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ABSTRACT: We study the processes xp7 w and xp7 (777~ 7)) non—w (J = 0, 1, 2) at center-of-
mass energies /s from 10.73 to 11.02 GeV using a 142.5 fb~! data sample collected with the
Belle detector at the KEKB asymmetric-energy e*e™ collider; and at v/s ~ 10.75 GeV using
a 19.8 b~ sample collected with Belle IT at SuperKEKB. We find that the YT(10753) state
decays into ypy w but not into xps (77 1) non—w, while the T(10860) state, in contrast,
decays into X7 (777~ 7)pon_ but not into ypsw. The mass and width of the Y (10753)
state are measured to be (10756.1+3.4(stat.) £2.7(syst.)) MeV /c? and (32.2+11.3(stat.) +
14.9(syst.)) MeV. The products of the partial width to e™e™ and branching fractions for
T(10753) — xpw and Y(10753) — xpew are (1.57 + 0.27(stat.) £+ 0.22(syst.)) eV and
(1.39 £ 0.41(stat.) £ 0.33(syst.)) eV.
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1 Introduction

In the energy dependence of the ete™ — YT(nS)ntn~ (n = 1,2,3) cross sections, the
Belle experiment observed a new structure, Y (10753), with a global significance of 5.20 [1].
Its existence was further supported by fits to the ‘dressed’ cross sections o(ete™ — bb) at
center-of-mass (c.m.) energies /s from 10.6 to 11.2 GeV [2|. The Y(10753) state has been
interpreted as a conventional bottomonium [3-14], hybrid [15, 16], or tetraquark state [17—
22]. To confirm this state and to study its properties, the Belle IT experiment performed an
energy scan, collecting four samples at energies 10653, 10701, 10745, and 10805 MeV and
integrated luminosities of 3.6, 1.6, 9.9, and 4.7 fb~!, respectively. The YT (10753) state was
confirmed in the Y (nS)7 ™7~ channel |23[; from a combined fit to the Belle and Belle IT data,
its mass and width are (10756.642.740.9) MeV/c? and (29.0+£8.8+£1.2) MeV, respectively,
where the first and second uncertainties are statistical and systematic throughout this paper.
Resonant substructure in the Y(10753) — T (nS)rtn~ decays was studied; no signal of
intermediate Z,(10610,10650)" — T (nS)n™ states was found. In addition, contrary to
expectations of the hybrid and tetraquark models [15, 17|, no prominent fo(980) — 77~
signal was observed.
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Belle 1T searched for the ete™ — 1,(1.5)w process at /s = 10745 MeV, reporting a null
result [24]. Belle IT measured the energy dependence of the ete™ — s (1P)w (J = 1,2)
cross sections and observed an enhancement with a shape consistent with Y(10753) [25].
The ratio of xp2 and xp; was measured to be 1.3 £ 0.6 at /s = 10.745 GeV, which is far
below the expectation of 15 for a pure D-wave bottomonium state [26]. There is also a 1.80
difference with the prediction of 0.2 for an S-D-mixed state [4]. The results are consistent
with the x47(1P)w production at the T(10860) energy, reported earlier by Belle [27], being
due to the tail of the T(10753) state and not due to the decay of the T(10860) itself.

In this paper, we perform a systematic study of the ete™ — y,;(1P)w and eTe™ —
X7 (7770 non_w cross sections in the energy range from 10653 to 11020 MeV using both
Belle and Belle IT data. We update the Belle II measurement of ref. [25] by exploiting
the precise Fey, (eTe™ c.m. energy) calibration which recently became available [28], and
performing kinematic fits to better separate the x37(1P) and xps(2P) states. In the case

0 was reported earlier [29] without

of Belle, the energy dependence of eTe™ — ypymtn 7
considering the w and (747~ 7%),on_w contributions separately. For brevity, we denote
XbJ(1P) as xps throughout this paper.

The paper is organized as follows. We describe the Belle and Belle II detectors in
section 2 and the data sets in section 3. The selection of events is presented in section 4.
Sections 5 and 6 are devoted to the measurements of Born cross sections for ete™ —
xpsw and ete™ = xp7 (77 7 non_w. The evaluation of the systematic uncertainties
is described in section 7. The fits to the energy dependences of Born cross sections for
ete™ — Xb1,p2 w and ete” — Xb1,b2 (7T+7T_7r0)n0n,w are described in section 8. The results

are summarized in section 9.

2 Belle and Belle 1II detectors

We use data collected by the Belle detector |30, 31] at the KEKB asymmetric energy
ete™ collider [32, 33] and the Belle II detector [34] at SuperKEKB [35].

The Belle detector was a large-solid-angle magnetic spectrometer that consisted of a
silicon vertex detector, a 50-layer central drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter comprised of CsI(T1) crystals (ECL) located
inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron flux-
return yoke instrumented with resistive plate chambers located outside the coil was used to
detect K? mesons and identify muons (KLM). A detailed description of the Belle detector
can be found in refs. [30, 31].

The Belle II detector is an upgraded version of the Belle detector that contains several
completely new subdetectors, as well as substantial upgrades to others. The innermost sub-
detector is the vertex detector (VXD), which uses position-sensitive silicon sensors to pre-
cisely sample the trajectories of charged particles (tracks) in the vicinity of the interaction
point. The VXD includes two inner layers of pixel sensors and four outer layers of double-
sided silicon microstrip sensors. Only one sixth of the second pixel layer had been installed
for the data analyzed here. Charged-particle momenta and charges are measured by a new
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large-radius, helium-ethane, small-cell CDC, which also gives charged-particle-identification
information through a measurement of particles’ specific ionization. The Belle PID system
has been replaced. A Cherenkov-light angle and time-of-propagation (TOP) detector sur-
rounding the CDC provides charged-particle identification in the central detector volume,
supplemented by a proximity-focusing aerogel ring-imaging Cherenkov (ARICH) detector
in the forward region. The readout electronics of the ECL have been upgraded, and in the
KLM, the resistive plate chambers in the endcaps and the inner two layers of the barrel
have been replaced by scintillator strips. A detailed description of the Belle II detector can
be found in ref. [34].

3 Data sets

The results are obtained from Belle and Belle II data samples. We use Belle energy scan
data at 18 energy points with approximately 1 fb~! per point collected in the energy range
from 10.73 GeV to 11.02 GeV. We also use a Y (55) energy region data sample collected
at 10865.8 MeV with a total luminosity of 122 fb~!. Thus, there are 19 energy points
in total at which we measure cross sections for ete™ — xp7w and xp7 (777 7)pon_ow at
Belle. The energies and luminosities of these data samples are given in table 1. We also use
Belle IT data at /s = 10.653, 10.701, 10.745, and 10.805 GeV, corresponding to integrated
luminosities of 3.6, 1.6, 9.9, and 4.7 fb~!, respectively.

