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ABSTRACT: Using data samples of 983 fb™! and 427.9 fb™! collected with the Belle
and Belle IT detectors at the KEKB and SuperKEKB asymmetric energy ete™ colliders,
respectively, we present studies of the Cabibbo-favored EF decays Zf — S *TK2 and EF —
Z07%, and the singly Cabibbo-suppressed decay ZF — ZYKT. We measure the ratios

c

of branching fraction B(El — YTKY)/B(EF — E-ntat) = 0.064 & 0.007 £ 0.003 and
BEF - =2°K*)/B(EF — Z-7t7T) = 0.016 £ 0.002 4 0.001 for the first time, and measure
the branching fraction ratio B(Z} — Z%+)/B(Ef — = atxt) = 0.233 4+ 0.008 4 0.010
with improved precision. The ratio of B(Zf — Z%7%) and B(Zf — Z°K ™) is measured
to be 0.068 £ 0.011 4 0.004. Here, the first and second uncertainties are statistical and
systematic, respectively. By multiplying the branching fraction of the normalization mode,

B(Zf — Z-xTxT), we obtain the following absolute branching fractions

B(ET — 2TKY) = (0.186 4 0.020 & 0.009 + 0.083)%,
=2%T) = (0.677 £ 0.024 + 0.030 + 0.303)%,
=Z0KT) = (0.046 4+ 0.007 4 0.002 £ 0.021)%,

where the third uncertainties are from B(Zf — =~ 7tz ).

KEYWORDS: ete™ collider, Belle (IT), Charmed baryon, Cabibbo-favored decay, Singly
Cabibbo-suppressed decay
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1 Introduction

Charmed baryons offer a unique dynamical system to explore the intricate interplay between
strong and weak interactions. Non-factorizable amplitudes arising from internal WW-emission
and W-exchange quark-level processes play a pivotal role, introducing significant challenges
for the theoretical predictions in hadronic weak decays of charmed baryons [1]. Extensive
efforts have been devoted to studying charmed baryon decays, aiming to develop a theo-
retical model for calculating non-factorizable contributions. Experimentally measuring the
branching fractions of charmed baryons is indispensable for theoretical analysis.

In recent years, a number of experimental measurements of the branching fractions
for A and ZY decays have been reported [2, 3] since the absolute branching fractions of
the antitriplet charmed baryons (A, ES”L) are now available [4-7]. These measurements
inspired renewed theoretical research in the field of charmed baryons [1]. However, only a
few other ZF decays have been measured |7, 8| since Belle reported the absolute branching
fraction of =F — =~ 7t t [7]. Theoretical calculations for the two-body hadronic weak
decays of = have been performed using the dynamical model [9] and SU(3)r symmetry
methods [10-16]. There are now predictions for a large number of the = Cabibbo-favored
(CF) and the singly Cabibbo-suppressed (SCS) decay modes. It is worth noting that the
CF decay = — E*Kg has not yet been measured, despite its predicted branching fraction
being around 1072 [9-16] suggesting that it should now be observable. Therefore, we
study 25 — STKY for the first time. For another CF decay ZF — E7T, the current
measurement of the branching fraction has a considerable uncertainty [17]. We expect a
more precise result based on the Belle and Belle IT data. Meanwhile, the branching fraction
of the SCS decay ZF — Z°K™ is predicted by different theoretical models to be in the
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range 1072 to 1072 [9-16]. Since it is experimentally similar to =5 — Z%7F, we search for

it for the first time in Belle and Belle II data samples.

Here, we present the first measurement of the branching fractions for = — 2+Kg
and EF — ZEYK* decays and an improved measurement of the branching fraction of
EF = 2% . The Zf — Z-at7nt decay is taken as the normalization mode for these mea-
surements. This analysis uses data samples with integrated luminosities of 983 fb~1 [1§]
and 427.9 fb~! [19] collected with the Belle and Belle IT detectors operating at the KEKB
and SuperKEKB asymmetric-energy e™e™ colliders, respectively. Charge-conjugate modes

are implied throughout the paper.

