three paths tor discovery

u
Processes allowed in the Standard Model at tree level W’?{a
SM rates and uncertainties are known c —>» >

_ « _
e.g. CKM triangle relations y -’

Processes suppressed in the Standard Model at tree level , we
New physics may contribute at a detectible level W‘*{S{& c —» 5\:\% —u
peyond the SM prediction ¢c—» ) . ) ?}<g

u u u

e.g. penguin decays, D-mixing, etc.

Processes forbidden in the Standard Model to all orders o e’
Any evidence may indicate new physics . x/, . g
Sometimes complicated by SM backgrounds o < o




CP violation in charm

Unitarity triangle involving charm quarks is ‘squashed’
V;tkbvcd
X

1+ O
V;X:S VCS ( )

- CPV in the Standard Model originates from the VEV.,
complex phase of the CKM matrix VisVes

- Unitarity conditions visualized as triangles

o O(A%)

« Charm CPV difficult to predict — strong role for experiment

weagk strong

- Direct CPV in charm established in 2019 (PRL.122.211803) phase phase

0 + g wgt; 0 +_— ‘Af‘z_‘Af‘z
AAcp =Acp(D? — KTK™) — A¥(DY - 7%77) = (=0.154 £ 0.029) %  where A/ = R
CP CP ‘Af‘2+ ‘Af‘z

x sin(¢)sin(o)

- Observed value consistent with SM, at the upper
end of the expectation

- Fundamental importance to continue CPV searches in charm
- Understand origin and further constrain SM
ncrease number and precision of measurements and observable



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803

CPV in T-odd observables

Another handle to search for CP violation weak  strong
ohase phase

- Assuming CPT, T-odd observables are also sensitive to CP violation: ag;(’dd x sin(¢)cos(o)

. Need four or more final state particles, e.g. D™ — K"thJrh_

Determine tripl ducts Cr = Des - (P« + Py
- Construct asymmetries for particles and antiparticles obokgero(ch L (o8 38*:,2:)x1o
' Belle
D°K*K ' (SCS) o :3 5i12 1)x10°
M SN Pi I)j Pk Pl . . i [FOCUS/ BaB:/:HCb/ Belle]
['L(Cr>0) = T,(Cr <0) i s et ——— ey 22
AT — TP XPk D' >KK'K'r* (CF) § (334:268%  «— Slide 9
F+(CT > O) + 1—‘+((:T < O) ﬁk D*—>K'n*n*n? (CF) -6- Eg;ﬁi]‘l.&o.B)xw*‘ <+«—— Slide 10
D*'—KK'n*n" (SCS) . -2.7+7.1)x10 <«—— Slide 9
— — M | : FOCUS/ BaBar/ Belle]
A I —(CT > O) — F_(C T < O) M rest M ﬁ D*'-K'K*'n*n’ (SCS) ! o g.ﬁilﬁ.ﬁi1.3)x10'3 «—— Slide 10
— frame ot S j/ oite
T — — “ | | | | ‘ *SK Tt : -1.3+4.210.1)% «—— gli
[_(Cr>0)+T_(Cr<0) e G >0 e ——— et plide10
Pi T D! K K*m*r (CF) . (-8.245.2)x10°3 :
S e [FOCUS/ BaBar/ Belle) ¥ plide 9
D!—K'K'n*n? (CF) . g‘;ﬁ]&3i4.3)x10'3 <« Blide 10
- Remove effects from final state interactions with difference | pi-kwer scs) — (1122200% o Elige10
006 00d 002 0 002 004 o006
agp odd ( A T) aT -odd


https://arxiv.org/abs/2305.12806

T-odd asymmetry in D y = K +K§)h+h_

Most precise measurements

- Suppress backgrounds, taking advantage of precise D decay length
PRDIO8.L111102 (2023)

800

- Separate candidates by CT/CT and parameterize
signal yields

()]
)
T

Events / 1 MeV/c?
Events / 1 MeV/c?
D
(@)

(=)

I+4r 1+ Ap—2-alp®™ L
N(D(S)) 2 — N(D(S)) 2 AN
1-4 1 —Ap—2-alp*d =
N, = N(D;) > - = N(Dy) - 5 = .

