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Belle and Belle Il experiments
Belle detector

 Belle experiment

. Aerogel Cherenkov cnt.

decay and CP violation.

» eTe” collision experiment located @ KEK sciomod [ ) l‘ P
* B factory, built to study B mesons’ mixing, |
//A\"de tral Drift Chamb

“ small cell +He/C:H¢

. 1999~2010, 1 ab~! data sample 3y 55D s gession
* Belle Il experiment Belle || detector
* Updated version of Belle ) ==

777 Particle ID system
1 | rn-fake-rate: 5%

* Built to search for new physics out of the standard model

Central Drift Chamber
spatial resolution: 100 um
dE/dx resolution: 5%
pr resolution: 0.4%

» Started collecting collision data from 2019




How are charm baryons produced @ Belle (ll)?

cC are produced by eTe™ directly

i C is produced by b — ¢ weak decay {

c quark hadronizes into charmed baryon

@ Only relative branching fractions can be
measured. The absolute value can be
obtained only by reference channel.

@ High level background.

Large data sample.

The absolute branching fractions can be
obtained, because the cross section of BB

IS precisely measured.
Clean signal.

Q Small data statistic.

Q Relatively complex analysis procedure.



Selected analyses

. Search for charmed baryons in the AT . 1 system and measurement of the branching fractions of
A.(2880)" and A _(2940)* decaying to Aty and pDY relative to £_(2455)x

« Search for the semileptonic decays E =0t

»  First observation of Azt and Az~ signals near the KN (I = 1) mass threshold in AT — Aztntn~
decay

H

« Observations of the singly Cabbibo-suppressed decays a pKO, :ér — Aznt, and B H — Yozt at
Belle and Belle I

e Measurements of the branching fractions of EC — 2979, EO =%, and 2 H — 2%’ and asymmetry

parameter of = 0 5 5890

 Search for CP violation and measurement of branching fractions and decay asymmetry parameters for
AT - Ahtand AT — X°h* (h =K, 7)

« Measurement of the A lifetime

 Measurement of the Q" lifetime



Belle data, 980 fb~!

Search for charmed baryons in the AT - and pDO system Phys. Rev. D 110, 032021 (2024)

«  A_(2880)" and A_(2940)"

- The A_(2880)" was first observed by CLEO in the A7z"z~ decay mode [1], and later reported by Babar in
the pD" mass spectrum [2].

- The A_(2940)" was first seen by BaBar in the pD” decay mode [3], and then confirmed by Belle in the

[1]: M. Artuso et al. (CLEO collaboration), Phys. Rev. Lett. 86, 4479 (2001).
ZC(2455)7T decay [4] ) [2]: B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 98, 012001 (2007).
® Why A }7 SpeCtrum" [3]: B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 98, 012001 (2007).

[4]: R. Mizuk et al. (Belle Collaboration), Phys. Rev. Lett. 98, 262001 (2007).
[5]: S. B. Yang et al. (Belle Collaboration), Phys. Rev. D 108, L031104 (2023).

- A good channel to search for excited A+ baryons.
- Signal in AT -1 1s likely to be an excited A+ rather than Z;“, which is dominated by A_CI_JZ'.

- A narrow enhancement was observed in the pK™ channel near the Az threshold [5].

[6]: N. Kaiser, P. B. Siegel, and W. Weise, Nucl. Phys. A 594, 325 (1995).

o Why pD spectrum? [7]: E. Oset and A. Ramos, Nucl. Phys. A 635, 99 (1998).

[8]: J. A. Oller and U. G. MeiB3ner, Phys. Lett. B 500, 263 (2001).
[9]: B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 98, 012001 (2007).

- An analogue to the NK system[6-8].

- BaBar has reported A _(2880)" and A_(2940)" in the pDY mass spectrum [9], while Belle has
not investigated it in direct e e~ annihilation.



Search for charmed baryons in the A7 and pDO system

Belle data, 980 fb~!

Phys. Rev. D 110, 032021 (2024)
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Search for the semileptonic decays =

0
C

—

N Arde

Belle data, 980 fb~!

Phys. Rev. D 109, 052003 (2024)

* Theoretical study of baryon semileptonic decays is complex due to W-exchange transitions [1-4] and poorly understood
hadronic form factors.

 Experimentally, few neutrino-less semileptonic decays of baryons have been observed. Measurements exist for light-

baryon octets and bottom baryons (E° — Aete™, Xt — putu~ and A, = AuTu™) [5-9], but not for charmed
baryons.

 The study of semileptonic decays of baryons provides an opportunity to test the Standard Model, and also can help in
the understanding of the recent anomalies in meson FCNC processes.

* |f observed, would also allow an LFU test to be performed.

No significant signal observed, consistent with SM

— Zlete™) < 9.9x%x 107

— Zete) < 6.5x 107

— Zlete™) < 2.35x 107°

— Zlete™) < 2.25x 107°

-

-

~ ~

experimental

T—

—

theoretical

Events/5 MeV/c?

[1]: R. M. Wang, Y. G. Xu, C. Hua, and X. D. Cheng, Phys. Rev. D 103, 013007 (2021).
[2]:Y.-M. Wang, Y. Li, and C.-D. Lu, Eur. Phys. J. C 59, 861 (2009).

[3]: T. Mannel and S. Recksiegel, J. Phys. G 24, 979 (1998).

