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We present an analysis of the processes e e~ — 7Y (15), nY(2S), and yX,, with X, = 757 y7, xps —
yY(18) (J = 1, 2) reconstructed from yyz"z=¢¢~ (¢ = e, u) final states in 19.6 tb~! of Belle II data
collected at four energy points near the peak of the Y(10753) resonance. Here, X,, is a hypothetical
bottomonium-sector partner of the X(3872). In the process ete™ — 7Y (2S), we observe a signal with a
significance that exceeds 6.0c when all energy points are combined. A signal with a significance of 4.2¢ is
observed at a center-of-mass energy of 10.653 GeV, close to the B*B* threshold. At this energy, we measure
o(nY(25))/o(xT7zY(2S)) > 23 at the 90% confidence level, indicating a strong violation of heavy-quark
spin symmetry. No significant signal is observed for ete™ — nY(1S) or yX,. Upper limits on the Born
cross sections for the processes eTe™ — 7Y (1S) and ete™ — yX,, with X, — n7 7 y,; are determined.

DOI: 10.1103/9f61-rmvx

In recent decades, a series of quarkoniumlike states with
unconventional characteristics have been observed at accel-
erator facilities [1], providing compelling evidence for the
existence of exotic hadronic configurations. Among these,
bottomonium states offer particularly valuable probes for
investigating the nonperturbative regime of quantum chro-
modynamics due to their distinctive mass scale and the
relatively clean theoretical description. In 2019, a new
structure, known as Y (10753), was identified in the cross-
section measurements of e e~ — 7tz Y (mS),m =1,2,3
[2]. With more data collected from the Belle II experiment,
this structure was confirmed in the measurement of the
cross section of ee” — wy,» [3], where its mass and
width were determined with greater precision [4]. The small
partial width of Y'(10753) — wn,;, [5] suggests that it may not
be exotic; however, the investigation of Y(10753) —
atz~Y(mS) and wy,;,J =1, 2 indicates that it is also
challenging to classify Y(10753) as a conventional botto-
monium state [3,4,6]. Therefore, further investigation is
warranted to fully understand the nature of the Y(10753).

The measurement of the hadronic transition of the
Y (10753) with emission of an # provides a complementary
approach to understanding of this resonance. A relatively
large branching fraction of Y(10753) — yY(nS) with
n=1, 2 is expected given the possibility of 45 —3D
mixing [7]. The branching fraction for Y'(10753) — nY(1S)
is predicted to be (0.46-5.46) x 1073 within this scheme [7],
which is comparable with Y'(10753) — wy,,; [3] observed at

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’.

Belle II. Furthermore, the e e~ — nY'(nS) process provides
a different approach to search for new bottomonium reso-
nances. A measurement of the Born cross section of e e~ —
B B™) with Y(10753) scan data [8] indicates that there
might be a structure near the B*B* threshold. In the
charmonium sector, a similar structure y(4040) was found
near the D* D* threshold and confirmedin ete™ — nJ /y [1].
Analogously, we can search for the possible state near the
B*B* threshold in the ete™ — 5Y'(nS) process.

The charmoniumlike state Y (4230) [1], which is pro-
duced in ete~ annihilation, has been measured to have
unexpectedly large branching fractions to z 7z~ (nS) and
wy.;, and can also decay to the exotic state X(3872) via
radiative transition [9]. Analogously, it is possible that the
Y (10753) decays to a bottomonium partner of the X (3872)
[10], X}, via radiative decay. The authors of Ref. [11] note
that the X, state would be likely to decay to z*z "y,
where y,,; will predominantly decay to yY(1S) [1].

To search for the eTe™ — Y (nS) and X, - zt7 y,,
events, we reconstruct yyz n~ £ ¢, ¢ = e, u final states.
For the 7Y (1S) channel, the 5 decays to z*z~z°, where 7°
decays to yy. In the #Y'(2S) channel, the decay modes are
either  — yy or n - 7z~ x", with Y(2S5) - z7z~Y(1S)
or Y(2S) —» £T¢~. We reconstruct y,; via the decay
to yY(1S). We always reconstruct Y(1S) in the £7¢~
final state. We exclude the decay chain n — yy with
Y (nS) — £7¢~ due to the large background from quantum
electrodynamics (QED) processes. The decay chain of
n— atx~ 2% with Y(25) - 272~ Y(1S) is also excluded
due to its low signal sensitivity. We use data collected
with the Belle II detector [12,13] in November 2021 at
center-of-mass (c.m.) energies of /s = 10.653, 10.701,
10.746, and 10.805 GeV, which form the Y(10753) scan
dataset.
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The Belle II detector operates at the SuperKEKB
asymmetric-energy electron-positron collider [14] at KEK.
The Belle II detector is a nearly 4z spectrometer consisting
of silicon-based vertexing and drift-chamber tracking
systems, Cherenkov-light particle identification detectors,
and an electromagnetic calorimeter (ECL), situated within a
superconducting solenoid providing a 1.5 T axial magnetic
field. The symmetry axis of these detectors, defined as
the z axis, is almost coincident with the direction of the
electron beam.