2 Belle and Belle II experiments

The Belle detector |20, 21] operated from 1999 to 2010 at the KEKB asymmetric-energy
ete™ collider [22, 23]. Belle was a large cylindrical solid-angle magnetic spectrometer that
consisted of a silicon vertex detector, a central drift chamber, an array of aerogel threshold
Cherenkov counters, a barrel-like arrangement of time-of-flight scintillation counters, an
electromagnetic calorimeter (ECL) comprised of CsI(T1) crystals located inside a supercon-
ducting solenoid coil that provided a 1.5 T axial magnetic field, and an iron flux return
placed outside the coil, instrumented with resistive-plate chambers to detect K% mesons
and to identify muons. A detailed description of the detector can be found in refs. [20, 21].

The Belle IT detector [24] is located at the interaction point (IP) of the SuperKEKB
asymmetric-energy ete™ collider [25]. Belle IT is an upgraded version of the Belle detector
and consists of several new subsystems and substantial upgrades to others. The new vertex
detector includes two inner layers of pixel sensors and four outer layers of double-sided silicon
micro-strip sensors. For the data sample used in this analysis, the second-pixel layer was
incomplete, covering only one-sixth of the azimuthal angle. A new central drift chamber
surrounding the vertex detector is used to measure the momenta and electric charges of
charged particles. A time-of-propagation detector in the barrel and an aerogel ring-imaging
Cherenkov detector in the forward endcap provide information for the identification of
charged particles, supplemented by ionization energy loss measurements in the central drift
chamber. The ECL readout electronics have been upgraded to cope with the higher beam-
induced background environment at Belle II. The superconducting solenoid coil and the iron
flux return for Belle are reused in Belle II, with the inner two layers of the barrel and the
endcap resistive plate chambers of the K%—muon detector replaced by plastic scintillator
modules. The z axis of the cylindrical laboratory frame is defined as the central solenoid
axis with the positive direction toward the e~ beam, common to Belle and Belle II.

3 Data samples

This measurement uses data recorded at center-of-mass (c.m.) energies at or near
the T(15), T(2S), T(3S), Y(4S), and Y(5S5) resonances by the Belle detector, and at or
near the Y(45) and at 10.75 GeV by the Belle II detector. The data samples correspond to
integrated luminosities of 983 fb™! [18] and 427.9 fb~! [19] for Belle and Belle II, respectively.
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Monte Carlo (MC) samples of simulated events are used to optimize the = candidate
selection criteria, determine the reconstruction efficiency, and investigate any possible peak-
ing background. Signal events are generated using the PYTHIA [26, 27] and EVTGEN [28]
software packages via ete™ — c¢, where one of the charm quarks is required to hadronize
into a EF baryon. Simulated 0 — STKY/E07T /20K /Z- 71T decays are generated
with a phase space model. Background samples of Y (45) — B*B~ and B°B° decays at
Belle and Belle II, as well as T(55) — Bg*)OBLg*)O decays at Belle, are generated using EVT-
GEN and PYTHIA. The continuum background from eTe™ — ¢ processes, where ¢ indicates
awu, d, ¢, or s quark, is generated by the KKMC [29] software package, with PYTHIA used for
hadronization and EVTGEN for subsequent decays of hadrons. Final state radiation effects
are accounted for using the PHOTOS package [30]. Simulation of the detector response uses

the GEANT3 [31] and GEANT4 [32] software packages for Belle and Belle II, respectively.

4 Selection criteria

We reconstruct the decays Ef — LTK2, =07+, Z0K*, and E-7nt, followed by

the decays 2 — A7nY, == — Ar~, A — pr—, &t — pr and K2 — 7"n~. The
Belle II software [33] is used for reconstructing data of both experiments, taking advan-
tage of software improvements in Belle II. The Belle data is converted to the Belle II
data format using the B2BII software package [34]. To improve the sensitivity for sig-
nal candidates, the selection criteria described below are optimized by maximizing the
figure-of-merit, defined as Niq/ \/m. Here, Ng;g is the expected signal yield based
on a theoretical prediction and a previous measurement of the branching fractions [2, 9],
and Npkg is the background yield determined from the inclusive MC samples in the =F
signal region: |M(STKY) — mz+| < 30 MeV/c?, |M(Z07t) — mz+| < 20 MeV/c?, and
|IM(E°K*) — mz+| < 20 MeV/ 2, where m; denotes the nominal mass of the particle i [2]
and M (jk) indicates the invariant mass of the particles j and k. The ranges of the =}
signal region are approximately three times the mass resolution (~ 30), where o denotes
the corresponding particle’s mass resolution.