[4]: G. Hiller, M. Knecht, F. Legger, and T. Schietinger, Phys. Lett. B 649, 152 (2007).
[5]: J. R. Batley et al. (NA48 Collaboration), Phys. Lett. B 650, 1 (2007).

[6]: H. Park et al.(HyperCP Collaboration), Phys. Rev. Lett. 94, 021801 (2005).

[7]: T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett. 107, 201802 (2011).

[8]: R. Aaij et al. (LHCb Collaboration), Phys. Lett B 725, 25 (2013).
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First Observation of Az™ and Az~ Signals near the KN~ (I = 1) Mass Threshold in the AT - Az 77~ decay
Phys. Rev. Lett 130, 151903 (2023)

Belle data, 980 fb~!

© This is the first time to observe significant signal on Az"(Az~) mass spectrumin AT - Az zn"n~ decay

channel, which is close to KN threshold (1435 MeV/c?).

» Investigate the spectrum structure on Az~ mass spectrum above the X(1385). The traditional quark model
did not predict any new excited state of 2* near A(1405), thus the observation of signal can indicate new

physics (such as exotic state or threshold effect).

 The interaction of KN (I = 1) is related to kaon condensation in neutron stars. It is probably not strong enough

to form a bound state, but can produce a virtual state, which can be observed as a threshold cusp [1].

Search for 2* state Study KN scattering with a cusp

[1]: J. Oller and U.-G. MeiBner, Phys. Lett. B 500, 263 (2001).



First Observation of Az" and Az~ Signals near the KN~ (I = 1) Mass Threshold in the AT — Azn "z 7z~ decay
C
Phys. Rev. Lett 130, 151903 (2023)

Belle data, 980 fb~!

TABLE I. Breit-Wigner fitting results. The quoted errors are

statistical only. . % 10l “
Mode Epw [MeV/?] T [MeV/c?] = x° / NDF & s | s
Arm™ 1434.3 £ 0.6 11.5+2.8 = 74.4/68 . S X
Am™ 1438.5 = 0.9 33.0£75 = 92.3/68 . g2 | £
f F/Z ) 4 - 7
BW — 9 — B _
(E — Esw)” +1?/4 2 of z
27 _ - _
1.35 1.55 1.35 14 145 15 1.55
M, . Breit-Wigner [GeV/c?]
TABLE II. Dalitz model fitting results. .
T : Mode a|fm] b|fm] 5(2 / NDF & N§10:— . L6l .
£ — Il rescattering AxT  048+032 1.22+083 =689/68 & = [ = s
A~ 1.24 £0.57 0.18 £0.13 = 78.1/68 = N gL ST
EEEEEEEna” 4% - *S'Z'_
By neglecting the Al decay form fp = 471h E>m. S | e 1 S |
e o e ey (L kD)? + (k)27 AN o | T R T B
(A = a+ib) with the Dalitz model _ 4mb E<m. = 5of h I fﬁwf?*ﬁ? *%W;*; " *‘fﬁ%?‘f i | 2]
N o (14 ka)? + (kb)?’ MEN 1.35 1.4 1.45 1.5 1.55 1.35 _ ,
so tested by Flatte parametrization M, _,Dalitz [GeV/c?] M, . Dalitz [GeV/c?]

a+ib: scattering lengths

Due to the limitation of the statistic, we can not

distinguish between X* resonances and KN
threshold cusps.

The two fits give similar )(2 S.




Observations of the singly Cabbibo-suppressed decays = — pKy, 5> Azn", and ET — YOzt at

Belle and Belle |l Belle data, 980 £b~! + Belle Il data 428 b~ JHEP 03 (2025) 061

* |nthe last few years, there has been a significant advance in the experimental and theoretical studies of hadronic weak decays of
anti-triplet charmed baryons.

 Theoretical calculations for the two-body hadronic weak decays of E:.“ have been performed based on dynamical model
calculations and SU(3)y flavor symmetry methods. Most of these decay channels have not yet been measured experimentally,
. . . lBeIIc _[Cdt‘=983.0 fb- 1| ' lBo.llo I _f.C(‘it=427.9 fb' !
especially the singly Cabibbo-suppressed (SCS) decays. LT S oy e 1 @ ST100 o,
« The E — E~ 7z is used as the reference channel. s L I R
g 400 %
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¢ > d P c—> 7 d AIZ? s—> > ur > S AT & 4oo§-(b1) 7.60 tame j . o1~ (b2) S 100 = rewrn
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s .2 “
Belle Belle 11 combined "z
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B(E+ s At | M(AT) [GeV/c?] | | M(A%") [GeV/c?] |
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Observations of the singly Cabbibo-suppressed decays =

Belle and Belle Il

_|_

Y — pKa,

Belle data, 980 fb~! + Belle Il data 428 fb~!

=t

—C

— Az", and EZF - X977 at
JHEP 03 (2025) 061

Comparisons of measured (a) B(ET — ng), (b) B(ET - Axn™), and
(c) BET — %77 with theoretical predictions [1-11].
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Zou et. al [1]
Geng et. al [2]
Geng et. al [3]
Huang et. al [4]
Zhong et. al (l) [5]
Zhong et. al (ll) [5]
Xing et. al (ll) [6]
Geng et. al (ll) [7]
Liu [8]

Zhong et. al (l) [9]
Zhong et. al (ll) [9]
Zhao et. al [10]
Hsiao et. al (I) [11]
Hsiao et. al (ll) [11]

Belle and Belle Il

combined measurement

[1]: J. Zou, F. Xu, G. Meng, and H. Y. Cheng, Two-body hadronic weak decays of antitriplet charmed baryons, Phys. Rev.
D 101 (2020) 014011.

