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We search for the ete™ — vxps (J = 0, 1, 2) processes at center-of-mass energies /s = 10.653,
10.701, 10.746, and 10.804 GeV. These data were collected with the Belle II detector at the Su-
perKEKB collider and correspond to 3.5, 1.6, 9.8, and 4.7 fb ! of integrated luminosity, respectively.
We set upper limits at the 90% confidence level on the Born cross sections for e e™ — vy at each
center-of-mass energy /s near 10.746 GeV. The upper limits at 90% confidence level on the Born

cross sections for €+

e~ — yxp1 are significantly smaller than the corresponding measured values for

ete” — wxpr and ete™ — 7T Y(25) at /s = 10.746 GeV.

In 2019, a resonance with mass (10752.7735) MeV/c?

and width (35.571%9) MeV was observed in the ete™ —
Y(nS)rtn~ (n =1, 2, 3) process by Belle, which is de-
noted Y(10753) [1]. The Y(10753) has been interpreted
as a conventional bottomonium resonance [2-12], a hy-
brid [13, 14], or a tetraquark state [15-20]. To under-
stand the nature of this new resonance, further studies
of Y(10753) decays are needed.

Belle II has performed a number of studies using data
collected at ete™ center-of-mass energy /s near 10.746
GeV. The observation of ete™ — wxps (J = 1, 2) at
Vs = 10.746 GeV and evidence for ete™ — wxps (J
=1, 2) at \/s = 10.804 GeV were reported using the
full data sample of 19.6 fb~! at /s near 10.75 GeV [21],
where xps denotes xp7(1P) throughout. This study es-
tablished the decay mode Y (10753) — wxsps. Searches at
/5 =10.746 GeV for ete™ — wny(1S) and eTe™ — wypo
found no evidence for these processes and set upper lim-
its on the Born cross sections of 2.5 pb and 7.8 pb at
the 90% confidence level (C.L.) [22]. An updated mea-
surement of eTe™ — T(nS)rTr~ (n =1, 2, 3) improved
the precision on the mass, (10756.6 4 2.8) MeV/c?, and
width, (29.0 & 8.9) MeV, of the T(10753) [23].

The radiative decay of the T(10753) has not been stud-
ied experimentally. Theoretical calculations predict that
if the Y(10753) is a pure 2D state, the branching frac-
tions for Y(10753) — ~vxs1 and yxp2 are larger than
1072 [24, 25]. In addition, the cross section distribution
for ete™ — 77~ Y(nS) [1] exhibits two closely spaced
peaks corresponding to the T(10753) and Y (10860), anal-
ogous to the two-peak structure observed in the cross
sections for ete™ — 77~ J/1¢ at Y (4230) and Y (4320)
by BESIII [26]. Evidence for ete™ — vx.1 and ete™ —
YX 2 was observed by BESIII with statistical significances
of 3.00 and 3.40, respectively, using combined data sam-
ples at /s = 4.009, 4.230, 4.260, and 4.360 GeV [27]. If
Y (4230) and Y(10753) share similar internal dynamics,
we can expect decays of eTe™ — yxp1 and eTe™ — yxp2
near /s = 10.746 GeV.

We report on a search for the processes ete™ — vxus

(J =0, 1, 2) based on electron-positron collisions pro-
duced in November 2021 by the SuperKEKB collider [28]

at /s = 10.653, 10.701, 10.746, and 10.804 GeV. The
data was taken with the Belle II detector [29], corre-
sponding to 3.5, 1.6, 9.8, and 4.7 fb~! of integrated lu-
minosity [30], respectively.

The Belle II detector has a cylindrical geometry, with
the z axis roughly coinciding with the direction of the
electron beam, which defines the forward direction. Belle
IT consists of a two-layer silicon-pixel detector (PXD) sur-
rounded by a four-layer double-sided silicon-strip detec-
tor and a 56-layer central drift chamber (CDC). These de-
tectors are used to reconstruct the trajectories of charged
particles (tracks). Ounly one-sixth of the second layer
of the PXD was installed for the data analyzed here.
Surrounding the CDC is a time-of-propagation counter
(TOP) in the central region, and an aerogel-based ring-
imaging Cherenkov counter (ARICH) in the forward re-
gion. These detectors, as well as the CDC, provide
charged-particle identification. Surrounding TOP and
ARICH is an electromagnetic calorimeter (ECL) made of
CsI (T1) crystals, which provides energy and time mea-
surements for photons and electrons. These subsystems
are surrounded by a superconducting solenoid, providing
an axial magnetic field of 1.5 T. An iron flux return lo-
cated outside the coil is instrumented with resistive plate
chambers and plastic scintillators to detect K? mesons
and to identify muons.