We generate signal Monte Carlo (MC) events with c.m. energies from 10.73 to 11.02 GeV
at Belle and 10.653 to 10.805 GeV at Belle II using the EVTGEN generator [36] to determine
the reconstruction efficiency and signal shape. Initial-state radiation (ISR) at next-to-
leading order accuracy in quantum electrodynamics is simulated with PHOKHARA [37].
Both efe™ — ypyw and ete™ — xps (777 7)non—w samples are generated isotropically
in the c.m. system; the xp; (777~ 7%)non_w sample is generated according to four-body
phase space, and then reweighted to match the observed M (77~ 7%) distribution for this
sample in data (see figure 8 left plot below). For w — mtn~ 7’ the OMEGA DALITZ
model is used [36]. For xp; — Y(15)y, the HELAMP model is used [36]. For Y(15) —
¢T¢~, the VLL model is used [36]. Generic MC samples of ete™ — q7 (¢ = u,d, s,c) and
T(55) — Bg*)Bg*) produced with 4 times the luminosity of the data, are used to identify
possible peaking backgrounds. MC samples of ete™ — T(2S)r" 7~ with Y(25) — xus7,
ete™ = To(1D)nt 7~ with To(1D) — xps7, and ete™ — Y(1S)rTn 770 are produced
to study possible backgrounds in ete™ — yps (7T
processed with a detector simulation based on GEANT3 [38] and GEANT4 [39] at Belle and
Belle II, respectively.

W*WO)HOH_W. The simulated events are

4 Selection criteria

We reconstruct the decay chain ete™ — xpy 770, xps — Y(15)y, and Y(15) —

0

0~ (0 = e or pu), where the decay to 77~ 7" may proceed via the w.
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For Belle data, the following selection criteria are applied. All charged tracks are
required to originate from the vicinity of the interaction point; the impact parameters
perpendicular to and along the beam direction with respect to the interaction point are
required to be less than 1 cm and 4 cm, respectively. We require the number of charged
tracks to be four. Additionally for each charged track, information from different detector
subsystems including specific ionization in the CDC, time measurements in the TOF, and
the response of the ACC are combined to form a likelihood L; for particle species 7, where
i = m, K, or p [40]. Charged tracks with R, = ﬁ > 0.6 are identified as pions. With
this selection, the pion identification efficiency is 94% and the kaon misidentification rate
is 6%.

Similar likelihood ratios are defined for lepton identification: R, = #jon_e
L

trons [41], and R, = Lz, for muons [42]. For lepton candidates we apply the

for elec-

requirements R, > 0.1 and R, > 0.8, which have efficiencies of 97% and 96%, respectively.
For T(1S) — eTe™, in order to reduce the effect of bremsstrahlung and final state radia-
tion, photons detected in the ECL within 50 mrad of the original e™ or e~ direction are
included in the calculation of the e™ or e~ momentum. The Y(15) signal regions are 9.20
< M(eTe™) < 9.61 GeV/c? and 9.31 < M(utp~) < 9.61 GeV/c? (approximately +2.00
with o being the mass resolution).

An ECL cluster is treated as a photon candidate if it does not match the extrapolation
of any charged track and its energy is greater than 30 MeV. In reconstructing 7° decays, we
reject photon candidates if the ratio of energies deposited in the central 3 x 3 square of cells
to that deposited in the enclosing 5 x 5 square of cells in its ECL cluster is less than 0.8.
This suppresses photon candidates originating from neutral hadrons. The signal region for
70 candidates is 110 < M (y7) < 150 MeV/c? (approximately 4+-2.50 with ¢ being the mass
resolution). Hereinafter, the variable M denotes invariant mass. To calibrate the photon
energy resolution function, three control channels D** — D%, 7% — 4+, and n — v are
used [43].

To improve track momenta and photon energy resolutions and to reduce background,
a 6C kinematic fit is performed, where the four-momentum of the final state system is
constrained to match the initial eTe™ c.m. system, the invariant mass of the lepton pair is
constrained to the Y(1S5) nominal mass [44], and the invariant mass of the two photons is
constrained to the nominal 7% mass [44]. The x2/nqor value of the 6C fit is required to be
less than 10, which has an efficiency of 90%. This requirement removes events with one or
more additional or missing particles in the final state. In events with multiple candidates,
only the candidate with the smallest value of ch /ngor is retained. The fraction of selected
events that have multiple candidates is 7% in signal MC samples. These values are con-
sistent with the multiple candidate rates observed in the data. The fraction of correctly
reconstructed candidates in the signal MC sample is 95%. The selection requirements are
optimized using a figure of merit S/v/S + B, where S and B are the numbers of expected
signal and background events at /s =10.866 GeV [27].

The event selection in Belle II is very similar to that in Belle. We use the same
requirements as in the previous Belle II study [25], except for the kinematic fit. In ref. [25],
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a 4C fit was used to suppress the background and select a single candidate, but the momenta
of all particles were not updated after the fit because a reliable eTe™ c.m. energy calibration
was not yet available. In this paper, we perform a 6C fit and update the momenta, which
helps to improve the resolution of M (Y (15)y) by a factor of 1.9.

At Belle II, all charged-particle tracks are required to originate from the vicinity of
the interaction point. We require four or five tracks to reduce backgrounds while allowing
for increased efficiency for signal events with an additional misreconstructed track. The
identification of pions, electrons, and muons is based on likelihood information from sub-
detectors [45]. The pion identification efficiency is 90% and the kaon misidentification rate
is 8%. When forming Y(1S5) — £T¢~ candidates, we only impose a lepton identification
requirement on one of the two tracks; the identification efficiency is 95% for electrons and
90% for muons. To reduce the effects of bremsstrahlung and final-state radiation, photons
within a 50 mrad cone of the initial electron or positron direction are included in the cal-
culation of the particle four-momentum. Energy deposits in the ECL are treated as photon
candidates if they are not associated with charged particles. We reject photon candidates
if the ratio of energies deposited in the central 3 x 3 square of cells to that deposited in
the enclosing 5 x 5 square of cells (with corner cells omitted) in its ECL cluster is less than
0.8. Photons used to reconstruct 7’ candidates are required to pass energy requirements
depending on the region of the ECL in which they are reconstructed: greater than 25 MeV
in the barrel (32.2° < 6 < 128.7°) and the forward endcap (12.4° < 6 < 31.4°), and greater
than 40 MeV in the backward endcap (130.7° < 6 < 155.1°).
satisfy 0.105 < M (y7) < 0.150 GeV/c? (approximately £2.50).

They are also required to

5 ete” — xpsw at Belle and Belle 11

Figure 1 shows scatter plots of M (7 T7n~ ") versus M(Y(15)y) for selected events in
Belle and Belle II data, combining all energy points. There is a clear clustering of events
in the signal region, which is defined as 0.75 < M (7 T7T7%) < 0.81 GeV/c? and 9.84 <
M(Y(1S)y) < 9.93 GeV /c2.

Belle, 142.5 fb™!

Belle I, 19.8 fb™

085 == = Z.z2_ _- 085  _ .
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Figure 1. Scatter plots of M (7t 7~ 7%) versus M (Y (15)7y) for selected events in Belle and Belle 11

M(Y(1S)y) [GeV/c?Y

M(Y(1S)y) [GeV/c?

data with all energies combined. The red boxes show the w and ¥ signal regions.
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For well-populated samples (/s = 10.7712 and 10.8658 GeV at Belle, and /s =
10.745 and 10.805 GeV at Belle II), we perform a two dimensional (2D) unbinned ex-
tended maximum-likelihood fit to the M(Y(15)y) and M (rTn~7") distributions to ex-
tract signal yields. The fitting function is a sum of four components: a 2D signal peak
in (M(Y(18)y), M(z*7 ")), peaking background in the M (Y (1S)y) distribution from
ete™ — xps mTn 7, peaking background in the M (7+7~7%) distribution from non-x;;
background with a w, and combinatorial background. Each x;; signal shape is described by
a double Gaussian function, and the w signal shape is described by a Breit-Wigner convolved
with a Gaussian function. The mass resolutions for x;; candidates at Belle and Belle II are
11 MeV/c? and 13 MeV /c?, respectively. Signal shape parameters are fixed according to sig-
nal MC simulations. A first-order polynomial function is used to describe the combinatorial
background. Fit projections for the signal region are shown in figure 2. Signal significances

for each of xpow, Xxp1w, and xpo w are estimated using \/ —2In(Ly/Lmax), where Ly and
Lmax are the maximized likelihoods without and with the signal, respectively [46].
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Figure 2. Distributions of M(Y(15)y) and M (77~ 7°) in Belle data at /s = 10.7712 and 10.8658
GeV, and Belle II data at /s = 10.745 and 10.805 GeV with 2D fit results overlaid. The solid blue
and black curves show the total fit and total background; in the upper plots, the dashed red, violet,
and brown curves show the xp0, Xp1, and xp2 signal components, respectively.