[2]: C. Q. Geng, Y. K. Hsiao, C. W. Liu, and T. H. Tsai, Antitriplet charmed baryon decays with SU(3) flavor symmetry,
Phys. Rev. D 97 (2018) 073006

[3]: C. Q. Geng, C. W. Liu, and T. H. Tsai, Asymmetries of anti-triplet charmed baryon decays, Phys. Lett. B 794 (2019) 19.

[4]: F. Huang, Z. P. Xing, and X. G. He, A global analysis of charmless two body hadronic decays for anti-triplet charmed
baryons, JHEP 03 (2022) 143.

[5]: H. Zhong, F. Xu, Q. Wen, and Y. Gu,Weak decays of antitriplet charmed baryons from the perspective of flavor
symmetry, JHEP 02 (2023) 235.

[6]: Z. P. Xing, X. G. He, F. Huang, and C. Yang, Global analysis of measured and unmeasured hadronic two-body weak
decays of antitriplet charmed baryons, Phys. Rev. D 108 (2023) 053004.

[7]: C. Q. Geng, X. G. He, X. N. Jin, C. W. Liu, and C. Yang, Complete determination of SU(3)-amplitudes and strong
phase in AT — E%K™T, Phys. Rev. D 109 (2024) L071302.

[8]: C. W. Liu, Nonleptonic two-body weak decays of charmed baryons, Phys. Rev. D 109 (2024) 033004.

[9]: H. Zhong, F. Xu, and H. Y. Cheng, Analysis of hadronic weak decays of charmed baryons in the topological
diagrammatic approach, Phys. Rev. D 109 (2024) 114027.

[10]: H. J. Zhao, Y. L. Wang, Y. K. Hsiao, and Y. Yu, A diagrammatic analysis of two-body charmed baryon decays with
flavor symmetry, JHEP 02 (2020) 165.

[11]: Y. K. Hsiao, Y. L. Wang, and H. J. Zhao, Equivalent SU(3).approaches for two-body anti-triplet charmed baryon
decays, JHEP 09 (2022) 035.
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Measurements of the branching fractions of Eg — — Eon’ and asymmetry parameter of

=) — ZqY JHEP 10 (2024) 045

% 150 _—Belle,QOOlb" ’?"’l " " | Belle II, 426 fb" ’?‘“’m
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Search for CP violation and measurement of branching fractions and decay asymmetry parameters
for AT - Ahtand AT — Xht (h =K, n) Sci. Bull. 68, (2023) 583-592

 CP violation (CPV) is one of the essential requirements to form the matter-anti-matter asymmetrical universe [1]. In the

standard model, the only source of CPV is the single complex phase in the CKM matrix, which is not enough to explain

the observed asymmetry.

« The CPV has been observed in open charm mesons and Ag decay. An observation of CPV in charm decays much

greater than 10> could indicate new physics beyond the SM [2-5].

. This paper reports A%3", A%, and BF measurements for the SCS decays A — AK" and AY — YK, using the CF

decays AT — Azt and AT — X%z as reference modes.
» The ALo(A — pr™) can be extracted from Al (total) = (aAga_ —a /-\Eoﬁ)/ (aAia_ +a /-\gofr) from CF reference

channels, with @y, = — az- (SM),

[1]: A.D. Sakharov, Violation of CP Invariance, C asymmetry, and baryon asymmetry of the universe, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32.
[2]: D. Delepine, G. Faisel and C.A. Ramirez, Direct CP violation in D+ ! KO(K™ O)ri+ decays as a probe for new physics, Eur. Phys. J. C 80 (2020) 596
[3]: A. Dery and Y. Nir, Implications of the LHCb discovery of CP violation in charm decays, JHEP 12 (2019) 104

[4]: M. Chala, A. Lenz, A.V. Rusov and J. Scholtz, AAxp within the Standard Model and beyond, JHEP 07 (2019) 161.
[5]: M. Saur and F.-S. Yu, Charm CP V : observation and prospects, Sci. Bull. 65 (2020) 1428.
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Search for CP violation and measurement of branching fractions and decay asymmetry parameters
for AT - Ahtand AT — Xht (h =K, n) Sci. Bull. 68, (2023) 583-592

Using 1 ¥ A" as weight

factor to cover the KT (7 ™)
detection efficiency
asymmetry.

No evidence of charm

CP violation is found.

N(AL = ) = N(AZ = )
N(AT = f)+ N(AZ = f)

AT (AT 5 AKT) — AT (AT 5 An )

raw raw

> = Adn(AF 5 AKY) — AdS(AF o Ant).

raw —

Adis A+ 5 AKT)

Ay = ADTAKT | glopm™ 4 g4 4 gKY | g%
Forward-background Cabibbo-flavoured process, no dir- Adlr ( A+ _ A K+) — (421+26+ 0.1)
asymmetry of A production CP violation in SM. Adlr (A+ _ EOK+) — (425+54+0.4)% ]

This is the first direct CP_asymmetry measurement for SCS two-body decays of charmed baryons.