800

- Simultaneous fit to extract observables

CF  asp*(DT - K*Kontn™) = (0.34 £0.87 £0.32) %
cF  app®(DF - KYK{ntn™) = (—0.46 £ 0.63 £ 0.38) %
scs asp (Dt —» KTK K{nt) = (—3.34 £2.66 £ 0.35) % 5

Events / 1 MeV/c?
Events / 1 MeV/c?

O~184 186 188719

Pull
Pull

I\./I(K.‘K(S’-n*n'—) (GeV/cé)

M(KKer*n) (GeV/c?)

- Bonus! First measurement of SCS decay D — K+K‘K§n+: B=(129%+0.14£0.04+0.11)x 10~


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111102

Events/(2 MeV/c?)

Pull

D;_ S K Ktnta®

e o + + % 19l
T-odd asymmetry in D(S) — Khn
First measurements 2
: 07 TO8 > '1&'5"""'”‘15'95 — = m
- No evidence of (Q‘O OOD CPV M(D?) (GeV/c?) M(D?) (GeV/c?)
» Precision <1% (statistical) for most modes with g ! MW*W“EJ*WWM'*‘{
systematic uncertainty O(1%) .
- Also check in regions of phase space corresponding
to dominant resonances (with different strong phases)
% % s s
. Vector resonances: ¢, p ", O KO K e
M(Ds) (GeV/c?) M(Ds) (GeV/c?)
- No evidence for local CPV ,4..,.,,.11?,““.1,.,,‘.1.‘...
arXiv: 230512806
SCS a(T;;)dd(DJr —> K_K+7T+7TO) — (—|—2.6 = o 1.3) <10
DCS agjg()dd(D_l_ — K+7T_7T+7TO) = (—1.3 s 5 i 0.1) 0
. 2 : il CF  al?¥D" - K ntata®) = (+02+1.5+0.8) x 1073
EE.TA M(Dy) (GeV/c?) HM(DS)(GeWC) !: M(D,) (GeV/c?) ﬁéw#-:nris”GeWC) — SCS aﬁ‘podd(Dj— % K—|—7T—7T—|—7TO) - (_1.1 L 2.2 o 0.1) >< :_0_2
o CF (¢ ' F I ¢ @ i )
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https://arxiv.org/abs/2305.12806

Charm tlavor tagger (CFT)

Novel method to identify production flavor of neutral charmed mesons

- CFT exploits correlation between the flavor of a reconstructed neutral D

meson and the electric charges of the rest of the event

opposite side same side
- K+
p € -
K+ g /*//Jz;“
_ ‘ ~. DO(CL_t)
i w
M K~ 4 T signal decay

- Tagging decision (g) chosen to be +1 (-1) for DV (DO), dilution factor (r)
close to one for perfect prediction, zero for random guess

. Effective tagging efficiency G&fg = (47.91 £ 0.07(stat) = 0.51(syst)) %,

independent of decc
- Approximately doub

y mode

es effective size of many CPV, mixing measurements

- Basic principles can

oe used at other experiments

é: signal decay

products
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.112010

search for neutral D — p?
Forbidden in the Standard Model

PRD.109.L 031101 (2024)
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- Observed matter-antimatter asymmetry requires
Baryon Number Violation (BNV)

« Nucleon BNV allowed in some BSM theories with
AB—L)=0
(B = baryon number, L = lepton number)

. Interest also for meson decays (allowed in e.g. GU
eptogquark models)

- Search for BNV in D — pZ, in which B and L are
separated violated with A(B — L) = 0