For other energy points, the M (Y (15)y) distributions after applying the w mass-
window requirement are shown in figure 3. These distributions are very sparse, and instead
of fitting, we use event counting. We count the numbers of events, N°° in the xp0, Xp1,
and Y2 signal regions of (9.84 — 9.875) GeV/c?, (9.875 — 9.905) GeV /c?, and (9.905 — 9.94)
GeV/c?, respectively. The signal yield is defined as N = max(0, N°" — NP8). To deter-
mine the number of background events in each signal region, NP8, we perform a 2D fit to the
data sample that combines all energies, as shown in figure 4. The combinatorial background
is assumed to be non-resonant. For each energy point, the expected number of combinato-
rial background events is determined from the corresponding integrated luminosity and the
background yield in the combined sample. The number of xp; (777~ 7%)pon_w background
events is likewise assigned based on the luminosity, the yield in the combined sample, and
the eTe™ — xps (7 7)non_w cross section obtained from the energy-dependence fit
(section 8). The statistical uncertainties on N8 are assigned based on 68.3% confidence
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intervals provided by the Poissonian limit estimator (POLE) program [47], with systematic

uncertainties set to zero; these are equivalent to the unified approach in ref. [48]. These

values are given in tables 1, 2, and 7.
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Figure 3. The M(Y(15)~) distributions after requiring events within the w signal region in data
at each energy point for the Belle and Belle IT data samples. The vertical dashed lines (left to right)
show the x40, Xp1, and xpo signal regions.

The Born cross sections for ete™ — x,y w are calculated using
B NS |1 — 112

~ LeBi (1 +01sr)’
where L is the integrated luminosity of the data sample, € is the reconstruction efficiency,
Bt = Bw — 777 B(7® = v7v) B(xps — Y(15)y) B(Y(18) — ¢+¢7) is the product of
the branching fractions of the intermediate states to the reconstructed final states, |1 — IT|?

oBormn(eTe™ = xpsw) (5.1)

= 0.93 is the vacuum polarization factor [2, 49|, and 1 + digr is the radiative correction
factor [50-52|. In calculating the radiative correction factor, we use the energy dependence
of the Born cross sections for ete™ — ypyw measured in this work: see section 8. (We
initially assume the energy dependence measured in ref. [25]; for the energy dependence
of Xp7 (77~ 7 )non_w in section 6, we use the measurement of ref. [29]. The procedure
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Figure 4. The 2D fits to M(Y(15)y) and M (7 +7~ =) distributions from the data sample that
combines all energies at Belle (left) and Belle IT (right). The solid blue and black curves show the to-
tal fit and total background; the dashed red, violet, and brown curves show the xps (7r+7r*7r0)non,w
background, non-x,; w background, and combinatorial background, respectively. At Belle II, only
combinatorial background is seen.

is then iterated. Two steps are sufficient for the result to converge.) The Born cross
sections, efficiencies, and 1 + digr factors for eTe™ — Y37 w at each energy point are listed
in tables 1, 2, and 7. The Born cross sections for eTe™ — xp1 w and ete™ — yppw at /s =
10.745 GeV are (3.870:8+0.4) pb and (2.6705+0.4) pb, which are consistent with the values
(3.670740.5) pb and (2.8713+0.4) pb in ref. [25]. (Systematic uncertainties are discussed
in section 7.) The ratio opom(eTe™ — Xp1w)/TBom(eTe™ = xppw) is 1.5707 + 0.2 at
Vs = 10.745 GeV, where we take into account that some sources of systematic uncertainty
cancel in the ratio. This ratio is consistent with the value 1.3708+0.2 in ref. [25]. The ratio
opl (efe™ — xpow)/oBom(eTe™ — xp1w) is less than 1.3 at 90% C.L. at /s = 10.745
GeV.

In cases where the signal counting method is used, the signal yields and Born cross
sections (of,,,) are not corrected for the efficiency of the x;; mass-window requirement
and the cross-feed between channels. The effect of cross-feed (“migration”) is determined

)b
02 lop)

where subscripts 1 and 2 correspond to xp1 and xp2, and o} and o; show the measured and

from the simulation to be
0.86 0.05
0.14 0.95

underlying yields, respectively. The migration matrix is taken into account in the fit to the
energy dependence of the cross sections (section 8). Similarly, we estimate that 2.3% of any
xpo vield appears inside the y;1 mass window, but due to the insignificant ;g signal, this
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contribution is negligible.

For insignificant signals, we set 90% confidence level (C.L.) upper limits (zY") on yields
and cross sections. For energy points at which signal yields are determined from a fit, upper
limits are found by solving the equation

UL
A

where z is the assumed Born cross section, and £(z) is the corresponding maximized like-

L(x)dz/ /0 ™ L@)de = 0.90, (5.3)

lihood of the fit. To take into account the systematic uncertainties discussed in section 7,
the above likelihood is convolved with a Gaussian function whose width equals the total
multiplicative systematic uncertainty. Additive systematic effects are included by choosing
the variation that gives the most conservative limit. For other energy points with small
numbers of candidates, the upper limits are calculated directly using POLE, with the un-
certainty on the background prediction set to the sum in quadrature of the statistical and
additive systematic uncertainty; the relative uncertainty on the signal efficiency set to the
total multiplicative uncertainty from table 5 (see also section 7); and the relative uncer-
tainty on the background efficiency set to the “efficiency” term from Table 5. The signal
and background efficiency uncertainties are treated as correlated. The upper limits on the
Born cross sections at each energy point are listed in tables 1, 2, and 7.

The results at each energy are used in section 8 to fit the energy dependence of the
cross section. At c.m. energies with small numbers of candidates, Gaussian uncertainties
give a poor description of the contribution to the likelihood. Figure 5 shows examples of the
dependences of A(—21n £) on operm(ete™ — xp1w) and ogorn(ee™ = xo1 (7770 non—w)
for samples with N°* = 0 and N°" = 1. The cross section(s) corresponding to different
A(—2In L) values are obtained by requesting intervals at various confidence levels from
POLE, in the approximation where the confidence level (1 — a) = F\2(A(-2InL£);1). In
POLE, the uncertainty on the background prediction is set to the sum in quadrature of
the statistical and additive systematic uncertainties; the relative uncertainty on the signal
efficiency is set to the uncertainty on the radiative correction factor (which is treated as
uncorrelated — see section 7); the relative uncertainty on the background efficiency is set
to zero.