BAT 5 Ant) (5.05+0.13 +0.09)% B(ch_>207T+) = (2.78 £0.15+0.05)% Bret _ Nret /€ref _
Branching fractions

RB(ANE - AKH) =(6.57£0.17%x0.11£0.35) x 107* ]
BN - XK =(3.568+0.19+0.06+0.19)x 107* |

14



Search for CP violation and measurement of branching fractions and decay asymmetry parameters
for A* > AhTand A - X°h* (h =K, 7) Sci. Bull, 68, (2023) 583-592

corrected bin-by-bin with

a parameter extraction the signal efficiencies Fit result ag _ ac
MO 5 | BRI S
5 + A + ~ b 1 S I
150 AT — An™ ] _ ! : —] n 1 r
— i © ] < 2__ ¢ Overall coseﬁ * | < 2_— IS Over‘all cosb,.
Al i ¢ coszA<8 I i : cosgzo<8
. L Cos ] Cos /50>
9.100— S 05 0 05 1 R N s o0 05
— CoSb,o C0s0,, cos6,
§ % \ 1 Fit result \ o ‘ w
P 50 = = o2-, o, 0 0.2
- ™ 0.5 » ™ i 1 %)
- ) ) 20.15_— - 8015
_ o %< 0 8 o { ©
- 300 o @ < o0if = = ~ 0.1
0 | L | oL | - | s 8 S Wl mailE B Tl s aailE
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 0.5 25 §\% -0.5 25 §\.g 20_05; s Ove;allocoseA _ 200_053_ ¢ Oveerallgoseﬁ
dN cosé, cosé, < < - e ; - e _
-1 -1 o L .
X 1 _|_ CIA+O¥ACOSHA < aavg — O . 7 5 42 i O . 0026 -1 05 cogezo 05 1 -1 -05 cogezo 05 1 -1 05 cogezo 0.5 1 -1 -05 coge 0.5 1
dcosf, ¢ A '
;v:."' p—— SR R A A R (D S SR R PR s A PEEREETTE PR S R R Y o R e TS N S =R N G T ’ dN 1 HO 0
—0.585 4 0.049 =+ 0.018 & L+ ap;0)\CO8U5CO8U,
’ dcostdcosb, ;

—0.755 % 0.005 % 0.003
~0.54 £0.18 £0.09, |
~0.463 +£0.016 £0.008, |

The first measurement of hyperon CPV searches in CF charm
decays. No evidence of A-hyperon CPV is found.

Consistent with the current world average, with better precision.

A — AxT —0.590 4 0.006 —0.570 4= 0.006 —0.784 % 0.008 £ 0.006 0.754 & 0.008 &= 0.018 +0.020 & 0.007 & 0.014 —0.07 £ 0.22
A - X°K*T —043 £0.18 —0.37 £021 —0.58 £0.24 +£0.09 0.49 +028 +£0.14 +0.08 +0.35 £0.14 —
AF — X%t —0.340 4+ 0.016 —0.358 +0.017 —0.452 4 0.022 + 0.023 0.473 4+ 0.023 4 0.035 —0.023 + 0.034 + 0.030 -

]

Search for hyperon CPV in A — px in CF modes :

]

Channel Oy 0 Q- 0y 0+ v Acp W.A. AZp 0
AF 5 AKT  —0.425+0.053 —0.448+0.053 —0.566 & 0.071 = 0.028 0.592 % 0.070 + 0.079 —0.023 £ 0.086 £ 0.071 - -

~ cp(A — pr—) =+40.013 + 0.007 £ 0.011 :

]

]

]




Belle Il on/off-resonance data, 207 .2 fb~!

Measurement of the A7 lifetime
PRL 130, (2023) 071802

* Precise measurements of weakly decaying charm or bottom hadrons can help to search for physics beyond the

standard model.

 The the heavy quark expansion (HQE) is an effective model to describe strong interactions at low energy, which

provides a consistent framework for bottom hadrons. But for charm hadron lifetimes, HQE is not able to describe them

satisfactorily [1~3].

e A precise, absolute measurement by Belle Il may help to resolve the tension between A;r lifetime measurements at

ete™ colliders and other experiments and will substantially improve the world average [4~12].

 \We report a precise measurement of the Aé’ lifetime using Aj — pK_yr+ decays reconstructed in data collected at or

near the Y (45) resonance.

[1]: R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 121, 092003 (2018), arXiv:1807.02024 [hep-eX] . [7] J. M. Link et al. (FOCUS Collaboration), Phys. Rev. Lett. 88, 161801 (2002), arXiv:hep-ex/0202001 .

[2]: R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 100, 032001 (2019), arXiv:1906.08350 [hep-eX] . [8] A. Kushnirenko et al. (SELEX Collaboration), Phys. Rev. Lett. 86, 5243 (2001), arXiv:hep-ex/0010014.

[3]: R. Aaij et al. (LHCb Collaboration), Science Bulletin 67, 479 (2022) [9] A. H. Mahmood et al. (CLEO Collaboration), Phys. Rev. Lett. 86, 2232 (2001), arXiv:hep-ex/0011049.