The impact parameters of charged tracks, except for those originating from decays of
long-lived K g and hyperons (27, 1, and A), which are the distances of the closest approach
of the reconstructed trajectory perpendicular to and along the z-axis to the calibrated
IP region, are required to be less than 1.0 cm and 3.0 cm, respectively. These impact
parameter requirements help suppress misreconstructed tracks and beam backgrounds. The
identification of charged tracks is achieved by the likelihood ratio R(h|h') = L(h)/(L(h) +
L(K)), where L£(h")) represents the likelihood of the charged track being a hadron (h = 7,
K, or p). The likelihood is determined using the Particle Identification (PID) algorithm,
which integrates information from the Belle or Belle II subdetectors [35]. For pions, we
require R(7|K) > 0.6 and R(x|p) > 0.6; for kaons, we require R(K|7) > 0.6 and R(K|p) >
0.6. These PID requirements have reconstruction efficiencies in the range 88%-92%. To
suppress backgrounds from low-momentum pions and kaons, we require the momentum in
the laboratory frame of pions and kaons to be greater than 0.5 GeV /c for ZF — =71 and
EF — 2K, respectively.
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The reconstruction and selection of 2~ and Z° candidates are the same as those in
refs. [36-39]. The A candidates are reconstructed via the A — pm~ decay. The signal region
of A candidates is defined as |M(pr~) — ma| < 3.5 MeV/c? (~ 30). Each 7~ candidate
from the =~ decay is required to have a transverse momentum greater than 0.1 GeV/c
to remove backgrounds from low-momentum pions. Candidate 7%’s from Z° decays are
reconstructed from pairs of photons selected from energy deposits in the ECL. To suppress
low-momentum and fake photons, each photon candidate is required to have an energy
greater than 30 MeV in the ECL barrel region (—0.63 < cos < 0.85); 50 (80) MeV for Belle
(Belle II) in the forward endcap (0.85 < cosf < 0.98); and 50 (60) MeV in the backward
endcap (—0.91 < cosf < —0.63), where 6 is the polar angle in the laboratory frame. The
signal region of the 7" candidates is defined as |M (y7y) — myo| < 11.6 MeV/c? (~ 20). In
addition, the momenta of the 7° candidates in the laboratory frame are required to exceed
0.25 GeV /c. Finally, =~ and = candidates are formed from A7~ and A7" combinations,
respectively. A vertex fit is performed to the entire =~ (9) decay chain, including subsequent
decay products, with the pr and diphoton masses constrained to match the known A and 7°
masses [2]. The signal regions of =~ and Z° candidates are defined as |M(A7n™) —mz-| <
6.6 MeV/c? (~ 30) and | M (A71°) — mzo| < 6.0 MeV/c? (~ 20), respectively.

The K2 candidates decaying to 77~ are selected with an artificial neural network [40].
For Belle II, the flight distance of each Kg is required to be larger than 0.5 cm to remove
random combinations of pions. Here, the flight distance of K g is calculated as the projection
of the displacement vector, which joins its production and decay vertices, onto the direction
of its momentum. The signal region of K¢ invariant mass is defined as | M (77 ™) — ng] <
7.0 MeV/c? (~ 20). The ©* candidates are reconstructed in the ¥* — pr® decay mode,
with the likelihood ratio requirements R(p|w) > 0.6 and R(p|K) > 0.6 for the proton
candidates. The distance of the closest approach of the proton to the IP in the transverse
plane is greater than 0.1 cm. For 7° candidates, each 7 is reconstructed from two photons.
The same requirements used for =0 candidates for the photon energy are applied. To reduce
the combinatorial backgrounds, the 7% momentum in the c.m. frame must be greater than
0.45 GeV/c. A vertex fit is applied to the entire ¥ decay chain, with the 7° invariant
mass constrained. The reconstructed X7 satisfies the requirement cos o > 0.0, where « is
the angle between the momentum and the vertex vector of ¥, where the vertex vector
connecting the IP and fitted vertex. The efficiency loss for this selection is less than 1%.
For selected X7 candidates, |M (pr®) — my+| < 7.0 MeV/c? (~ 1.50) is required.