We generate Monte Carlo (MC) simulated signal
events for ete™ — vxps with EVTGEN [31] according
to a uniform distribution in phase space. Initial-state
radiation (ISR) at next-to-leading order accuracy is sim-
ulated with PHOKHARA [32]. The GEANT4 [33] package
is used to simulate the passage of the particles inside the
detector and its response. All the data and simulated
events are reconstructed and analyzed using the Belle IT
analysis software [34].

The analysis procedure was established and finalized
before examining the signal variable distribution in data.
The xpy is reconstructed in the vY(15) final state, with
the T(1S5) decaying to eTe™ or ptu~, so the final state
particles are yyITI~ (I = e or p). In the offline anal-
ysis, we require the transverse and longitudinal projec-
tions of the distances of the closest approach of tracks to
the interaction point to be smaller than 1 cm and 3 cm,
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respectively. We require the number of charged tracks
to be two. Charged particle-identification information
from various subdetectors is combined in a likelihood L;
for particle species 4. Likelihood ratio R; = £;/L;, are
used to identify the species, where L;,; is the sum of likeli-
hoods from electrons, muons, pions, kaons, deuterons and
protons. At least one of the leptons used to reconstruct
the T(15) is required to have R. > 0.9 or R,, > 0.9, cor-
responding to identification efficiencies for electrons and
muons of approximately 95% and 90%, respectively. Lep-
tons that meet the selection criteria of R, > 0.9 or R,
> 0.9 are considered as electron or muon candidates, re-
spectively. Energy deposits in adjacent electromagnetic
calorimeter crystals are treated as photon candidates if
they are not associated with charged particles. To re-
duce the effects of bremsstrahlung and final-state radi-
ation, photons with energy less than 1 GeV detected in
the ECL within a 50 mrad cone of the initial electron or
positron direction are included in the calculation of the
particle four momentum for the ete™ final states.

The selection criteria below are optimized by maximiz-
ing the figure of merit, defined as /(3 + v/B) [35], where
€ is the signal efficiency determined using simulation, and
B is the number of background events estimated in the
Xbs signal region (9.84 GeV/c? < M(yY(1S)) < 9.94
GeV/c?) using simulated background samples, which in-
clude the ete™ — (y)ete™ (radiative Bhabha scatter-
ing) and ete™ — (y)uTp~ (radiative di-muon process),
scaled to the integrated luminosity of the data.

There are two photons in the eTe™ — ;s final state.
We require the ratio of the energy deposit in a 3 X 3 ma-
trix of crystals of the ECL to that in the enclosing 5 x 5
matrix in which the four corner crystals are excluded to
be greater than 0.8 for all photons. Based on MC simu-
lations, the lower energy photon, denoted ~;, is assumed
to come from the x4, and the higher energy photon, de-
noted vy, from the primary interaction. The energy for
v; is required to be larger than 280 MeV and 290 MeV
for pTu~ and ete final states, respectively. This dif-
ferent energy requirement is due to different background
levels for the u™ = and eTe™ modes. The energy of v
is highly correlated with the invariant mass of yY(15),
thus, we do not add any further requirement for its en-
ergy. To suppress the Bhabha background, we require
the absolute value of the cosine of the 7, polar angle in
the ete™ center-of-mass frame to be less than 0.7 for the
ete™ final state, which results in the largest difference in
the reconstruction efficiencies for u+ = and ete™ modes.

To reduce background and improve the mass resolu-
tion, we perform a kinematic fit for the ~yI*Ti~ final
state, where the four-momentum and vertex position of
the final-state are constrained to the initial eTe™ colli-
sion four-momentum and the interaction region, respec-
tively. In addition, the invariant mass of the dilepton
pair is required to lie within the Y(1S5) signal region:
9.44 GeV/c? < M(IT17) < 9.49 GeV/c?, corresponding
to an interval of about £2.0c around the Y(15) mass.

Only candidates with x?> < 30 from the kinematic fit
are retained for further analysis. If multiple candidates
are found in an event, the one with the smallest fit >
is selected. In the data, 2.2% of selected events contain
multiple candidates. Studies based on MC-simulated sig-
nal events indicate that no events contain multiple candi-
dates, and the probability of selecting an incorrect signal
candidate is negligible.