[4]:R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 100, 032001 (2019), arXiv:1906.08350 [hep-€X] . [10] F. Abudin’en et al. (Belle Il Collaboration), Phys. Rev. Lett. 127, 211801 (2021), arXiv:2108.03216 [hep-eX] .

[5]: R. Aaij et al. (LHCb Collaboration), Science Bulletin 67, 479 (2022). [11] T. Abe et al. (Belle Il Collaboration), (2010), arXiv:1011.0352 [physics.ins-det] .

[6]: P. A. Zyla et al. (Particle Data Group), PTEP 2020, 083C01 (2020). [12] K. Akai, K. Furukawa, and H. Koiso, Nucl. Instrum. Meth. A 907, 188 (2018), arXiv:1809.01958 [physics.acc-ph] .
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Measurement of the A7 lifetime
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L dt=2072 fb'!
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— Total fit
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M(pK ") [GeV/ cz]

« The A7 lifetime is measured with an 2D unbinned maximum-likelih

region.

> Signal region

;: Background region

Belle Il on/off-resonance data, 207 .2 fb~!

PRL 130, (2023) 071802
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« Signal PDF: 1) Exponential function in t convolved with a Gaussian resolution function, which depends on o, ; 2) PDF for o, is a histogram
template from background-subtracted signal candidates.

 Background PDF: Empirical model of the sideband data

* To better constrain the background, a simultaneous fit to the events in the signal region and sidebands is performed.

(A7) =203.20+0.89(stat) = 0.77(sys) fs
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Measurement of the Q" lifetime

Candidates per 6 MeV/c?2

7(Q}) = 243 £ 48(stat) = 11(sys) fs El

60 |
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¢ Data (207 fb™)
— Fit

----- Background
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2.8
m(2 ") [GeV/c?]

Belle Il on/off-resonance data, 207 .2 fb~!

PRD 107, (2023) L031103
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» This new result is consistent with the LHCb average of 273 .5 *+ 12.4 fs, and inconsistent with the

pre-LHCb world average of 69 *+ 12 fs.

« Confirms that the Qg IS not the shortest-lived weakly decaying charmed baryon.

1} o R g
'J||||||1J||LJJ
O 01 02 03 04 05 06 0.7 08 09 1
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Summary

o Belle's enduring legacy
— Continues to yield critical insights in charm hadron dynamics even 10+ years post-data-taking
— Maintains relevance through innovative analysis of its 980 fb™ dataset

o Belle II's improvement

— With enhanced of vertex resolution, Belle |l has a improved detection precision.

— Enabling unprecedented precision in charm flavor physics, CP violation studies, and beyond the

Standard Model searches.

— Started run2 taking.

Thank you!
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Search for charmed baryons in the A7 and pDO system

o .y
O - |(a) /A
S 2000:— Y
- 1500 NI
E >
- i § 4
..('L) 1000 $ ,..
GC) I J" -~
500( I ™ v,
Lﬁ RN S “w..f' M N
01[1111].
2.44 2.45 2.46 2.47
+, - 2
M(AZ) (GeV/c?)
3000
% 2% () ¢
- ¢
° &
B ¢
= 2000 !
P I | A
Q : : ‘. :
2 | P
C 1000 R Y
D : - x
T b etiand
olt .| L
2.44 2.45 2.46 2.47

M(Aint) (GeV/c?)

FIG. 1: Invariant-mass distributions of (a) AY#~ and (b)
AF7n*. Regions between the two red dotted lines are the
3.(2455) signal regions, and regions between the two blue
long-dashed lines are the X.(2455) sideband regions.
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Search for charmed baryons in the A" - and pDO system

Entries/5 MeV/c?

Entries/5 MeV/c?
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S e S
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M(Ain) n—rrn?] (GeV/c?)

FIG. 2: An example of the simultdneous ﬁt to the M(Afn)

spectra with (a) n — vy and (b) n — w7t 7~

(points with

statistical uncertainties). The blue solid curves represent the
result of the fit. The red dashed curves represent a hypothet-
ical excited A, state with M = 2.95 Ge\"'/(:2 and I' = 20
MeV, while the magenta dash-dotted curves represent the
background.

65 ® I'= 0 MeV
g 55— B =10 MeV
© 4F A T=20 MeV
p — ~
o 3 ¥ I'=30 MeV
CCD oF + I'=40 MeV
& 1t
= ok
c -
o -IF
0N -2k

-32—

-4: v oo v by ooy b b by oy

L.
285 29 295 3 3.06 31

Mass (GeV/c?)

3.15

FIG. 3: Statistical significances for the various excited A}

hypotheses considered.