For N°Ps = 0, the dependence is parameterized using the proportionality function

f(z) = ax. (5.4)

When N°P = 1 or higher, the dependence is parameterized by the function [1]
z) = 2(pox + p3 — p1 + prln—r—) P, x), 5.5
f(z) =2(paw +p3s —p1 + ;1 p2x+p3) 4 () (5.5)

where Py = 1 4 qiz + g2 + qz23 + quz*. The parameters a, p;, and ¢; of eqs. (5.4) and
(5.5) are determined from fits. When fitting the energy dependence of the cross sections
(section 8), instead of Gaussian uncertainties, we use eqs. (5.4) and (5.5) to account for the
contributions of low-population scan samples to the function being minimized. A similar
procedure was used in ref. [1]. The fitted values of a, p;, and ¢; are provided in the
supplemental material (see appendix B).
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Figure 5. The dependences of A(—2InL) on opem(ete™ — xp1w) (red dots) at /s = 10882.8
MeV (left) with N° = 0 and N®® = 0.3 and on ogom(eTe™ — xp1 (777 7)non_w) at /s =
10829.5 MeV (right) with N°P® = 1 and N®® = 0.3. The red curves show the results of the fit
discussed in the text. The blue curve in (b) shows the approximation using asymmetric Gaussian
uncertainties.

6 ee” — xps (77 7)pon_w at Belle and Belle 1T

To measure the ete™ — xus (7T+7T_7T0)non,w cross sections, we require the mass of
7t7~ 70 combinations to be outside the w signal region, M(7t7~7%) < 0.75 GeV/c?
or M(ntn=7% > 0.81 GeV/c®. In principle, the xp7 (777 7%)non_w final state may
be contaminated by background from higher-T processes such as ete™ — Y (2S)n 7w~
and Yo(1D)mtn~. We check this by examining the spectrum of the 7+7~ recoil mass
in combined data samples: no YT(2S5) or To(1D) signals are seen. To further study and
check possible backgrounds, we produce MC samples for each of the following processes:
ete™ — T(29)rTm~ with T(2S) — xps7, ete” — To(1D)rTn~ with YTo(1D) — xb7,
and ete™ — Y(18)rTa~ 7070, After applying all the signal selection criteria of ete™ —
o7 (777 7%) 000w, the efficiencies are very low (< 1073). The events from the process
efe” = Y(19) 77 7%7% do not peak in the M (Y (1S)y) distribution. Thus, we neglect
all the above backgrounds.

For /s = 10.8658 GeV at Belle and /s = 10.745 GeV at Belle II, the signal yields
are extracted using an unbinned extended maximum-likelihood fit to the M (Y (15)y) dis-
tributions, as shown in figure 6. Each ;s signal shape is described by a double Gaussian
function, and signal shape parameters are fixed from signal MC simulations. A first-order
polynomial function is used to describe the background.

For the other energy points, the M (Y (1S5)~) distributions with M (7+7~7°) outside the
w signal region are shown in figure 7. For these sparse distributions, we use the same signal
counting procedure as in the y; sy w case. The signal yield and Born cross section, and upper
limits on the Born cross section are determined using the method described for eTe™ —

09 as

XbJ w above, treating components in the figure 4 fit other than “ete™ — ypym m 7
background. These values are listed in tables 3, 4, and 8. To determine the efficiency of

the w-veto requirement, we perform a simultaneous fit to the M (7*7~7") distributions

~10 -
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Table 1. Results for et e™ — yp1 w as a function of c.m. energy at Belle IT (points marked with an

asterisk) and Belle (all other points). Uncertainties in the N*'® and oo, columns are statistical

add UL
syst Born

section. The underlined N®¢ values are obtained by fitting; corresponding statistical significances
¥ are also shown. The remaining N®'® values are obtained using event counting: these values,
and the corresponding Born cross sections, are not corrected for the efficiency of the y;; mass

only; o is the additive systematic uncertainty; and o is the upper limit on the Born cross

window requirement and cross-feed among the x;; channels. These corrections are included in the
energy-dependence fit (section 8).

Vs (MeV) £ (fb~!) & 1+6dsr N 3(0) 0pom (Pb) 03 (PD) g (PD)

« 10701.0  1.640 0.146 0.640 04754 - 0203 0.1 1.4
10731.3  0.946 0.100 0.634 08752 - 08733 0.1 4.1
% 10745.0  9.870 0.178 0.630 71.873%° 10  3.870¢ 0.3 -
107712 0.955 0.106 0.784 4.7%%) 28 36132 0.7 7.3
x 10805.0  4.690 0.177 0.940 6.8%30 2.6 05703 0.1 1.0
10829.5  1.697 0.100 0.941 07753 - 03793 0.1 1.5
10848.9  0.989 0.101 0924 28719 - 1.8%2 0.1 4.6
10857.4  0.988 0.101 0916 0.0755 -  0.0793 0.1 1.4
10865.8  122.0 0.109 0.909 82.8710% 12 0.4%91 0.1 -
10877.8  0.978 0.104 0.899 0.8%53 - 0579 0.1 2.7
10882.8  1.848 0.104 0.895 0.0755 - 0.0%57 0.1 0.7
10888.9  0.990 0.104 0.891 0.0755 - 0.0793 0.1 1.4
10898.3  2.408 0.104 0.885 0.6758 -  0.2703 0.1 1.1
10907.3  0.980 0.106 0.879 0.0795 - 0.0%53 0.1 1.4
10928.7  1.149 0.106 0.869 0.0155 -  0.0%3 0.1 1.2
10957.5  0.969 0.106 0.859 0.0795 - 0.0%53 0.1 1.6
109753 0.999 0.106 0.854 0.0755 - 0.0%93 0.1 1.4
10990.4  0.985 0.107 0.851 0.0735 - 0.0%93 0.1 1.4
11003.9  0.976 0.107 0.849 0.8%)3 - 0579 0.1 2.6
110148  0.771 0.107 0.848 00703 - 00194 0.1 2.0
11018.5  0.859 0.107 0.847 0.0755 - 0.0793 0.1 1.8
11020.8  0.982 0.108 0.847 0.0155 - 0.0%3 0.1 1.4

in the well-populated Y (55) sample and the Y(6S5) sample obtained by combining the six

777" hon_w components are

highest-energy scan samples, as shown in figure 8. The (7
described by products of a second-order polynomial that is common to the Y(55) and
T (6S5) samples and phase-space factors. This model describes the data well; therefore, we

+

use it to determine the shapes of the (7*7~7"),on_ components at other energies. The

inefficiency due to the w-veto requirement decreases with /s; it is 14% at the Y(55) and
4% at the Y(65).

As shown in table 4, the xp2 (777~ 7)pon_o fit for the /s = 10.745 GeV point returns

— 11 —



Table 2. Results for eTe™ — Y32 w at each energy point at Belle and Belle II. Column descriptions
are the same as in table 1.