After imposing all selection criteria, the remain-
ing backgrounds are from di-muon events and Bhabha
events, neither of which is expected to peak in the
M(yY(1S)) distribution.

With the application of the above requirements except
for the T(15) signal region selection, the M (IT17) distri-
bution from the combined /s = 10.653, 10.701, 10.746,
and 10.804 GeV data sample is shown in Fig. 1. The
red dashed lines in Fig. 1 show the YT(15) signal region.
No clear T(15) signal is observed. The v (15) invariant
mass distributions are shown in Fig. 2 for candidates in
the T(15) signal region.
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FIG. 1: The invariant mass spectrum of {1~ from a combined
Vs = 10,653, 10.701, 10.746, and 10.804 GeV data sample.
The red dashed lines show the signal region (9.44 GeV/c? <
MIT17) < 9.49 GeV/c?).

We perform unbinned extended maximum-likelihood
fits to yY(1.5) invariant mass distributions to extract sig-
nal yields. The fitted results are shown in Fig. 2. We si-
multaneously fit the Y(1S) — pTp~ and Y(15) — ete™
modes for each energy point. In the simultaneous fit,
the ratio of yields between the u™p~ and ete™ chan-
nels is fixed according to the product of their respective
branching fractions [36] and reconstruction efficiencies.
The probability density functions (PDF) of x;; signals
are modeled as a sum of a Crystal Ball function [37] and
a Gaussian function that share a common mean. The
means are fixed to the known x,; masses [36], while the
remaining parameters are derived from simulation. To
account for data-simulation discrepancies, the photon en-
ergy in simulated events is smeared according to a reso-
lution scale factor, 1.01 +0.01, obtained from a 7% — 7
control sample. A second-order Chebyshev polynomial
is used to describe the background. The signal signifi-



cances are estimated using v/ —21n(Ly/Lmax), where Lo
and Lax are the maximized likelihoods without and with
the signal, respectively [38]. The signal yields at each en-
ergy point are listed in Table I. The largest statistical sig-
nal significance, 2.3c, is observed for yx40 at /s = 10.804
GeV. Since no significant signal was observed, we com-
pute 90% C.L. upper limits on the signal yields, NV, by
solving the equation

NUE +o0
/ L(z)daz// L(x)dx = 0.90, (1)
0 0

where z is the assumed signal yield, and L(x) is the cor-
responding maximized profiled likelihood of the fit. To
obtain L£(x), we perform a simultaneous fit to yY(15)
invariant mass distributions for each fixed value of z,
while the yields of other signals and background, as well
as the parameters of background shape, are allowed to
float. The upper limits on the signal yields, including
systematic uncertainties (discussed below), are listed in
Table I.

The Born cross sections are calculated as
Nsig|1 _ H|2
EiB;nt)ﬁ(l + 6ISR) ’

(2)

JBorn(e+ei — ’VXbJ) = Z (

i=e,u

where N®8 is the signal yield combined from p*p~ and
ete™ modes, L is the integrated luminosity of the data
sample, ¢; and Bi" are the reconstruction efficiency and
product branching fraction of the intermediate states for
the Y(15) — ete™ or T(15) — putp~ modes. The factor
|1 —II] is the vacuum polarization factor [39]. The ra-
diative correction factor [40-42], (1 + disr), is calculated
with the assumption that the eTe™ — )7 cross section
follows the 1/s line shape. The 90% C.L. upper limits
on the Born cross sections are calculated using Eq.(1),
with & = opom as defined in Eq.(2). The upper limits on
the Born cross sections including systematic uncertain-
ties (discussed below) for ete™ — vy at /s = 10.653,
10.701, 10.746, and 10.804 GeV are listed in Table I.

The systematic uncertainties in the cross-section mea-
surements of ete™ — vy, include contributions from
the branching fractions of intermediate states, recon-
struction efficiency uncertainties, trigger simulation, MC
statistical uncertainty, integrated luminosity, angular dis-
tributions, beam-energy calibration, the radiative correc-
tion factor, the masses and widths of x;s, and the fit
model. The systematic uncertainties from the masses
and widths of xp; and the fit model are additive. The
other sources of systematic uncertainties are multiplica-
tive, and are listed in Table II.

The main source of the systematic uncertainty comes
from the uncertainties of branching fractions of interme-
diate states, which are taken from the Review of Particle
Physics [36]. The total uncertainties from intermediate
branching fractions in eTe™ — yx0, €7e” — yxp1, and
ete™ — yxp2 are 14.6%, 7.3%, and 7.2%, respectively.