We constrain the signal mass and width to be identical
for the two 1 decay modes, and fix the signal mass to be a
value from 2.850 to 3.125 GeV/c? in steps of 25 MeV /c?.
The signal width is fixed to 0, 10, 20, 30, and 40 MeV
for each fixed mass. The ratio of signal yields for the
n — vy mode relative to those for the n — 7% T 7~ mode

is calculated by the product of detection ef.

iciencies and

the known 7 branching fractions [26], and is fixed in the
fit. This ratio decreases from 5.4 to 2.7 as the signal mass

increases from 2.850 to 3.125 GeV/c®. Figure 2 shows an
example of the fit with the signal mass and width fixed

to 2.95 GeV/c® and 20 MeV, respectively.
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Search for the semileptonic decays Eg — Bfte

50
qV| : QY :
'S B —« Data
=6000|- "« Data § 10k —_ Total Fit
o) I _— EOtakl Fit s S F Background
Y B r n L
0234000_ ackground = 30fF .
0 AN -
- w 20
C -—
Teh) c PaEEnine 1 AR o SR
0 O 10l }
LLJ
0 245 25 255 I T e T Y R &
. e : 5 . 1.28 1.3 1.32 1.34 1.36
MEn*) [GeV/cT] M(AT®) (GeV/c?)
: nvariant-mass P : =t
FIG. 1: The invariant-mass distribution of =7 FIG. 2: The invariant-mass distributions of =° —s As®

combinations in data. The dots with error bar represent the
data, the solid curve shows the best-fit result, and the blue
dashed curve shows the fitted backgrounds.

candidates before combining with the ¢t/ pairs in the
selected =, signal regions in the data. The dots with error
bars represent the data, the solid curve shows the total best-fit
result, the dashed curve shows the background shape, and the
solid and dashed lines show the signal and sideband regions
of =Y candidates, respectively.

Here, a double Gaussian function models the signal shape, and a second-order |
i polynomial provides the background. /

' The signal shape parameters are fixed to the values found in signal MC, while the |
] background parameters are free |n the flt - o o
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Search for the semileptonic decays Z0 — E°/ 1/~

« TJo take energy loss due to bremsstrahlung into account, the shapes of correctly reconstructed Eg

candidates are described by two Crystal Ball functions for the dielectron mode. In contrast, a double-
Gaussian function is used as the signal shape for the di-muon mode.

 Broken signal is mainly due to incorrectly selected photons in =" reconstruction. we extract the shape of

the broken signal from MC simulation via Rookeyspdf, and treat it as a distinct component in the final Eg
signal yield extraction.

. 4000
OB000+* IV!C Truth O [ - N!C Truth
S [—Fit A (a) = 3000 [ —Fit f (b)
) ' Broken Signal O - Broken Signal
= 4000} =
s | T %
o000k c
92000‘ S
LLJ I LLJ -
023 24 25 5.6 RN Y S Y I S MY 3 SRt f
M(Z’ete) [GeV/c?] MEutw) [GeV/c?]

FIG. 3: The invariant-mass distributions of (a) Z’e*e™ and (b) Z’u* 1~ combinations in signal MC simulation. Points with

error bars show the correctly reconstructed signal, the blue solid curves show the results of the fit to the signal shape, and the
cyan shaded histograms show the broken signal distributions.



Search for the semileptonic decays Z0 — E°/ 1/~

* For the fits to data, the signal shapes are taken from the fits to the signal MC samples above with all
the parameters fixed. The width of the signal shape is multiplied by a correction factor.

 The broken signal shape is taken from the MC simulation as described above, and the ratio of the
broken signal to correctly reconstructed signal events is fixed.

TABLE I. The summarized values for branching fraction

0 0 . TABLE II: The multiplicative systematic uncertainties (%) on the measurements of relative and absolute branching fractions.
measurements of =) — Z/1/~ decays. Here, N"' is the

fitted signal yield, N'% is the 90% credibility upper limit Source =0 5 Elete B0 5 =0t
on the number of signal events from data before considering Particle ID 35 5.5

o e a0 UL —() UL
systematic uncertainties, B~ ~/B(Z. — Z~ ") and B~ " are 10 selection 3.3 3.0

the 90% credible upper limits on the relative and absolute B(E — == xt) 29 4 29 4
branching fractions, respectively, for the =0 5 =0ty
decays with systematic uncertainties included, and B(Z) —
="nt) = (1.43 £ 0.32)% is taken from the Particle Data
Group [29].

Fit of reference mode 0.7 0.7
Total [B(Z2 — Z%1¢7)/B(E2 - =~ 1)] 4.9 6.3
Total [B(Zp — Z°01¢7)] 23.0 23.3

