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We search for the ete™ — yy,; (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 SuperKEKB 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 ete™ — yy,,; at each center-of-mass energy /s near
10.746 GeV. The upper limits at 90% confidence level on the Born cross sections for ete™ — yy,, are
significantly smaller than the corresponding measured values for e™e™ — wy,,; and ete™ — 7z~ T(2S) at

Vs = 10.746 GeV.

DOI: 10.1103/2rv3-s3w7

In 2019, a resonance with mass (10752.7f2_'8 ) MeV/c?
and width (35.5%/89) MeV was observed in the
ete” - Y (nS)ntz~ (n = 1,2, 3) process by Belle, which
is denoted Y (10753) [1]. The Y(10753) has been inter-
preted as a conventional bottomonium resonance [2—12], a
hybrid [13,14], or a tetraquark state [15-20]. To understand
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™ — wy,; (J =1, 2)
at /s = 10.746 GeV and evidence for ete™ — wy,,
(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 y,; denotes y,;(1P) throughout. This study
established the decay mode Y (10753) — wy,,. Searches
at /s =10.746 GeV  for ete™ - wn,(1S) and
eTe™ = wyyy found no evidence for these processes and
set upper limits on the Born cross sections of 2.5 pb and
7.8 pb at the 90% confidence level (CL) [22]. An updated
measurement of ete™ —» V' (nS)z 7z~ (n=1, 2, 3) improved
the precision on the mass, (10756.6 & 2.8) MeV/c?, and
width, (29.0 + 8.9) MeV, of the Y (10753) [23].

The radiative decay of the Y(10753) has not been
studied experimentally. Theoretical calculations predict
that if the Y(10753) is a pure 2D state, the branching
fractions for Y(10753) — yy,; and yy,, are larger than
1072 [24,25]. In addition, the cross section distribution for
ete” - ata~ Y (nS) [1] exhibits two closely spaced peaks
corresponding to the Y(10753) and Y (10860), analogous
to the two-peak structure observed in the cross sections

for ete” - ztn~J/w at Y(4230) and Y(4320) by
BESIII [26]. Evidence for ete™ — yy,., and eTe™ = yy.»
was observed by BESIII with statistical significances of
3.00 and 3.40, respectively, using combined data samples

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

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™ = yy; and ete™ — vy
near /s = 10.746 GeV.

We report on a search for the processes ete™ = yy,;
(J =0, 1, 2) based on electron-positron collisions produced in
November 2021 by the SuperKEKB collider [28] at
Vs = 10.653, 10.701, 10.746, and 10.804 GeV. The data
was taken with the Belle II detector [29], corresponding to 3.5,
1.6, 9.8, and 4.7 fb~! of integrated luminosity [30],
respectively.

The Belle Il detector has a cylindrical geometry, with the z-
axis roughly coinciding with the direction of the electron
beam, which defines the forward direction. Belle II consists of
a two-layer silicon-pixel detector (PXD) surrounded by a
four-layer double-sided silicon-strip detector and a 56-layer
central drift chamber (CDC). These detectors are used to
reconstruct the trajectories of charged particles (tracks). Only
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 region. These detectors, as well as the CDC,
provide charged-particle identification. Surrounding TOP
and ARICH is an electromagnetic calorimeter (ECL) made
of CsI (Tl) 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 located 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™ — yy,; with EviGen [31] according to a uniform
distribution in phase space. Initial-state radiation (ISR) at
next-to-leading order accuracy is simulated 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 II analysis software [34].

The analysis procedure was established and finalized
before examining the signal variable distribution in data.
The y,; is reconstructed in the yY(1S) final state, with the
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T(1S) decaying to e™e™ or ™ u~, so the final state particles
are yyI[TI~ (I = e or y). In the offline analysis, we require
the transverse and longitudinal projections of the distances
of the closest approach of tracks to the interaction point to
be smaller than 1 and 3 cm, 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 i.
Likelihood ratio R; = L;/ L are used to identify the
species, where L, is the sum of likelihoods from electrons,
muons, pions, kaons, deuterons and protons. At least one of
the leptons used to reconstruct the Y (1S) is required to
have R, > 0.9 or R, > 0.9, corresponding to identifica-
tion efficiencies for electrons and muons of approximately
95% and 90%, respectively. Leptons that meet the selection
criteria of R, > 0.9 or R, > 0.9 are considered as electron
or muon candidates, respectively. Energy deposits in
adjacent electromagnetic calorimeter crystals are treated
as photon candidates if they are not associated with charged
particles. To reduce the effects of bremsstrahlung and final-
state radiation, 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 e*e™ final states.