. Separately investigate DY and DY with Z = e, u

. Reference channel: D - K=zt
- No signal observed: set upper limits of

(5-=8)x 107" at 90% CL

- Most stringent measurements for e channels

- First measurements for i channels

12


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L031101

Search for DY — hh'ete™
Suppressed in the SM

- Flavor Changing Neutral Current ¢ = uZ+¢~ suppressed in SM: probe for new physics
SM long-distance contributions dominate near resonances
- BSM contributions may be comparable far from resonances

- Search for signalin- PRD.98.035041 (2018) l‘l ) }“
2 20+, — -5 | - _
q-=m"(e"e") o 0 | o M x2x1070%
> - . r’ resonant contripution — 0y =7 .
nedadr resonances (3 107 o )27 olw - ¢ s 5 o o ) =
I ’\. resonant contripution - =
(BR measurement) ¥ | F— — 7\ ¢
d f f T:\. 1077 mpact of CQBSI\/I\ \ T [nodel from JHEPO4135 (2013)]
an ar rrom E 10_11 on non-resonant distribution \J - = ;.’S.'Q~§\ . c . S
resonances 3 N\
(sensitive to NP) 2 107 \ -
% 15 non-resonant prediction ‘" | B
10 ..................... o . o : u
D" — Knnr as reference 0.0 0.5 1.0 15 2.0 2.5
92 [GeV?] *Nucl. Phys. B 115, 93-97 (2003)

13


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.035041
https://www.sciencedirect.com/science/article/abs/pii/S0920563202019618?via=ihub

60

Search for DY — hh'ete™ 50
suppressed in the SM 28

35
- Measured BR for DY — Krete™ in the plw region 30

(39.6+45+29)%x 107’

. Compatible withBaBar (40 =5 +2 + 1) X 10~/ 10
and SM expectations PR( 122.081802 (2019) O
- No signal in other regions and channels r

25
20
15

Belle |Ldt =942 fb
D° l
m,. (675, 875) -

K ntete

PRELIMINARY

—— Data

— Fit

-------- Signal

-------- Background

8

. Upper limits set at (2 — 8) X 10™/; most stringent to date

..* 1 Y ||| i
182 184 1.86 188 1.9 1.92

m[Kriee] GeV/c?2

. Significantly improved limits with respect to BESIII and BaBar (but at different q2 regions)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.081802

First search for B2 — B¢ +¢~
Mesons get all the attention...

- No neutrinoless, semileptonic FCNC decays of charmed

NAryons yet observeao

- Hamiltonian helicity structu
diagrams makes theory mo

e through W-exchange
e complicated than for mesons

. Any observed signal would allow LFU tests with £ = e, u

- No signal observed
- Upper limits set at

9.9 X 107 (e channel)

and 6.5 X 107> (1 channel)
- Compatible with SM:

2.35 % 107° (e channel)
and 2.25 x 107° (u channel)

Events/5 MeV/c?

251

Events/2 MeV/c?
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15¢

10F

—— Data
(a) — Total Fit
----- Background
~ =’ Sideband
_lllLillIL
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PRD.109.052003 (2024)
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.109.052003
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Studyof &. — Eh A — Jo
W
Combined Belle and Belle II datasets o, T ;
- Theoretical approaches differ on how to deal with non-factorizable amplitudes from
W-exchange and internal W-emission
- Measurement of BRs will help clarify theoretical picture
N arXiv:2406.04042 *similar for Belle data
Belle II, 426 fb™ *Data — Belle Il, 426 fb™' *Data 20 Belle I, 426 fb™ « Data
‘1) 100 B ‘T?ta' fit “é E —T?tal fit % N —Total fit
3 o, 3 o 3 R
= { ‘ --Backg rousr’ld = : + B::: k::os.:?,:a § @ 2;2':(;’::;?\:“
g + , ‘ - 2° sideband Lg 20 __¥ | - £° sideband LE i " sideband
Q 50 Q B 8 l
% } %}H ’# b % 10 b4 {‘ % H : \ ]L ]L € : ‘
L|>_| et/ \? ise [0 Lﬁ i { L% Tl
" Bl " infikl st el T 01#1
2.3 2.4 2.5 2.6 2.3 2.4 2.5 2.6 B 2.4 2.45 2.5 2.55
M(Z°7%) [GeV/c?] M(Z°7) [GeV/c?] M(Z°7’) [GeV/c?]
BE) - B2 =69+£03£05£15)%x107° BE -E%H=016+£02£02+04)x107° RBE’->E%)=(12£03%£0.1£0.3)%x107°