For the lepton track reconstruction efficiency, an un-
certainty of 0.3% per track, evaluated on ete™ — 77~
events, is included in the systematic uncertainty. In our
event selection, we only require at least one lepton to
be identified. Consequently, the lepton identification ef-
ficiency is so high ( > 99%) that the corresponding sys-
tematic uncertainty is negligible. The systematic uncer-
tainty of the photon reconstruction efficiency is 1.1% for
v, and 0.7% for 4, derived using the ete™ — (y)uTpu™
sample. We add individual uncertainties in quadrature
to obtain the final uncertainties related to the reconstruc-
tion efficiency, which is 1.9%.

The simulated trigger efficiency differs from the ef-
ficiency measured on data, as studied on Bhabha and
dimuon control samples. We require the Bhabha and
dimuon samples to satisfy the same selection criteria as
the signal process ete™ — vxus, as well as hardware-
based level 1 trigger requirements in the CDC and
ECL [30]. The efficiencies from data and simulation are
99.8% and 99.6% for the dimuon process, and 98.6% and
96.5% for the Bhabha process. As a result, we include
0.2% uncertainty for the yu™p~ mode and 2.1% for the
ete™ mode. We combine these uncertainties, taking into
account the detection efficiencies for p*tu~ and ete™
modes as weight factors, to obtain 1.7%.

The statistical uncertainty in the MC simulation effi-
ciency is 1%. The systematic uncertainty of the lumi-
nosity is estimated to be 1.2%, using Bhabha, di-photon,
and di-muon event samples [30].

We change the assumed angular distribution from uni-
form to 1 % cos?6 for yxps, where  is the polar angle
of v or xps in eTe™ center-of-mass frame, and take the
maximum difference in efficiency (4%) as the uncertainty.

The uncertainties of the collision energies are +1.2
MeV, £0.8 MeV, £0.7 MeV, and £0.85 MeV for center-
of-mass energies at 10.653, 10.701, 10.746, and 10.804
GeV respectively, according to the measurement of the
energy dependence of the ete™ — BB, BB*, and B*B*
cross sections at Belle IT [43]. We vary the collision en-
ergies in the kinematic fit to the MC simulated signal
candidates according to uncertainties of the collision en-
ergies above, and take the largest difference in calculated
signal reconstruction efficiency as the uncertainty due to
beam-energy calibration, which is 1%. We also account
for the 0.3% uncertainty associated with the position of
the center of the interaction region in the calculation of
the signal reconstruction efficiency. This effect is found
to be negligible.

To calculate the radiative correction factor for ete™ —
YXbJ, We assume the dressed cross section falls as 1/s. We
change the 1/s to 1/s? [44] and take the difference in the
radiative correction factor as the systematic uncertainty.
The uncertainties on the radiative correction factor in
ete™ — Yxw, €t e” — yxp1, and eTe” — vyxp2 are
1.5%, 1.4%, and 1.4%, respectively.

All the multiplicative uncertainties in the measure-
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FIG. 2: The fitted results to M (yY(1S)) distributions from data samples in (left) u*u~ and (right) e™e™ modes at /s = (a, b)
10.653, (c, d) 10.701, (e, ) 10.746, and (g, h) 10.804 GeV, respectively. Here, the points with error bars are the data samples.
The red curves show the fitted results. The blue curves show the total backgrounds. The black dot-dashed curves show the
xvo candidate, the purple dashed curves show the x;1 candidate, and the blue dotted curves show the x2 candidate.

ments of oo (eTe™ — yxps) are added in quadrature
to obtain the total systematic uncertainty.

The additive systematic uncertainties are evaluated by
varying input assumptions and parameters and assigning
the differences in cross section as systematic uncertain-
ties. We considered the following systematic uncertain-
ties associated with the masses and widths of x,;. We
varied the mean of the signal PDF according to the uncer-
tainties of the xp; masses from Review of Particle Physics
[36], which are £0.42 MeV, +0.26 MeV, and +0.26 MeV
for xpo0, Xp1, and xp2, respectively. To account for possi-
ble differences in mass resolution between data and MC
simulation, dominated by the photon energy resolution,

we repeated the fit while varying the photon energy res-
olution scale factor (1.01 £ 0.01) within its uncertainty
by +1lo.