The = candidates are reconstructed from E- 77", LTK2, E% ", and Z°KT. A
global decay chain vertex fit is applied for each mode using the TreeFit algorithm with
mass constraints for the intermediate states and ensuring that the = originates from the
interaction region [41]. To suppress backgrounds, especially those from B-meson decays,
we require the scaled momentum z, = pX, /pPmax to be larger than 0.55 in both Belle and

Belle II. Here, the p*, is the momentum of the EF candidates in the c.m. frame, and ppax

= %\/Egeam — Méch‘, where the Fyeam is the beam energy in the c.m. frame and MEQ’ is

the invariant mass of =} candidates.
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5 Measurements of the branching fractions

The =~ 77" invariant mass distributions for =1 candidates in Belle and Belle II data
are shown in the figure 1 after applying all event selection criteria, together with the results
of an unbinned extended maximum-likelihood (EML) fit. A sum of two Gaussians is used
as the signal probability density function (PDF) for the =} shape, while the background is
represented by a first-order polynomial. All signal and background parameters are allowed
to float in the fit. The pulls (Ngata — Nat)/0data are displayed in figure 1, where Ngata iS
the number of entries in each bin from data, Ng; is the fit result in each bin, and oqat, 18
the uncertainty on Ng.a. The fitted signal yields are summarized in table 1.

Belle [ Ldt = 983.0 fb~! Belle II [ L£dt = 427.9 fb~!
15000~ ——Data I — Data
S —— Total fit | — Total fit
NQ [ ---- Background (a) N<\'> 6000, --- Background (b)
> i o > L o
=10000}— preliminary = + preliminary
= - < 4000 —
2 i 2 i
5 so00! 5, |
5000 L
5 I o 2000
0 ok
= 2f \ = 3
c B | T 72
gE 4k |
2.4 2.45 25 2.55 2.4 2.45 25 2.55

M(ET ) (GeV/cd) M(ET ) (GeV/c?)

Figure 1. Invariant mass distributions of Z=7 7" from (a) Belle and (b) Belle II data. The
markers with error bars represent the data, the solid blue curves show the fit results, and the
dashed blue curves show the background component of the fit.

Figure 2 shows the Dalitz distributions of M*(E~7}) versus M2(E~7};) in Z signal
region after subtracting the normalized events from =7 sideband regions, where the 2~ 7+
combination with a higher (lower) invariant mass is labeled as M2(Z~7};) (M2(E~7})).
Here, the =} signal and sideband regions for =f — =~ 77" mode are defined as | Mz +,+ —
mz+| <24 MeV/c? (~ 30) and |[Mz— i+ —mgz+| € [40,64] MeV /2, respectively. We divide
the Dalitz plot into 20 x 30 bins and then apbly a bin-by-bin correction for the efficiency.
The reconstruction efficiency averaged over the Dalitz plot is determined via the formula

gCorr — Zz Ni (5.1)

> i(Nifei)’

where i is summed over all bins; the reconstruction efficiency of each Dalitz plot bin (g;) is
obtained from MC simulation. Here, N; is the number of signal candidates for the i*" bin
in data calculated as N; = Nt — NSR b, Here Nt is the yield in the i*! bin of the Dalitz
distribution in the = signal region, NbSR is the fitted background yield in the ZF signal
region in data, and fz-b is the fraction of background in the i*® bin, with > fz-b = 1. After
Dalitz corrections, the signal efficiencies e=—+,+ are determined to be (11.37+0.04)% and
(10.98 + 0.03)% for Belle and Belle II, respectively, and are listed in table 1.
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Figure 2. Dalitz distributions of the reconstructed =~ 77" candidates from (a) Belle and (b)
Belle II data in the =7 signal region with the normalized =} sideband events subtracted.