, =0 =0 — =0 =0 =
Modes e > =eteT Bl = E=utp , , ) )
Efficiency (%) 1.58 0.53 TABLE IIL: The detection efficiencies (%) in (M7, _, M2, ;) bins for the =) — =" e~ decay mode.
fit ¢
IV 9.1i7.1 —0.9:':2.1 r2 2 4
UL 10.9 e : Mz, + (GeVT/c" )
i R D M7 - . o1 . oo . . . . . oo
B"‘L/B(ZS —="7"t)  6.7x107? 4.3%1073 (GeV?Teh) (1.4, 2.1] 2.1, 2.8] 2.8, 3.5] 3.5, 4.2] 4.2, 4.9] 4.9, 5.6] 5.6, 6.3]
B 9.9%107° 6.5%10~°
. - 10,0.15] 0.39 = 0.01 0.98 & 0.01 1.53 & 0.01 1.69 £ 0.01 1.57 & 0.01 1.03 &= 0.01 0.39 &+ 0.01
0.15,0.3] 0.65 £ 0.01 1.20 &£ 0.01 1.65 + 0.01 1.78 £ 0.01 1.63 + 0.01 1.08 £+ 0.01 0.51 4+ 0.01
0.3,0.45] 0.92 £ 0.01 1.32 £0.01 1.68 £ 0.01 1.78 + 0.01 1.60 + 0.01 1.06 & 0.01 0.90 + 0.03
0.45,0.6] 1.19 £ 0.01 1.48 +0.01 1.77 £ 0.01 1.83 £ 0.01 1.62 4+ 0.01 1.15 + 0.01
BUL(:O '—~0[+p )/B(HO —_—— 7‘('+) _ 0.6,0.75] 1.30 £ 0.02 1.61 + 0.01 1.87 £ 0.01 1.91 £ 0.01 1.63 + 0.01 1.17 £+ 0.01
—c - 0.75,0.9] 1.72 = 0.01 1.97 & 0.01 1.96 & 0.01 1.56 4+ 0.01 1.80 & 0.07
NVL(EY — =0¢+7) (B - E-7t) B(Z= — An™) 0.9,1.05] 1.80 + 0.01 2.07 + 0.01 1.95 + 0.01 1.53 & 0.01
X — = — 1.05,1.2] 1.75 £ 0.01 2.04 + 0.01 1.81 + 0.01 1.42 + 0.02
Nobs(=Z0 — =—g+ =0 — Z0/+/4 =0 — An0 SO Do bl |
( n ) E( c — ) B( n ) 1.2,1.35 1.60 £ 0.02 1.78 £ 0.01 1.67 £+ 0.01
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First Observation of Az" and Az~ Signals near the KN~ (I = 1) Mass Threshold in the AT — Azn" 7"z~ decay

70 |
60 |
50 |
40 |
30 §
20 |

Counts / 1.0 MeV/c?

10 |

8.25 2.26 2.27 2.28 2.29 2.3 2.31 2.32
M(AT ') [GeV/c]

FIG. 2. The invariant mass of the Ax"n "7~ system after
event selection. The green, red and blue curves represent the
background, signal and total fit function, respectively. See
text for details.

Flatt'e parametrization

[Fi
L E >
— , T
(E—mgy — Ew)? + (' + gk)?/4 wN
I

(E— Mg N — Egw —gli/2)2 +F2/4’
(3)

where F, Erw,., and I' have the same definition as in
Eq. (1), ¢ is the coupling constant to KN, and k (k)
is the magnitude of the KN relative momentum above
(below) threshold as defined in Eq. ([2). However, it
is known that the three parameters (Esw,[’, and g) in
Flatté parametrization are not independent, but are cor-
related by the so-called scaling behavior [11].
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First Observation of Az" and Az~ Signals near the KN~ (I = 1) Mass Threshold in the AT — Azn" 7"z~ decay

In particular, by neglecting the A:f decay form factor, the KN cusp can be related to the K—-N complex scattering length (A =
a+ib) with the Dalitz model.

_ 47b
fo = e+ ey B > M
47h

(14 ka)? + (kb)?’

where k and x are the magnitude of the KN relative mo-
mentum above and below threshold, respectively. Specif-
ically, ¥ = /2u(E —mgy) for E > mgy and k =
V2u(mgy — E) for E < mgy, where p = 1/(1/mpy +
1/mz) is the reduced mass of the KN system.
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First Observation of Az" and Az~ Signals near the KN~ (I = 1) Mass Threshold in the AT — Azn" 7"z~ decay

TABLE III. Systematic uncertainties for the Breit-Wigner fit-
ting parameters in [MeV].

Source Mode FEpw [MeV/c] T [MeV/c”]
Energy
scale Arnt +0.5 —0.1
Resolution Axn™ 0.0 +0.1
Fitting
procedure  Am™ +0.8 —5.3
Total Ant T My
Final value +0.9 +5.3
Energy
scale An™ +0.2 —2.9
Resolution An™ 0.0 +0.1
Fitting
procedure  Amw— —2.5 —23.4
Total Am™ o5 56
Final value +2.5 +23.6

TABLE IV. Systematic uncertainties for the Dalitz fitting pa-

rameters in [fm].

Source Mode a [fm] b [fm]
Energy
scale An™T +0.03 —0.17
Resolution An™ —0.01 —0.03
Fitting
procedure  A7m™ +0.37 +2.54
Model AnT +0.05 —0.05
Total An™T t83§ i“?)’{é
Final value +0.38 +2.54
Energy
scale A~ +0.19 —0.10
Resolution An™ —0.01 0.00
Fitting
procedure  Amw™ +1.55 —0.17
Model A~ —0.16 —0.05
Total A~ “_L})i’f; i828
Final value +1.56 +0.20
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Combine the Belle & Belle |l branching fractions.

7“10'% —+ 7“20'%

0‘% 0'% (7“1 — 7“2)26%,

2 2 2 92 2 __2\.92
0105 (""1‘72 TZUl)er

01 + 05 + (11 —1r)%€2’

Q
|

where r;,0;, and €; are the branching fraction ratio, uncorrelated uncertainty, and relative

correlated systematic uncertainty of the branching fraction ratio from each data sample,
respectively.



Search for CP violation and measurement of branching fractions and decay asymmetry parameters

for A* > AhTand A - X°h* (h =K, 7)

g
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- Other backgrounds
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FIG. 1. The simultaneous fit to A (left) and A_ (right) samples from real data for A7 — AK™ (top) and A7 — Az (bottom).