Vs MeV) L (fb™') e 1+4+0sr N8 %(0) 0Borm (Pb) 0244 (pb) Uggjm (pb)

syst

x+ 10701.0  1.640 0.146 0.620 0.0705 -  0.0703 0.1 1.3
10731.3 0946 0.095 0.629 08735 - 1.7%32 0.1 8.6

x 10745.0  9.870 0.179 0.630 24.670% 4.6 26703 0.4 -
107712 0.955 0.106 0.782 3.3715 24 50137 1.7 11.7

x 10805.0  4.690 0.178 0.940 10.7735 35 1.6707% 0.3 2.6
10829.5  1.697 0.096 0.936 0.0755 - 0.0703 0.1 1.5
10848.9  0.989 0.096 0.920 0.0735 - 00757 0.1 2.8
10857.4  0.988 0.097 0912 00793 - 0077 0.1 2.8
10865.8  122.0 0.109 0.905 14.777% 25  0.115] 0.1 0.2
10877.8  0.978 0.099 0.895 0.0755 - 0.07)% 0.1 2.9
10882.8  1.848 0.099 0.892 0.0735 - 00751 0.1 1.4
10888.9  0.990 0.100 0.887 0.8735 - 11729 0.1 5.5
10898.3 2408 0.100 0.882 0.0755 - 0.0153 0.1 0.9
10907.3  0.980 0.101 0.876 0.0755 - 0.07)% 0.1 2.9
10928.7  1.149 0.101 0.866 0.0755 - 0.070% 0.1 2.5
10957.5  0.969 0.101 0.857 0.0795 - 0.07)7% 0.1 3.0
10975.3  0.999 0.102 0.852 2819 - 38728 0.1 9.7
10990.4  0.985 0.102 0.849 0.0755 - 0.07)7% 0.1 2.9
11003.9  0.976 0.102 0.847 1.797% - 24733 0.1 7.7
11014.8  0.771 0.102 0.846 0.0735 -  0.0%59 0.1 3.7
110185  0.859 0.103 0.845 0.0705 -  0.0793% 0.1 3.3
11020.8  0.982 0.104 0845 087532 - 1172} 0.1 5.6
10 40¢

o~ b Belle Il, 9.87 fb™* — | Belle, 122.0 fb™

% Bl —sakgound 5= 10745 GeV % 30 s = 10.8658 GeV
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Figure 6. Distributions of M (Y (15)y) outside the w signal region in Belle II data at /s = 10.745
GeV and Belle data at 1/s = 10.8658 GeV with fit results overlaid. The solid blue and black curves
show the total fit and total background; the dashed red, violet, and brown curves show the Yo,
Xb1, and ype signal components, respectively.
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a best-fit yield N sig 0.0f(l):(l]. We find that the distribution of —21n £ for this fit is linear
in N®&: accordingly, we fit the distribution using Eq. (5.4) and treat this as a poorly-
populated point in the energy-dependence fit of section 8, using a likelihood profile rather
than a y? term.
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Figure 7. M(Y(1S)y) distributions after requiring events outside the w signal region in data at
the lower-population energy points in the Belle and Belle II data samples. The vertical dashed lines
(left to right) show the xpo, Xp1, and xp2 signal regions.

7 Systematic uncertainty

The systematic uncertainties in the measurements of Born cross sections for ete™ —
xpsw and eTe™ — xp7 (77770 hon_w include contributions from the photon energy cal-
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Figure 8. A simultaneous fit to the M (7"~ 7°) distributions in the well-populated Y(55) sample
at /s from 10829.5 MeV to 10957.5 MeV and the Y(6S5) sample obtained by combining the six
highest-energy scan samples. The blue solid curves show the total fits. The blue dashed curves
show the (7+7~7%)4on_w components. The red dashed curves show the w signal.

Table 3. Results for eTe™

Belle

135.0 fb

Events / (10 MeV/c?)

M ET0) [GeV/c?]

— Xb1

(7777 non_w as a function of c.m. energy at Belle and Belle

I1. Column descriptions are the same as in table 1.

M(TttT0) [GeV/c?]

Vs (MeV) L (fb™') & 1+8sg  N¥¢  3(0) oporm (pb) oyt (Pb) oy, (PD)
x 10653.0  3.550 0.117 0.644 0.0755 - 0.0703 0.1 0.3
x 10701.0  1.640 0.091 0.656 0.0755 - 0.0%53 0.1 0.9

10731.3  0.946 0.064 0.685 0.0705 - 0.0795 0.1 2.7
x 10745.0  9.870 0.126 0.690 2.1%3% 1.4 01793 0.1 0.5

10771.2  0.955 0.084 0.692 0.0705 - 0.0703 0.1 2.0
x 10805.0  4.690 0.149 0.682 18731 - 02703 0.1 0.7

10829.5  1.697 0.092 0.666 07732 - 04707 0.1 2.0

10848.9  0.989 0.093 0.648 0.8%)3 - 07755 0.1 3.7

10857.4  0.988 0.093 0.639 0.0755 - 0.073 0.1 1.9

10865.8  122.0 0.099 0.631 35.6%%5 56 0.370! 0.1 -

10877.8 0978 0.095 0.631 0.0735 - 0.0%55 0.1 1.9

10882.8  1.848 0.095 0.642 3.6737 - 17753 0.1 4.0

10888.9  0.990 0.095 0.670 1.873% - 1578 0.1 4.7

10898.3 2408 0.095 0.743 0.575% - 02703 0.1 1.2

10907.3  0.980 0.097 0.826 08735 - 06752 0.1 2.8

10928.7  1.149 0.098 0.964 08755 - 0477 0.1 2.0

10957.5  0.969 0.101 0.852 0872 - 0579 0.1 2.7

10975.3  0.999 0.103 0.707 0.0755 - 0.07)7 0.1 1.6

10990.4  0.985 0.105 0.627 1.877% - 1573 0.1 4.6

11003.9  0.976 0.106 0.673 0.8 e - 0.675% 0.1 3.0

11014.8  0.771 0.106 0.843 3.872%1 . 3.0719 0.1 6.6

11018.5  0.859 0.106 0912 2879 - 1872 0.1 4.6

11020.8 0982 0.107 0.956 08735 - 04758 0.1 2.2
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Table 4. Results for eTe™ — xp2 (777 7%)on_w at each energy point at Belle and Belle II.
Column descriptions are the same as in table 1. See the section 7 text for the special treatment of
the /s = 10.745 GeV point.

Vs (MeV) L (fb~1) & 1+4+6spg N8 X(0) 0o (pb) 0244 (pb) oSk, (pb)

syst
x 10653.0  3.550 0.153 0.597 0.0%55 - 00797 0.1 0.6
« 107010  1.640 0.083 0.612 0.0t93 - 0.0798 0.1 2.2
10731.3  0.946 0.050 0.669 0.0705 - 0.07;7 0.1 7.0
x 10745.0  9.870 0.112 0.679 0.075 - 0.0792 0.1 0.6
10771.2 0955 0.077 0.686 0.0705 - 0.0759 0.1 4.4
x 10805.0  4.690 0.143 0.679 0.0%75% - 0.0%93 0.1 0.7
10829.5  1.697 0.088 0.665 0.0155 - 0.0%93 0.1 2.2
108489 0980 0.088 0.648 00703 - 00199 0.1 3.9
10857.4 0988 0.089 0.639 1.871% - 34734 0.1 10.3
10865.8  122.0 0.099 0.631 22.675% 3.9 03751 0.1 -
10877.8 0978 0.090 0.631 08735 - 1538 0.1 7.7
10882.8  1.848 0.090 0.641 0.6755 - 057075 0.1 4.0
10888.9  0.990 0.091 0.670 0.8753 - 14728 0.1 7.1
10898.3 2408 0.091 0.742 0.0705 - 0.0793 0.1 1.2
10907.3  0.980 0.092 0.825 08752 - 1173} 0.1 5.8
10928.7  1.149 0.094 0964 0.0755 - 0.073 0.1 2.1
10957.5  0.969 0.096 0.852 0.0705 - 0.07)7% 0.1 2.8
10975.3  0.999 0.099 0.707 2.8t19 - 42729 0.1 11.7
109904  0.985 0.100 0.627 0.0793 - 0.0 0.1 3.6
11003.9  0.976 0.101 0.673 1.87;% - 29729 0.1 8.8
11014.8  0.771 0.101 0.843 0.0755 - 0.070% 0.1 3.4
11018.5  0.859 0.102 0.912 0.0735 - 0.0%57 0.1 2.8
11020.8  0.982 0.103 0.956 00793 - 0.0%93 0.1 2.3

ibration, fit model, reconstruction efficiency, radiative correction factor, angular distribu-
tions, beam-energy calibration, trigger simulation, integrated luminosity, and branching
fractions of intermediate states. The additive systematic uncertainties are those from the
photon energy calibration and fit model. The other sources of systematic uncertainties are
multiplicative.