Distributions of M (ST K2), M(E% "), and M(E°K ™) of =} candidates reconstructed
in data are shown in figure 3. These invariant mass distributions are used to extract
=1 signal yields from an unbinned EML fit. We study the backgrounds of M (E*Kg),
M(Z%), and M(Z°K ™) using simulation [42] and ¥+ /=% data sidebands, respectively.
In addition to a flat combinatorial component, there is a peaking background component,
referred to as broken-signal, dominated by random photons not associated with the signal
decay, which is described by a non-parametric kernel estimation PDF [43] (Fproken) Obtained
from MC simulation. The total fit PDF includes, therefore, terms for the signal (Fig),
Fhroken, and smooth background (Fpie) contributions:

F= nsig]:sig + MbrokenF broken + nbkg]:bkgv (52)

where Ngig, Mbroken, and npkg are the numbers of EF signal events, broken-signal events,
and smooth background events, respectively. The values of ng, and nyie are free in the
fit, while the ratios of nyroken t0 ngig are fixed to the fractions from MC simulations and
are 15.4% (15.9%), 19.4% (18.4%), and 18.0% (18.5%) for the =f — L+tK2 =+ — =07+,
and 2 — ZYK* decay modes, respectively, at Belle (Belle II). The signal shapes of =}
candidates are modeled using the sum of two Gaussians with a common mean, where the
fractions and parameters are obtained from the corresponding MC simulation, except for the
EF — E%T mode. The Fpy, contribution is parameterized by a second-order polynomial
for each mode. All the parameters for F, are free in the fit. A validation of the fit
through MC simulation confirms that the results are unbiased and the uncertainties follow
a Gaussian distribution. The reconstruction efficiencies and fit results for each mode are
listed in table 1. The reconstruction efficiencies for each mode in Belle II are larger than
those in Belle due to improved photon reconstruction stemming from timing improvements
in the ECL readout electronics. The statistical significances for £f — STKY, EF —
E7F, and EF — ZYKT are 7.40 (5.70), >100 (>100), and 4.70 (5.40) in Belle (Belle
IT), respectively, estimated using —21In(Ly/Lmax) from the difference of the logarithmic
likelihoods [44], where £y and Lpax are the values of the likelihood without and with the

signal component, respectively. The difference in the number of degrees of freedom in the fit
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Mode Belle yield Belle (%) Belle II yield €Belle 11 (%)
Ef -2 atat (4874 4) x 102 11.37+£0.04 (196 +2) x 10> 10.98 £ 0.03

EF - ©TK2 286 + 40 1.95 + 0.03 178 + 31 2.83 £+ 0.02
=F - =207t 2728 + 165 2.79 4+ 0.04 1419 £+ 63 3.4540.03
=F 5 2'K* 134430 2.154+0.03 94+ 19 3.144+0.03

Table 1. Observed =7 signal yields and reconstruction efficiencies for the studied modes. Uncer-

tainties are statistical only.

are 1 for ZF — XTKY and EF — E°K™ modes, and 4 for =F — Z%7T, and are taken into
account to estimate the statistical significance. Alternative fits to the 20K+ mass spectra
are performed: (1) changing the fit range by 10%, (2) changing the order of polynomial
for the smooth background, (3) floating the ratio of nproken t0 Msig. The significance for
=F— Z0K* mode is larger than 4.5¢ and 5.1¢ for Belle and Belle II, respectively, in all
cases.

The ratios of branching fractions to the normalization mode ZF — =~ 77 are calcu-

lated via
BES - 2Ky Norggee-ntnt y B(E~ — Ar7)B(A — pr™)
BES - =—rtat) est kO Na—rtrr  B(EY — prO)B(KY — 7wt )B(70 — 4y)’
BEF — 2% ") Nzog+ez—pint B(E™ — An7)
B(ES = E-ntnt)  ezoptNe—ginr  BE? = An0)B(70 — v7)’
B(EF — Z'KT) _ Noog+€g-ptat B(Z= — An7)

BES = E-wtrt)  ezog+Nz—pinr  BE = An0)B(n0 — 47)
(5.3)