The red curve is the total fitting result. The dashed lines show the components of signal and backgrounds (see text).

iTo measure the corrected raw asymmetries, |
lwe perform an unbinned extended maximum

Iikelihood fit on the M(AT) distributions of the|
lweighted A7 and A_ samples simultaneously. §
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Search for CP violation and measurement of branching fractions and decay asymmetry parameters
for A* > AhTand A - X°h* (h =K, 7)
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FIG. 1. The simultaneous fit to A} (left) and A (right) samples from real data for A7 — AK™ (top) and A} — Axt (bottom). FIG. 2. The simultaneous fit to A7 (left) and A. (right) samples from real data for AT — X°K™ (top) and A7 — X'n™"

The red curve is the total fitting result. The dashed lines show the components of signal and backgrounds (see text). (bottom). The red curve is the total fitting result. The dashed lines show the components of signal and backgrounds (see text).
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Search for CP violation and measurement of branching fractions and decay asymmetry parameters

for A* > AhTand A - X°h* (h =K, 7)

TABLE III. The absolute systematic uncertainties (in units

of 107?) for CP asymmetry A&E.

Sources ASH(AT — AKT) AGE (AT — X°K™)

A£{+ map My +0.4

A§+ map +0.4 My

Signal shape +0.5 +1.4

Background shape —0.2 —3.1

Fit bias +0.6 +2.6

A asymmetry —0.2 —0.4

Total Lo g

TABLE IV. Relative systematic uncertainties (in units of %)

for branching fractions.

Sources B(ATAKT) BAI—-xK™T)

B(AT - Arnt) B(AT —X0x+)
PID efficiency correction 1.7 1.7
Signal shape 0.2 0.4
Background shape - 0.1
BCS eftect 0.1 0.4
Efficiency ratio 0.2 0.4
Total 1.7 1.8
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Search for CP violation and measurement of branching fractions and decay asymmetry parameters

for A

— Ah

and AT —» X°h* (h =K, 7)

A{ rest frame

FIG. 5. Schematic plot showing the helicity angles: (left) 6 ,+ and 04 in AT — Ant, A — pr—; and (right) 050 and 04 in
A = X7, 320 5 yA, A — pr.
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Search for CP violation and measurement of branching fractions and decay asymmetry parameters

for A
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FIG. 6. The fit results of A} invariant mass distributions for A7 — AK™' and A7 — An™ decays. The red curve shows the
total fit result, and the blue curve the total background; the dashed curves show the components of signal and backgrounds.
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The fit qualities, x? divided by the number of degrees of freedom, are x*/91 = 1.12 and x?/91 = 1.38, respectively.

Fit for real data.

B(AT — AK™) =

(6.57 +£0.17 £ 0.11 £ 0.35) x 10~4,

B(AT — XK =

(3.58 £ 0.19 £ 0.06 £ 0.19) x 10™%,
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FIG. 7. The fit results of A} invariant mass distributions for A7 — YK+ and A7 — X°7* decays. The red curve shows
the total fit result, and the blue curve the total background; the dashed curves show the components of signal (including the
broken-X° signal) and backgrounds. The fit qualities, x* divided by the number of degrees of freedom, are x?/91 = 1.38, and
x2/92 = 1.07, respectively. The bottoms figures are the enlarged view to show the distributions of broken-X° signal (red-filled
histogram) and the peaking backgrounds more clearly.
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FIG. 8. The cosf, distributions of AT — AK™ and AT — An™ after efficiency-correction. We fit it with a linear function of
1+ a ,+ax cosbfa with the x> divided by the number of degrees of freedom, x*/9 = 1.04, 0.57, 1.25, and 0.88, respectively, and

the fitted slope values (k = « A+ Q- and k = Qf- a4+ ) are shown.
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FIG. 9. The [cosf50, cosf4] distributions of (upper plots) A. — YK and (lower plots) A. — X7 decays. The first column
shows the distributions after efficiency correction; the second column shows the respective fit results using a linear function
1 — a +af cosfgo cosfa. Fitted slope values (k = a,+a— and k = a;-ay) are shown. The x* divided by the number of

degrees of freedom is x?/24 = 0.82 and 0.78 for the YK fits and x?/35 = 1.35 and 1.05 for the X7 fits. The third column
shows the projections of the cos 650 distributions (point with error) and the fit results (histograms) in overall (red) or negative
(blue) or positive (green) cos @4 region; verse visa in forth column. The absolute slopes of all projections in slices equal half of 36

the fitted slope listed in the second column.



Measurement of the A7 lifetime

Table I: Systematic uncertainties on the A7 lifetime.

Source Uncertainty [fs|
~. contamination 0.34
Resolution model 0.46
Non-Z. backgrounds 0.20
Detector alignment 0.46 <
Momentum scale 0.09
Total 0.77

Reconstruction of charged particles at Belle II relies on
periodic calibrations to correct for detector misalignment
and surface deformations of the internal components of
the PXD and SVD, as well as for relative alignments of
the tracking system [30]. Detector misalignment can bias
measured particle decay lengths and therefore their decay
times. To account for imperfections in the detector align-
ment, sets of signal-only simulated data, each with a size
comparable to the collision data, are produced with de-
tectors randomly misaligned according to the alignment
precision observed in data. The root mean square dis-
persion of the lifetime residuals in these misaligned sim-
ulated data sets is 0.46 s, which is taken as a systematic
uncertainty due to imperfect detector alignment.
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