We study the additive systematic uncertainties from the photon energy calibration and
fitting procedure as follows. A photon energy calibration has been performed with three

O — 54, and n — ~v [43]. The resulting uncertainties of the

processes, D*0 — DV, 7
peak positions are 1.0, 1.1, and 1.2 MeV/c? for xp, X»1, and xpe decays, respectively;
the uncertainty in the width is 0.09 MeV /c? for all states. For the results obtained with
the fitting method, we change the M (Y (1S)y) peak positions and resolutions by +1lo.

We increase the order of the polynomial describing the background by one, change the fit
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interval, and exclude the xpp component from the fit.

In each of the fits shown in figures 2 and 6, we perform all possible combinations of
the above variations and conservatively consider the largest deviation of fit results as the
additive systematic uncertainty for the corresponding energy point. The same variations
are performed in the fit shown in figure 4 that sets the background estimates NP8 for the

poorly-populated energy points. At each such point, the largest resulting deviation in NP8

add
syst

is taken as the additive systematic uncertainty. These uncertainties are listed in the o
columns of tables 14, 7, and 8, and are assumed to be uncorrelated for different energy
points. The effects of the photon calibration and the changes to the background shape
dominate these uncertainties.

The contributions to the multiplicative systematic uncertainty are given in Table 5.
Detection efficiency uncertainties for Belle include momentum-dependent tracking uncer-
tainties (1% per pion and 0.35% per lepton, as derived from D** — DO(— K3nTn=)nT),
pion identification (0.9% per pion, as derived from D** — D°(— K~n+)x ™), lepton iden-
tification (1.6% per electron and 1.2% per muon, as derived from vy — (10~ (¢ = e, p)),
photon reconstruction (2.0% per photon, as derived from ete™ — ~veTe™), and 7° recon-

O1.). Detection efficiency uncertainties

struction (2.3% per 7°, as derived from 7= — 777
for Belle IT include momentum-dependent tracking uncertainties (1.3% per pion and 0.3%
per lepton, as derived from B® — D**(— D)7~ and ete™ — 77 77), pion identification
(1.1% per pion, as derived from D** — D°(— K~—n")n"), lepton identification (0.4% per
electron and 0.7% per muon, as derived from J/v decays, Bhabha, dimuon, and two-photon
processes), photon reconstruction (3.5% per photon, as derived from ete™ — yu™p™), and
70 reconstruction (4.8% per 7°, as derived from n — 7%7%7Y). The total uncertainty in the
reconstruction efficiency is 5.5% for Belle and 7.2% for Belle II; the higher value in Belle 1T
is due to the v and 7° contributions.

The distribution in the 777~ 7% polar angle measured in the eTe™ rest frame, 63, is
uniform in the nominal simulation. When the distribution is changed to 1 + cos?fs,, the
maximal deviations in the efficiency are 2.7% and 2.4% for ete™ — xpyw and ete™ —
XbJ (7r+7r77r O)non—w, respectively; these deviations are considered as a systematic uncer-
tainty. We generated MC samples of eTe™ — Z;ﬂ* at /s = 10.866 GeV, with Zlf —
xospt and pt — 7tn%  The efficiency for this sample differs from that of ete™ —
o7 (7777 non—w at 10.866 GeV by only 0.9%. We neglect the resulting uncertainty.
A 1.4% systematic uncertainty is assigned due to the trigger simulation. The uncertainties
in the center of mass energies are about 1 MeV. We change the collision energies in the 6C
kinematic fit by 10 and find the deviations in the signal yield are less than 1.0%, which
is negligible. In calculating the radiative correction factor, the measured energy depen-
dence of the Born cross sections is used. We change all of the parameters in eq. (8.1) below
by 1o according to the fitted results from the distributions of o(eTe™ — xp1p2w) and
olete™ = xps (M7 1) non—w) as a function of eTe™ c.m. energy, and take the maximum
difference in the radiative correction factor across all energy points, 5.1%, as the resulting
uncertainty. This value is dominated by the uncertainties on the widths of the Y(10753)
and Y(11020); these uncertainties are uncorrelated. Belle measures luminosity at 1.4%
precision using wide angle Bhabha events. Belle IT measures luminosity at 0.6% precision
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Table 5. The multiplicative systematic uncertainties (%) in the measurements of Born cross
sections for ete™ — Yo7 (777 7")non_w and ete™ — xpsw at Belle and Belle II. When using
individual oo, values from tables 1-4 and 7-8, the total multiplicative uncertainty should be
taken into account; it is already included in the upper limits chl;m. In the energy dependence fits,

correlations between uncertainties are taken into account: see the text.

S ete” = xpop1b2 (M 7T 70 non—w ete™ = Xbo,b1,b2w
ource

Belle Belle II Belle Belle 11
Efficiency 5.5 7.2 5.5 7.2
Angular distributions 2.4 1.0 2.7 1.0
Trigger 14 1.0 14 1.0
Radiative correction factor 5.1 5.1 5.1 5.1
Luminosity 1.4 1.0 1.4 1.0
Branching fractions 14.6, 7.3, 7.2 14.6, 7.3, 7.2 14.7, 7.4, 7.3 14.7, 7.4, 7.3
Total 16.7, 10.9, 10.9 17.1, 11.6,11.5 16.8,11.0,10.9 17.1, 11.6, 11.5

using Bhabha and digamma events [54]. The branching fractions of all intermediate decays
are taken from ref. [44].

For the Born cross section measurements reported in sections 5 and 6, we add all
the multiplicative systematic uncertainties in quadrature to obtain the final multiplicative
systematic uncertainty, listed in table 5. For the energy dependence fits in section 8, multi-
plicative systematic uncertainties are treated as follows. Uncertainties due to the radiative
corrections at different energies are assumed to be uncorrelated; uncertainties due to the
branching fractions are correlated for all energies; the remaining uncertainties are assumed
to be correlated separately for Belle and Belle II points. To obtain the total uncorrelated
uncertainty, we combine the statistical uncertainty, additive systematic uncertainty, and un-
certainty due to the radiative corrections. For the results obtained with the fitting method,
we add the contributions in quadrature (to include the multiplicative uncertainty, we use
eq. (3) from ref. [24]). For the results obtained with the counting method, the contributions
are combined using the POLE program; the profile likelihoods shown in the Supplemental
Material contain contributions of all the uncorrelated uncertainties. The correlated uncer-
tainties for Belle and Belle II points are taken into account in the energy-dependence fit
function as described in the next section.