Here, NE+ng Nzoq+, Nzog+, and Nz i+ are the ZF yields resulting from the fits;
Ext KOs EZ0nt, EZOKH and ez—,+,+ are the corresponding reconstruction efficiencies; and
the branching fractions are taken from ref. [2]. Meanwhile, the branching branching ratio
of B(Zf — Z9KT)/B(Ef — =) is calculated by

B(Ei — EOK+) . NEOK+€EOW+

= . 5.4
B(EF — Z07+)  ezog+N=zo,+ (54)

We combine the Belle and Belle II branching fraction ratios and uncertainties using the
formulas in ref. [45],
. 7“10% + 7“20%
02 4+ 03+ (r1 — r2)%e2’

2 2 2 2, .2 92\ 2

_ |ojos + (rioy +r307)€r
0= 2 2 2.2
o1 + 05+ (11 — 1r2)?€2

(5.5)

)

where r;, 0;, and €, are the branching fraction ratio, uncorrelated uncertainty, and rela-
tive correlated systematic uncertainty from each data sample, respectively. The branching
fraction ratios are summarized in table 2, where the first uncertainty is statistical and the
second systematic. The systematic uncertainties are discussed in the Section 6.
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Figure 3. Invariant mass distributions of =} candidates from (a) EF — XTK2, (b) EF — =077,
and (c) ZF — Z°K* decays reconstructed in (left) Belle and (right) Belle I data. The black dots
with error bars show the distribution from the data. The solid blue curves and red curves show the

total fit and total backgrounds, respectively. The cyan areas show the broken-signal component.
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Belle

Belle 1T

Combined

B(EY —» 2TKQ)/B(ES - E-ntrnt)
BET - 2071 /B(EF = 2 atat)
BEH - =2°K1)/B(ES — E-ntrat)
B(Ed — 20K t)/B(Ed — =207t)

0.062 £ 0.009 £ 0.004
0.232 £0.014 £ 0.013
0.015 £ 0.003 £ 0.001
0.064 £ 0.015 £ 0.005

0.067 £ 0.012 £ 0.005
0.234 £0.010 £ 0.014
0.017 £ 0.003 £ 0.001
0.073 £ 0.015 £ 0.006

0.064 £ 0.007 £ 0.003
0.233 £ 0.008 £ 0.010
0.016 £ 0.002 £ 0.001
0.068 £ 0.011 £ 0.004

Table 2. Branching fraction ratios of ZF — ST K, 97", and E°K* decays relative to =F —
E- 77T and the ratio of B(EF — E°K ™) and B(ES — =%7T). The first uncertainty is statistical
and the second systematic.

6 Systematic uncertainties

There are several sources of systematic uncertainties in the measurements of the branch-
ing fraction ratios, including those associated with efficiency, the branching fraction of the
intermediate state, and the fit procedure. Note that the uncertainties from efficiency-related
sources and the branching fraction of the intermediate state partially cancel when taking
the ratio to the normalization mode. Table 3 summarizes the systematic uncertainties, with
the total uncertainty calculated as the quadratic sum of the uncertainties from each source.
For the branching fraction ratio B(Z}f — Z°K*)/B(Ef — Z%7t), the uncertainties re-
lated to Z° reconstruction and 7t /K™ tracking cancel, so that the remaining uncertainties
come from detection efficiency-related sources (PID and MC statistic) and the fit procedure
(broken-signal ratio, fit range, and background shape).