The systematic uncertainties associated with the fit
model are estimated by changing the order of the back-
ground polynomial and the range of the fit with all the
x50, Xo1, and xp2 components included. Due to the small
branching fraction for xy0 — YY(1S), we compare the fit
results without a o component for the eTe™ — yxu1
and ete™ — 7yxp2 processes. The absolute uncertainties
of branching fractions for T(15) — u*p~ and T(1S5) —
ete™ are £0.04% and +0.08%, respectively [36], which
affect the ratio of yields between the u™p~ and eTe™



TABLE I: The values used to determine the Born cross sections for ete™ — vxps (J = 0, 1, 2) at /s = 10.653, 10.701,
10.746, and 10.804 GeV, respectively. Here L is the integrated luminosity, N is the sum of signal yields of T(18) — e*e™
and Y(15) — p™u~ modes with purely statistical uncertainty, NV is the upper limit at 90% C.L. on the signal yield, &+ .-

int

and €,+,- are reconstruction efficiencies for T(15) — ete™ and Y(15) — p*p~ modes, BIY, - and Bi;‘iu_ are the product

of the branching fractions of the intermediate states for T(1.5) — eTe™ and Y(1S) — pTu~ modes, |1 — II|? is the vacuum
polarization factor, 1 + dsr is the radiative correction factor, syst is the systematic uncertainty, and o5, is the upper limit

at 90% C.L. on the Born cross section.

Vs (GeV) L (fb~ ') Channel Nt

N e oo v, B, B [1—T° 1+ sk syst (%) ogeem (pb)

ptp

Yxv0o —5.5£49 85 0.215 0.361 0.00046 0.00048 0.930  0.901 15.5 9.18
10.653 3.512 Yxp1 104 £ 7.0 21.5 0.223 0.353 0.00841 0.00873 0.930  0.898 9.0 1.28
Yxpv2 —0.7£5.5 10.5 0.212 0.341 0.00430 0.00446 0.930  0.896 8.9 1.28
Yxvo —1.7£28 7.0 0.214 0.346 0.00046 0.00048 0.931  0.905 15.5 16.68
10.701 1.632 yxp1 —0.2=£3.7 8.6 0.217 0.351 0.00841 0.00873 0.931  0.903 9.0 1.11
Yxp2 —0.5£34 8.0 0.219 0.341 0.00430 0.00446 0.931  0.901 8.9 2.06
Yxeo —2.9+£9.5 13.9 0.216 0.356 0.00046 0.00048 0.931  0.909 15.5 5.37
10.746 9.818 yxp1 —6.1 £85 12.1 0.212 0.361 0.00841 0.00873 0.931  0.906 9.0 0.26
YXb2 3.8+ 9.7 19.1 0.218 0.358 0.00430 0.00446 0.931  0.904 8.9 0.79
yxvo 167 £ 8.1 30.1 0.222 0.361 0.00046 0.00048 0.932  0.914 15.5 23.77
10.804 4.689 yxpr —4.0+ 5.6 10.0 0.224 0.366 0.00841 0.00873 0.932  0.911 9.0 0.43
Yxpv2 —0.1 £5.7 11.2 0.228 0.364 0.00430 0.00446 0.932  0.909 8.9 0.94

modes in the simultaneous fit to T(1S) — p*p~ and
Y(1S) — eTe™. Therefore, in the simultaneous fit, we
change their branching fractions within uncertainties.

Systematic uncertainties are incorporated into our cal-
culations of upper limits in two steps. First, in determin-
ing the additive systematic uncertainty from the masses
and widths of xp; and fit model (as described above),
we additionally calculate the upper limit for each possi-
ble fit configuration and determine the most conservative
upper limit at 90% C.L. on the number of signal events.
Then, the likelihood with that most conservative upper
limit is convolved with a Gaussian function whose width
is equal to the corresponding total multiplicative uncer-
tainty summarized in Table II. The resulting 90% C.L.
upper limits on the Born cross section are tabulated in
the rightmost column of Table I.

In summary, we report a search for the ete™ —
vxps (J = 0, 1, 2) processes at /s = 10.653, 10.701,
10.746 and 10.804 GeV. We do not find evidence for
any signal process, and set upper limits at 90% C.L. on
the corresponding Born cross sections. Compared with
hadronic bottomonium transitions such as wxps (J = 1,
2), 7T~ Y(nS) (n =1, 2), and nY(25) [21, 23, 45], ra-
diative transition cross sections are significantly smaller.
Our measurements, when combined with existing results
on hadronic transitions, provide valuable input for clari-
fying the underlying nature of the T (10753).
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