8 Energy dependence of Born cross sections

The Born cross sections for ete™ — ypyw and eTe™ — xp7 (77777 non_w as a func-
tion of c.m. energy are shown in figure 9. For visualization, the low-population points
are adjusted for the effects of migration using the inverse of the matrix shown in equa-
tion (5.2). In the xpyw channel, a pronounced Y(10753) signal is visible, but there are
no clear Y(10860) or Y(11020) signals. In contrast, in the x4 (777~ 7°)pon—y channel,
T(10860) and Y(11020) peaks are seen (with low significance), but there is no Y(10753)

signal.
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We fit the cross sections as a function of energy by minimizing the sum of the y? values
for the well-populated points and the A(—21n £) values (obtained using equations 5.4 or 5.5)
for the poorly-populated ones. The fit function is a coherent sum of the Y(10753), T (10860),
and Y(11020) Breit-Wigner amplitudes:

‘ 8 y/127T\) By ou?
15—M2—1MF

where the index ¢ runs over the Y(10753), Y(10860), and Y(11020) states; the index k
Jr

(8.1)

runs over the channels yp w, xpw, Xp1 (777 Wo)non—w, and xp2 (7r+7r*7r0)n0n_w; M;, T;,
and Fge)i are the mass, total width, and Born level electron width of the Y states; & is
the phase-space factor; and ¢;, are complex phases. The physical electron width I'c.; is
obtained as I'ec; = Fgg)z/ll — TI]2. We use two-body phase space factors for both x;w
and ypy (77~ Wo)non—w. For xp7 (7t777%)non_w, at each energy, the invariant mass of
the mt7~ 7" system is set to (y/s — 10.866 + 0.9) GeV/c?. The motivation is that in the
well-populated sample at /s = 10.866 GeV, we see that M (7T 7~ 7%) peaks at 0.9 GeV/c?,
as shown in figure 8 (left). At each energy, we considered several lower M (77~ 7") values
down to the 77~ 7” mass threshold. There is no change in the results. The phases of the
Y(10753) and Y(10860) amplitudes are set to zero for the ypsw and xps (777~ 7)non—w
channels, respectively. The fit functions for the poorly-populated samples are corrected for
migration between the xp1 and yp2 signal regions using eq. (5.2); the xp1 and xpe channels
are then fitted simultaneously. The mass and width of Y(10753) are free parameters for
the Xp1p2w channels and are fixed to the results of ref. [23] for the Xp1p2 (77T~ 7)non—w
channels. The masses and widths of the Y(10860) and Y(11020) are fixed to the world-
average values [44]. The fitted results are shown in figure 9 and summarized in table 6. For
the xp1,p2 (7r"r7r_7r0)non,uJ channels, we find two solutions that correspond to constructive
and destructive interference between the Y (10860) and Y (11020) amplitudes.

Systematic uncertainties in the cross section energy dependence fit results include the
beam-energy calibration, the fit model, and the correlated systematic uncertainties of cross-

section measurements.

e We change the c.m. energy by +1 MeV for each energy point independently, and
take the differences in the mass, width, and I'.cB; as the uncertainties due to the
beam-energy calibration.

e We change the masses and widths of the Y(10860) and Y(11020) by +1o [44]. We
include an additional non-resonant component which has the shape of phase space;
we find its contribution is consistent with zero and the change in the fit results is neg-
ligible. For the X412 w channels, we exclude the YT (10860) and Y(11020) components
from the fit.

e We re-scale the fit function Eq. (8.1) for the Belle points to take the Belle-specific
correlated multiplicative uncertainties into account, and repeat the fits; we do the
same for the Belle II points; and finally, we re-scale the fit function for all points to
take the uncertainties due to branching fractions into account.
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We estimate the systematic uncertainty of a given source as the maximum deviation of the
fit result. The uncertainties due to the masses and widths of the T(10860) and Y (11020)
are dominant. The total systematic uncertainty is obtained by adding the contributions of
the various sources in quadrature.

The measured mass and width of Y(10753) — xp1p2w are consistent with those in
refs. [1, 23]. The products T'ee B(T(10753) — xp1 w) and T B(Y(10753) — ypo w) are con-
sistent with the results reported in ref. [25] and supersede them. The statistical significances
of the decays Y(10753) — xp1 w and Y(10753) — yp2 w are 6.00 and 4.10, respectively. We
measure B(Y(10753) — xp w)/B(T(10753) — xpow) = 1.13 £ 0.38 £ 0.34.

The statistical significances of the decays T(10860) — xps (77~ 7%)pon—w and Y (11020)
— Xo7 (7777 7) non—w, where the J = 1 and J = 2 channels are combined, are 4.50 and
2.50, respectively. For the combined J = 1 and 2 channels, we find I'..B(Y(10860) —
Xos (TP~ non—w) = (0.462£0.10-£0.07) &V / (0.3320.070.07) ¢V and T'eo B(Y(11020) —
Xog (77771 non—w) = (0.67 £0.24 +0.16) eV / (0.51 & 0.21 £0.14) eV from destructive /
constructive solutions.

o
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Figure 9. Energy dependences of the Born cross sections for (a) ete™ — xp1 w, (b) eTe™ = xpow,
(c) efem™ = xp1 (M7 7)non—w, and (d) ete™ — xp2 (777 7)) pon_w. Filled circles show the
measurements at Belle, and triangles show the measurements at Belle II. Error bars represent the
total uncorrelated uncertainties. Curves show the fit results.
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Table 6. The fitted mass and width of Y(10753), and I'.. By for T(10753), T(10860), and Y (11020)
decaying into xp1p2w and Xp1p2 (7777 )non—w. The upper limits on T'..B(Y(10753,10860) —
Xo1,p2w) and T B(Y(10753) — o102 (7771 7 )non—w) at 90% C.L. are shown in parentheses. For
Lo B(Y(10860,11020) — xp1.52 (777 7°)non—w), the destructive / constructive solutions are shown.

M(Y(10753)) (10756.1 £ 3.4 £ 2.7) MeV /c?
[(Y(10753)) (32.2 4+ 11.3 £ 14.9) MeV
Lee B(T(10753) — xp1 w) (1.57 £ 0.27 £ 0.22) eV
Lee B(Y(10753) — xpow) (1.39 £ 0.41 £ 0.33) eV
L B(T(10860) — xp1 w) (0.02 £ 0.04 £ 0.04) eV (< 0.10 eV)
Lee B(T(10860) — xp2 w) (0.00 £ 0.04 £ 0.02) eV (< 0.07 V)
[ee B(Y(11020) — xp1 w) (0.01 £ 0.02 £ 0.03) eV (< 0.07 V)
Lee B(Y(11020) — xpo w (0.18 £ 0.17 £ 0.05) eV (< 0.46 eV)
LeeB(Y(10753) — xp1 (7777 non—w) (0.00 £ 0.05 £ 0.02) eV (< 0.08 V)
LeeB(Y(10753) — xp2 (777 7)) non—w) (0.00 £ 0.03 £ 0.02) eV (< 0.07 eV)
Lee B(T(10860) — Xp1 (777 7 )non—w)  (0.28 £ 0.09 £ 0.06) eV / (0.16 & 0.05 + 0.06) e
Lee B(T(10860) — xp2 (7T 7 7 )non—w)  (0.18 £0.05 4 0.04) eV / (0.17 £ 0.05 + 0.04) e
Lee B(T(11020) — xp1 (77 7 non—w)  (0.52 £ 0.20 +0.12) eV / (0.37 4+ 0.16 + 0.10) eV
Lee B(T(11020) — xp2 (77 7 non—w)  (0.15+£0.134+0.10) eV / (0.14 4+ 0.13 +0.10) e

9 Summary

In summary, we study the processes eTe™ — ypyw and ete™ = x5 (77 7% non—w
(J =0, 1, 2) using Belle datasets with c.m. energies from 10.73 to 11.02 GeV and Belle II
datasets at /s = 10.653, 10.701, 10.745, and 10.805 GeV. The results for the Born cross
sections are given in tables 1, 2, 3, 4, 7, and 8. The energy dependences of the eTe™ — vy w
cross sections show a prominent Y (10753) signal, but no clear signals of the Y (10860) or
Y (11020). The energy dependences of the eTe™ — xp7 (777 7°)non_w cross sections show
low-significance peaks for the T(10860) and T(11020), but no signal for the Y(10753). We
measure the mass and width of the Y(10753) to be M = (10756.1 & 3.4 £ 2.7) MeV /c? and
I' = (32.24+11.34+14.9) MeV. The results for electron widths times branching fractions are
shown in table 6. The ratio B(Y(10753) — xp1 w)/B(Y(10753) — xpew) = 1.13+0.384+0.34
is consistent with the prediction for an S — D mixed state of 0.2 [4] at the 1.8 ¢ level.