The selection criteria below are optimized by maximizing
the figure of merit, defined as &/ (% +V/B) [35], where ¢ is
the signal efficiency determined using simulation, and B is
the number of background events estimated in the y,; signal
region [9.84 GeV/c? < M(yY(1S)) < 9.94 GeV/c?]
using simulated background samples, which include
the ete™ — (y)eTe™ (radiative Bhabha scattering) and
ete” — (y)u"p~ (radiative dimuon process), scaled to
the integrated luminosity of the data.

There are two photons in the ete™ — yy,; final state. We
require the ratio of the energy deposit in a 3 x 3 matrix 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 simulations, the lower
energy photon, denoted y,, is assumed to come from the y;,;,
and the higher energy photon, denoted y;,, from the primary
interaction. The energy for y; is required to be larger than
280 MeV and 290 MeV for ptu~ and eTe™ final states,
respectively. This different energy requirement is due to
different background levels for the "y~ and ete™ modes.
The energy of y,, is highly correlated with the invariant mass
of yY(1S), thus, we do not add any further requirement for
its energy. To suppress the Bhabha background, we require
the absolute value of the cosine of the y, polar angle in the
ete™ center-of-mass frame to be less than 0.7 for the e™e™
final state, which results in the largest difference in the
reconstruction efficiencies for u*p~ and e*e™ modes.

To reduce background and improve the mass resolution, we
perform a kinematic fit for the yyI*/~ final state, where the
four-momentum and vertex position of the final-state are
constrained to the initial e e~ collision four-momentum and

the interaction region, respectively. In addition, the invariant
mass of the dilepton pair is required to lie within the Y (1)
signal region; 9.44 GeV/c? < M(I*17) < 9.49 GeV/c?,
corresponding to an interval of about +-2.0¢ around the Y'(15)
mass. Only candidates with y?> < 30 from the kinematic fit are
retained for further analysis. If multiple candidates are found in
an event, the one with the smallest fit y is selected. In the data,
2.2% of selected events contain multiple candidates. Studies
based on MC-simulated signal events indicate that no events
contain multiple candidates, and the probability of selecting an
incorrect signal candidate is negligible.

After imposing all selection criteria, the remaining back-
grounds 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 Y(15) signal region selection, the M(I*17) dis-
tribution from the combined \/E = 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 Y(1S) signal region. No
clear Y(1S) signal is observed. The yY'(1S) invariant mass
distributions are shown in Fig. 2 for candidates in the
Y(1S) signal region.

We perform unbinned extended maximum-likelihood fits
to yY(1S) invariant mass distributions to extract signal
yields. The fitted results are shown in Fig. 2. We simulta-
neously fit the T(1S) - p*u~ and Y(1S) — e"e™ modes
for each energy point. In the simultaneous fit, the ratio of
yields between the u"u~ and ete™ channels is fixed
according to the product of their respective branching
fractions [36] and reconstruction efficiencies. The proba-
bility density functions (PDFs) of y,; 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 y,,; masses [36], while the remaining parameters
are derived from simulation. To account for data-simulation
discrepancies, the photon energy in simulated events is
smeared according to a resolution scale factor, 1.01 4 0.01,

i | Belle II, 19.6 fb”'
3> 100 : :

b
i
it f H H*H; iy H+++++

50 er

Events/(5 MeV/c?

o4 945 95 9.55
M(I*I) [GeV/c?]

FIG. 1. The invariant mass spectrum of /™[~ from a combined
/s = 10.653, 10.701, 10.746, and 10.804 GeV data sample. The
red dashed lines show the signal region [9.44 GeV/c? <
M(IT17) < 9.49 GeV/c?].
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FIG. 2. The fitted results to M (yY(1S)) distributions from data samples in (left) " u~ and (right) e"e™ modes at /s = 10.653 (a), (b),
10.701 (c), (d), 10.746 (e), (f), and 10.804 GeV (g), (h), 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 y,, candidate, the purple
dashed curves show the y;,; candidate, and the blue dotted curves show the y;,, candidate.

obtained from a 7° — yy control sample. A second-
order Chebyshev polynomial is used to describe the
background. The signal significances are estimated using