The detection efficiencies determined from simulations are corrected by multiplicative
data-to-simulation ratios determined from data control samples, and the uncertainties on
the correction factors are taken as systematic uncertainties. The correction factors and
uncertainties include those from track-finding efficiency, obtained from the control samples
of D*t — D%— K2ntn~)nT at Belle and B’ - D**(— D7)z~ and ete™ — 7F7~
at Belle II. At Belle, the PID uncertainties for charged pion, kaon, and proton are studied
using D** — DY(— K~ 77)nt and A — pr~ [35] control samples, respectively. At Belle II,
the PID uncertainties are obtained using Kg — 77t and A — pr~ [46] control samples,
respectively. The uncertainties of 7° reconstruction are obtained from the 7 — 7~ 7%v,
control sample at Belle and the D — K~ 70 control sample at Belle II. The uncertainty
associated with the mass windows of 7° is calculated by the data-simulation difference on
the fraction of the fitted 7¥ signal yield in the 7° signal region over that in the total region.
This uncertainty is added in quadrature with 7% reconstruction. The Kg reconstruction
uncertainties are obtained from the control samples of D** — DY(— K297t at Belle
and D*T — DY(— ng+7r_)7r+ at Belle II. Since we applied a decay length selection for
Kg in the Belle II data, the uncertainty is calculated by the data-simulation difference on
the fraction of the fitted K9 signal yield in the K9 signal region divided by that in the total
region. This uncertainty is added in quadrature with the uncertainty in Kg reconstruction.
The uncertainties of A reconstruction are obtained for the control samples of A — pm and

=+ =
o o T

Tt at Belle and Belle II, respectively. The uncertainty due to the photon
reconstruction is included in the uncertainty due to 7° reconstruction. The uncertainties
of the intermediate particle (X* and Z°) signal regions selection are calculated from the
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253
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256

257

259

260
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262

BEF-=TKY) BEF-=0%T) BEF-='KkT)
Source B(ESsE—ntrt)  BEIsE-atat) BEIoE-tat)
Belle Belle I Belle BelleII Belle Belle Il
Tracking 1.3 1.3 0.7 1.3 0.7 1.3
PID 0.1 0.2 0.1 0.1 0.1 0.2
70 reconstruction 2.2 4.2 2.4 2.3 2.3 2.3
K reconstruction 0.8 2.3 - - - -
A reconstruction 0.5 0.7 - - - -
¥* mass window 1.4 1.6 - - - -
Z° mass window - - 0.4 0.6 1.1 1.4
MC statistic 2.0 1.0 2.0 1.0 2.0 1.0
Dalitz efficiency-correction 3.0 2.9 3.0 2.9 3.0 2.9
Broken-signal ratio 3.5 4.5 2.3 3.5 3.7 3.2
Fit range 0.7 1.1 0.9 0.9 1.5 2.1
Background shape 1.5 1.5 2.4 2.4 2.2 2.2
Intermediate states B 1.0 1.0 0.1 0.1 0.1 0.1
Total 6.2 7.9 5.6 6.1 6.4 6.2

Table 3. Fractional systematic uncertainties (%) on the relative branching-fraction results. The
uncertainties in the last two rows, due to intermediate branching fractions and background shape,
are common to Belle and Belle II; the other uncertainties are independent. Since the A — pr~

decay is reconstructed in =f — Z%7" and EF — ZYK T, the B(A — pr~) uncertainty and the
B(EF—E7T)

BEIomatar) 20d

uncertainty due to the A — pm~ reconstruction efficiency cancel in the ratios of

B(EF—-2"KT)
B(Ej%E*'n’*'n*) :

data-simulation difference on the fraction of the ¥ and Z° signal yield in the ¥ and Z°
signal region over that in the total signal region, respectively. The systematic uncertainty
due to the limited MC simulation sample sizes is calculated using a binomial uncertainty
estimate. For the reference mode ZF — =~ 77T, the signal efficiency is corrected across
the Dalitz plot. Since the selected =1 sideband regions may influence the efficiency, we shift
the =} sideband regions by 5 MeV /c?, and the average deviation in efficiency compared
to the nominal value is taken as systematic uncertainty.

The uncertainties due to the fit procedure are determined by taking the differences
between the Ef — STK2, EF — E9%T, and EF — EYK ™ signal yields in the nominal fits
and the signal yields in fits with the following modifications: (1) changing the fit range by
10%, (2) changing the order of polynomial for the smooth background, (3) floating the ratio
of Nroken tO Ngig. The order of the polynomial for the background shape is the same for the
two experiments, and the corresponding uncertainty is extracted from a simultaneous fit for
the = signal yield in Belle and Belle II data. The total systematic uncertainty is obtained
by adding the contributions from each source in quadrature. For the normalization mode
EF — E-wtnT, the uncertainties are considered similarly by changing the fit range and
the order of the background polynomial. These uncertainties are added in quadrature for
the corresponding branching fraction ratio measurements.