Using the results of ref. [1], we estimate 3.2 _ B(Y(10753) — YT(nS)ntn")/ 32,
B(T(10753) — xpsw) < 0.9 and 32, B(T(10860) — Y(nS)ntn~)/ S25_, B(T(10860) —
Xpsw) > 28. Such a distinct decay pattern for two states with the same J7¢ quantum
numbers, separated by 100 MeV, indicates that they have different internal structures.

The Y(10860) state, and possibly the Y(11020) state, decay with a noticeable proba-
bility to xps (77~ 7%)non—w, while the corresponding decay of Y(10753) is not observed.
This decay pattern is expected if the xp7 (777~ 7)pon_o final states are produced via in-
termediate Z;(10610) and Z;,(10650) states [55], Y(10860,11020) — Zym — xpspm. The

decay Zp — xpsp was predicted in ref. [56]. With larger data samples collected around
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Y (10860) and Y(11020) resonances at Belle II in the future, the x3; p mass spectrum will
be further investigated to search for Z; states.
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Appendix A

Values of the inputs, resulting Born cross sections, and their upper limits for ete™ —

xpow and ete™ = xpo (7T 77 70)non_w are listed in tables 7 and 8, respectively.
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Table 7. Results for eTe™ — ypow at each energy point at Belle and Belle II. Column descriptions

are the same in table 1.

Vs (MeV) L (fb™!) e 1+dsr N 5(0) oo (Pb) o (Pb) g (Pb)

« 107010 1.640 0.150 0.650 0.0793 -  0.0%33 0.8 11.4
10731.3  0.946 0.101 0.637 0.0%905 - 0.0732 0.5 41.6
x 10745.0  9.870 0.178 0.630 0.075% - 0.07% 0.3 4.1
10771.2 0.955 0.106 0.786 1.0%57 1.5 14.0%[55 3.8 55.7
x 10805.0  4.690 0.177 0.940 0.0759 - 0.075¢ 0.3 5.1
10829.5  1.697 0.104 0.943 0.0705 -  0.07%3 0.3 13.9
10848.9  0.989 0.104 0927 0.0705 -  0.073% 0.3 24.3
10857.4  0.988 0.104 0.919 0.0155 - 0.0753% 0.3 24.5
10865.8  122.0 0.108 0911 0.0735 -  0.0757 0.1 0.6
10877.8  0.978 0.106 0.901 0.0155 - 0.0753% 0.3 24.5
10882.8  1.848 0.106 0.897 0.0705 -  0.07%3 0.3 13.0
10888.9  0.990 0.106 0.893 0.0703 -  0.073% 0.3 24.5
10898.3  2.408 0.107 0.886 0.0705 - 0.0%35 0.3 9.1
10907.3  0.980 0.107 0.881 0.0705 - 0.0759 0.3 24.8
10928.7  1.149 0.108 0.871 0.0795 - 0.0%5} 0.3 23.3
10957.5  0.969 0.108 0.860 0.0795 - 0.0%5} 0.3 27.9
10975.3  0.999 0.109 0.856 0.0155 - 0.075% 0.3 24.6
10990.4  0.985 0.109 0.852 0.0705 - 0.0759 0.3 25.1
11003.9  0.976 0.110 0.850 0.0795 - 0.0%59 0.3 25.1
11014.8  0.771 0.110 0.849 0.0795 -  0.0%%% 0.3 34.9
11018.5  0.859 0.110 0.848 0.0795 - 0.0%53 0.3 31.4
11020.8  0.982 0.111 0.848 0.0705 - 0.0759 0.3 24.8

11 Appendix B

The fitted values of a, p1, p2, p3, q1, g2, g3, and g4 (see egs. (5.4) and (5.5)) for the

tem = xypywand ete™ = xo7 (777 7)non_w at each energy point are provided

processes e
in the supplemental material [53].

For the convenience of the reader, we also provide profile likelihoods for well-populated
energy points. Uncorrelated systematic uncertainties are included in these profile likeli-
hoods, allowing them to be used directly in fits to the energy dependence on the same
footing as sparsely populated points.

This procedure yields results identical to those obtained by treating well-populated
points with asymmetric statistical uncertainties, adding uncorrelated systematic uncer-

tainties in quadrature, and including the corresponding x? contributions in the energy-
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Table 8. Results for ete™ — xp0 (777~ 7)non_w at each energy point at Belle and Belle I1. Column

descriptions are the same as in table 1.

Vs (MeV) L (fb™') & 1+4d0sr N8 (o) oo (pb) 0234 (pb) ok, (Pb)

syst
x 10653.0  3.550 0.086 0.682 0.0705 - 0.0753 0.6 8.1
x 10701.0  1.640 0.102 0.692 0.0755 - 0.072 0.6 14.4
10731.3 0946 0.077 0.701 0.0735 - 0.0%3%S 0.4 40.2
x 10745.0  9.870 0.143 0.701 0.0759 -  0.0797 0.3 3.6
10771.2 0955 0.091 0.698 0.0705 - 0.0%53 0.4 33.9
x 10805.0  4.690 0.157 0.684 05722 - 10713 0.6 8.5
10829.5  1.697 0.095 0.668 0.6, - 557127 0.3 37.3
10848.9  0.989 0.095 0.649 0.0735 - 0.0%59 0.3 33.7
10857.4  0.988 0.095 0.640 0.0155 - 0.0%53 0.3 34.3
10865.8  122.0 0.098 0.631 10.8775 1.8 1.47)3 0.3 2.7
10877.8  0.978 0.097 0.631 28719 - 456%39% 03 115.5
10882.8  1.848 0.097 0.642 0.0705 -  0.0%12 0.3 16.1
10888.9  0.990 0.097 0.670 0.0735 - 0.07%S 0.3 31.8
10898.3 2408 0.098 0.743 04%)5 - 22753 0.3 20.6
10907.3  0.980 0.098 0.826 0.0755 - 0.075} 0.3 25.8
10928.7  1.149 0.101 0964 07722 - 6122 03 34.1
10957.5  0.969 0.104 0.853 0.07%5 - 0.0%3] 0.3 24.0
109753 0.999 0.107 0.708 0.8T5% - 104%%° 03 53.2
10990.4  0.985 0.108 0.627 0.0%53 - 0.0773 0.3 30.9
11003.9 0976 0.109 0.674 0.0705 - 0.0%5% 0.3 28.6
11014.8  0.771 0.110 0.843 0.0795 - 0.0%5?2 0.3 28.8
110185  0.859 0.110 0912 00703 - 00137 0.3 23.8
11020.8  0.982 0.111 0956 0.0%55 - 0.0747 0.3 19.7

764 dependence fit.
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