—21In(Ly/Lmax)» where Ly and L, are the maximized
likelihoods without and with the signal, respectively [38].
The signal yields at each energy point are listed in Table 1.
The largest statistical signal significance, 2.30, is observed
for yy,0 at /s = 10.804 GeV. Since no significant signal
was observed, we compute 90% CL upper limits on the
signal yields, NV, by solving the equation,

" L dxs /0+°° £(x)dx = 0.90, (1)

0

where x is the assumed signal yield, and L(x) is the
corresponding maximized profiled likelihood of the fit. To
obtain £(x), we perform a simultaneous fit to yY(1S)
invariant mass distributions for each fixed value of x, 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
Zl 6}4(8 Blnt)£(1 + 5ISR) ’

GBom(e+e - 7)(;;1)
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TABLE 1. The values used to determine the Born cross sections for e e™ = yy,,; (J =0, 1, 2) at /s = 10.653, 10.701, 10.746, and
10.804 GeV, respectively. Here £ is the integrated luminosity, Nt is the sum of signal yields of Y(1§) — e*e™ and Y(1S) — u*pu~
modes with purely statistical uncertainty, NU" is the upper limit at 90% CL on the signal yield, ¢,+,- and €,+,~ are reconstruction
efficiencies for Y(1S) - eTe™ and Y(1S) —» p"u~ modes, B, and BL“E”_ are the product of the branching fractions of the

intermediate states for Y(15) — e*e™ and Y(1S) — "~ modes, |1 —I1|? is the vacuum polarization factor, 1 + digg is the radiative
correction factor, syst is the systematic uncertainty, and 3= is the upper limit at 90% CL on the Born cross section.

Born
Vs (GeV) L (fb!) Channel Nfit N e gy, BT BL"iﬂ, [1-TI> 1+6gg Syst (%) oy (pb)
vreo  —5.5+£49 85 0215 0361 0.00046 0.00048 0.930  0.901 15.5 9.18
10.653 3.512 YXn1 104 +£7.0 21.5 0.223 0.353 0.00841 0.00873 0930  0.898 9.0 1.28
v,  —07£55 105 0212 0341 0.00430 0.00446 0930  0.896 8.9 1.28
Yo —17+£28 7.0 0214 0.346 0.00046 0.00048 0.931  0.905 15.5 16.68
10.701 1.632 vy —02+£37 86 0217 0351 0.00841 0.00873 0931  0.903 9.0 1.11
v,  —05+£34 80 0219 0341 0.00430 0.00446 0931  0.901 8.9 2.06
vrso —29+95 139 0216 0356 0.00046 0.00048  0.931 0.909 15.5 5.37
10.746 9.818 vy, —6.1£85 121 0212 0361 0.00841 0.00873 0931  0.906 9.0 0.26
Vb2 38497 19.1 0.218 0.358 0.00430 0.00446  0.931 0.904 8.9 0.79
Y200 16.7+8.1 30.1 0.222 0361 0.00046 0.00048 0932 0914 15.5 23.77
10.804 4.689 vy —4.0+£56 100 0224 0366 0.00841 0.00873 0.932 0911 9.0 0.43
Yy  —0.1+57 112 0228 0.364 0.00430 0.00446 0.932  0.909 8.9 0.94

where N* is the signal yield combined from u*u~ 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
T(1S) » ete” or Y(1S) —» utu~ modes. The factor
|1 —T1| is the vacuum polarization factor [39]. The radiative
correction factor [40-42], (1 4 Ssr), is calculated with the
assumption that the e™e™ — yy;,; cross section follows the
1/s line shape. The 90% CL upper limits on the Born cross
sections are calculated using Eq. (1), with x = op,, as
defined in Eq. (2). The upper limits on the Born cross
sections including systematic uncertainties (discussed
below) for ete™ — yy,; at /s = 10.653, 10.701, 10.746,
and 10.804 GeV are listed in Table I.

The systematic uncertainties in the cross section measure-
ments of eTe~™ — yy,; include contributions from the
branching fractions of intermediate states, reconstruction
efficiency uncertainties, trigger simulation, MC statistical
uncertainty, integrated luminosity, angular distributions,
beam-energy calibration, the radiative correction factor, the
masses and widths of y,;, and the fit model. The systematic
uncertainties from the masses and widths of y,; and the fit

is included in the systematic uncertainty. In our event
selection, we only require at least one lepton to be
identified. Consequently, the lepton identification effi-
ciency is so high (> 99%) that the corresponding system-
atic uncertainty is negligible. The systematic uncertainty of
the photon reconstruction efficiency is 1.1% for y; and
0.7% for y,, derived using the eTe™ — (y)u"u~ sample.
We add individual uncertainties in quadrature to obtain the
final uncertainties related to the reconstruction efficiency,
which is 1.9%.