- First measurements for all three BRs
- Rule out some theoretical models, favoring those based on SU(3)r-breaking

=

n
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https://arxiv.org/pdf/2406.04642

Study of 2 — ZA°
Combined Belle and Belle T datasets

- Also measure the asymme
(can also be compared wit
arxXiv:2406.04642
~  Belle, 980 fb™
30000 ()
. :
E 20000 —/+/*/
0 10000?—
005 0 05 1
COSGEO
15000; ?;I)I; Il, 426 fb™ ‘
< I
@ 10000%
N D
5000 Lo
005 0 05 1
COSGEO

dN

d cos O=o

ry parameter «, related to P-violation
N theoretical expectations)

x 1+ aE) = Z°4%)a(E = An?) cos f=o

a(E? — AnY) = —0.349 4+ 0.009

| g | | g |

a2 = E%7%) = —0.90 + 0.15(stat) £ 0.23(syst)
Reference Model B(E) - =7 BE—-E%) B(E:—-Z%) a(Z) - E%7°)
Korner, Kramer [5] Quark 0.5 3.2 11.6 0.92
Ivanov et al. [6] Quark 0.5 3.0 4.1 0.94
Xu, Kamal [7] Pole (e - - 0.92
Cheng, Tseng |[§] Pole 3.8 - - —0.78
Zenczykowski [9] Pole 6.9 1.0 9.0 0.21
Zou et al. [10] Pole 18.2 26.7 - —0.77
Sharma, Verma [11] CA - - - —0.8
Cheng, Tseng [§] CA 17.1 - - 0.54
Geng et al. [12] SU(3)r 4.34+0.9 7 8.674%° -
Geng et al. [13] SU(3)k 76+1.0 10.3 + 2.0 9.1+4.1 100 o
Zhao et al. [14] SU(3)r 4.740.9 8.3+23 72+ 1.9 :
Huang et al. [15] SU(3)r 2.56 + 0.93 E - —0.23 + 0.60
Hsiao et al. [16] SU(3) 6.0+ 1.2 d o . .
Hsiao et al. [16] SU(3)r-breaking SOt 12 337 - -
Zhong et al. [17] SU(3)k 113 0 10 1.56 + 1.92 0.68313 552 b0
Zhong et al. [17] SU(3)p-breaking 4 240 0 163 029 - =
Xing et al. [18] SU(3)r 1.30 4 0.51 - - —0.28 +0.18
Geng et al. [19] SU(3)r 7.104+0.41 2.94 + 0.97 5.66 + 0.93 —0.49 + 0.09
Zhong et al. [20] Diagrammatic-SU(3)r  7.45 4 0.64 2.87 + 0.66 5.31 +1.33 —0.51 4 0.08
Zhong et al. [20] Irreducible-SU(3)g 7.72 4 0.65 2.28 + 0.53 5.66 + 1.62 —0.51 + 0.09
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https://arxiv.org/pdf/2406.04642

Conclusions

- Belle continues to produce important measurements more than 10 years after data taking
- CPV searches using T-odd observables in D decays

. Rare searches for D — p# and B — B¢ *¢~
. Study of FCNC DY — hh'ete™

. Charmed baryon measurements in 20 — E% ¢~ and 29 — Z°A°

- The physi

- Upgrac

cs program of Belle Il has outstanding potenti

ed SuperKEKB accelerator, improved Belle Il ¢

al for char

M Physics

etector, re

‘ined analysis technigues

. Significant room to improve basic knowledge of baryons decays
- With higher statistics samples, more and better precision results are on the way

18