~10 -
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The systematic uncertainties due to the intermediate branching fractions are taken to
be the uncertainties on the world-average values 2] and treated as correlated uncertain-

. . B(EF ST KY)
ties, which are common to Belle and Belle II. For the measurement of —*—=——5— the
B(Ed—=E—ntnt)
0

uncertainties from B(Xt — pr®), B(K2 — 7777), B(n® — vv), BE™ — An™), and
B(A — pr~) are 0.58%, 0.07%, 0.03%, 0.04%, and 0.78% |[2], which are added in quadra-
ture as the total uncertamty from branching fractions of intermediate states. For the
f B(ET—E07T) B(ET—EKT)
B(*‘+_>—77r+7r+) BESE-ntat)’

B(E% — AnY), and B(7" — ~7) are 0.04%, 0.01%, and 0.03% [2], respectively. The 44.8%
uncertainty on B(E}5 — =~ ntnt) |7] is treated as an independent systematic uncertainty

and the uncertainties from B(Z~ — An ™),

measurements o

in the measurement of the absolute branching fractions.

Adding the contributions from each source in quadrature in table 3, the total sys-
tematic uncertainties are 6.1% (7.8%), 5.6% (6.2%), 6.4% (6.1%), and 5.1% (6.1%) for

B(E -2t KY) B(EF -=071) BEF-EKT) B(ES 2K T)
B(= +~)H—71-+71-+)7 BE +~>"‘_7T+7T+) BE +—)H—7r+71-+) and W at Belle (Belle II) re-
spectively.

7 Summary and discussion

We present measurements of branching fractions of EF decays into ST K2, Z%7, and
Z0K™ final states, using 983 fb~! and 427.9 fb~! of data samples collected by the Belle
and Belle II experiments, respectively. The process =F — =~ 777" is used as a reference
mode. The branching fractions relative to B(Ef — E~ 77 T) are measured to be

BEF E—7r+7r+) = 0.064 4+ 0.007(stat.) = 0.003(syst.), (7.1)
B(EF — =0771)
e e 02 0.008(stat.) £ 0.010(syst.), (7.2)
and + 05+
B(Z =YK
(B 2 ST 016 + 0.002(stat.) + 0.001 (syst.), (7.3)

where the first uncertainties are statistical and the second are systematic. The ratio of
BEF — Z°K1)/B(EF — Z%77%) is measured to be 0.068 + 0.011(stat.) + 0.004(syst.).
Taking B(E5 — E-7t7") = (2.94£1.3)% [2], the absolute branching fractions are measured
to be

B(Ef — STK2) = (0.186 £ 0.020(stat.) + 0.009(syst.) + 0.083(norm.))%, (7.4)
B(EF — 2%) = (0.677 & 0.024(stat.) £ 0.030(syst.) £ 0.303(norm.))%, (7.5)

and
B(EF — 2°KT) = (0.046 £ 0.007(stat.) + 0.002(syst.) + 0.021(norm.))%, (7.6)

where the third uncertainty is from B(Ef — =~ 7t7t).

— 11 —
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Figure 4. The comparisons of the measured B(E} — XTK2), B(EF — %), B(Ef — E°K™)
with theoretical predictions [9-16]. Dots with error bars represent central values and their uncer-
tainties; those without indicate a lack of theoretical uncertainty. Missing dots signify the absence
of theoretical predictions or experimental results for that decay mode. The black dots with error
bars denote the results of this study. The red vertical bands cover a 1o region corresponding to the
measurements presented in this work.

Figure 4 shows the comparison of measurements of the branching fractions with theo-
retical calculations as mentioned in Section 1. Two predictions utilizing SU(3)p symmetry
with the IRA method [10, 13| align well with our measurements across all decay chan-
nels. Predictions for B(Ef — STK2) in refs. [11, 15, 16], B(ES — Z%7T) in refs [9], and
B(EF — =K ™) in refs [9, 14] deviate from our measurements by more than 2c.
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