The simulated trigger efficiency differs from the effi-
ciency 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™ — yy,;, 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

TABLE II. Relative multiplicative systematic uncertainties (%)
of the measurements of the Born cross sections for e™e™ = yy;0,
ete” = yyp1, and ete” — yyy, at /s near 10.746 GeV.

model are additive. The other sources of systematic uncer- Sources TXe0 Yxo1 X2
tainties are multiplicative, and are listed in Table II. Branching fractions 14.6 7.3 7.2
The main source of the systematic uncertainty comes  Detection efficiency L9 1.9 1.9
from the uncertainties of branching fractions of intermedi- ~ Trigger simulation L7 L7 L7
ate states, which are taken from [36]. The total uncertainties i\/ItC sartngkl: size " }(2) 1(2) }g
from intermediate branching fractions in ete™ — yy0, : egr]a ¢ di ‘;91;“:?5‘ Y 19 19 40
ete™ = yyp, and ete™ — yy,, are 14.6%, 7.3%, and nauar CIstributions. ’ ‘ :
72, respejct7ively ’ ’ Beam-energy calibration 1.0 1.0 1.0
<70, : Radiative correction factor 1.5 1.4 1.4
For the lepton track reconstruction efficiency, an uncer- Sum 15.5 9.0 2.9

tainty of 0.3% per track, evaluated on e™e~ — 777~ events,
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99.6% for the dimuon process, and 98.6% and 96.5% for
the Bhabha process. As a result, we include 0.2% uncer-
tainty for the ™y~ mode and 2.1% for the e™ e~ mode. We
combine these uncertainties, taking into account the detec-
tion efficiencies for ™y~ 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 luminosity
is estimated to be 1.2%, using Bhabha, diphoton, and
dimuon event samples [30].

We change the assumed angular distribution from uni-
form to 1 & cos?@ for yy,,;, where @ is the polar angle of y
or y,; in ete” center-of-mass frame, and take the maxi-
mum 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 GeV, 10.701 GeV,
10.746 GeV, 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 II [43].
We vary the collision energies in the kinematic fit to the MC
simulated signal candidates according to uncertainties of
the collision energies above, and take the largest difference
in calculated signal reconstruction efficiency as the uncer-
tainty 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™ = yy,;, 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 system-
atic uncertainty. The uncertainties on the radiative correc-
tion factor in eTe” = yy,, ete” = yy,, and
ete™ = vy are 1.5%, 1.4%, and 1.4%, respectively.

All the multiplicative uncertainties in the measurements
of ogom(ete™ = yy,,) 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 uncertainties.
We considered the following systematic uncertainties
associated with the masses and widths of y,;. We varied
the mean of the signal PDF according to the uncertainties of
the y,; masses from [36], which are +0.42 MeV,
+0.26 MeV, and +0.26 MeV for ypo, x»1> and ypo,
respectively. To account for possible differences in mass
resolution between data and MC simulation, dominated by
the photon energy resolution, we repeated the fit while
varying the photon energy resolution 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 background

polynomial and the range of the fit with all the y,, yp1,
and y;, components included. Due to the small branch-
ing fraction for y,y — yY(1S), we compare the fit results
without a y,, component for the e*e™ — yy,; and
ete™ — yy,» processes. The absolute uncertainties
of branching fractions for 7Y(1S)—>p"p~ and
Y(1S) - ete” are +0.04% and +0.08%, respectively
[36], which affect the ratio of yields between the ™y~ and
ete™ modes in the simultaneous fit to T(1S5) — p*u~ and
T(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 determining
the additive systematic uncertainty from the masses and
widths of y,; and fit model (as described above), we
additionally calculate the upper limit for each possible fit
configuration and determine the most conservative upper
limit at 90% CL 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 uncertainty sum-
marized in Table II. The resulting 90% CL 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™ = yy,;
(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% CL on the correspond-
ing Born cross sections. Compared with hadronic botto-
monium transitions such as wy,; (J =1, 2), zt 7z~ Y (nS)
(n=1, 2), and 5Y(2S) [21,23,45], radiative transition
cross sections are significantly smaller. Our measurements,
when combined with existing results on hadronic transi-
tions, provide valuable input for clarifying the underlying
nature of the Y(10753).
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