Monte Carlo (MC) simulated data are used to optimize
event selection, determine reconstruction efficiencies,
extraction of signal-resolution functions, and determine
the fit models used to extract the signals. We simulate
Y (10753) decays with EVTGEN [15], using PHOTOS [16] to
simulate final-state radiation. Initial-state radiation (ISR) at
next-to-leading order accuracy in quantum electrodynamics
is simulated with PHOKHARA [17]. The ete™ — Y (nS)
processes are simulated in P-wave, while eTe™ — yX,, is
simulated uniformly in phase-space. Detector simulation is
performed with Geant4 [18]. Reconstruction of events from
simulation and collision data uses the Belle II analysis
software [19,20]. An inclusive background sample with
four times the luminosity of data includes decays of pairs of
B mesons, hadronic processes with light quarks (u, d, s, ¢),
and low-multiplicity QED processes, e.g., Bhabha scatter-
ing [21-25], upu~(y) [21-25], ISR-produced hadron pairs
[17], and four-track events with at least one lepton pair
[26,27]. These simulated processes are used to check for
contamination from possible backgrounds.

Events are selected online by a hardware trigger that uses
drift-chamber and calorimeter information with an effi-
ciency greater than 97% for events containing at least three
tracks according to simulation [28]. In the offline analysis,
tracks reconstructed in the final state are required to
originate from the vicinity of the interaction point (within
2 cm along the z axis, and 0.5 cm in the radial direction) to
remove beam-related backgrounds and incorrectly recon-
structed tracks. Tracks are required to be within the angular
acceptance of the drift chamber, i.e., the polar angle with
respect to the z axis should lie within [17.0, 150.0]°. Tracks
with momenta less than 1 GeV/c are considered as pions,
those greater than 3 GeV/c are considered as leptons, and
those in between are excluded. To suppress the background
from e /7 misidentification, we require that at least one pion
candidate should have a likelihood ratio £,/(L, + L,)
less than 0.1. To further separate leptons, the lepton
candidates with a ratio of deposited energy in the ECL
to track momentum greater than 0.7 are regarded as
electrons, whereas those with a ratio less than 0.3 are
regarded as muons.

Photons are reconstructed from the ECL clusters
within the angular acceptance of the drift chamber. For
photons reconstructed in the barrel and forward end
cap, the deposited energy in the ECL must be greater

than 20 MeV. In contrast, for photons reconstructed from
the backward end cap, the energy threshold is set at
22.5 MeV. The barrel corresponds to a polar angle range
of [32.2, 128.7]° while the forward and backward end
caps correspond to [12.4, 31.4]° and [130.7, 155.1]°,
respectively. In the reconstruction of Y(nS) — ete”
events, a bremsstrahlung correction is applied by adding
the four-momentum of photons within 0.2 rad around the
initial electron direction to the four-momentum of the
electron. To suppress photon conversion background, we
require cos(Af) < 0.98 for the polar angle between the two
charged pions. A four-constraint kinematic fit is performed
to the yyztn~¢T¢~ candidates by constraining the four-
momenta of the final-state system to the initial eTe™ c.m.
system, and to further suppress background, a requirement
of y> < 80 is applied. On average, we find 1.07 candidates
per event. In events with multiple candidates we select the
one with the lowest value of y2, which retains the correct
candidate with an efficiency of 92.1%.

In selecting ete™ — nY(2S) with n -2tz 2" and
Y (2S) = £+ ¢, we require M(yy) €[0.115,0.165] GeV/c?,
and M(¢+¢7)€[10.00,10.06] GeV/c2. For n—yy
and Y(2S) » z#t2~Y(1S) candidates, we require
M(£+¢7)€[9.40,9.52] GeV/c?, and M(z*z~Y(1S))€
[10.015,10.030] GeV/c?, where M(zTz~Y(1S)) =
M(zta¢t¢™) = M(T¢7) + m(Y(1S)) is implemented
to improve the mass resolution. The regions are chosen to
cover approximately 95% of signal events. The Y(2S5)
sidebands are defined so that each has the same size as
the signal region; the gap between the signal region and the
sideband is half the size of the signal region. To improve
the mass resolution, corrected masses M'(yy) = M(yy) +
M(t¢7)—m(Y(1S)) and M(z* 72~ 2°) =M (z" 7 yy) —
M(yy) + m(z°) are used instead of the invariant masses.
Resolutions are improved by approximately a factor of
two, and the methods for improving the resolution differ
between M'(yy) and M(z*z~z°) due to their distinct
mass construction topologies. After applying the selection
criteria, the two-dimensional distributions of M (£+#~) and
M (z* 2= Y(1S)) versus M'(yy) and M (z* n~2") are shown
in Fig. 1, summing over all c.m. energies in the Y(10753)
scan data. Nominal Y'(2S) signal and side-band regions are
also displayed in Fig. 2. A clear cluster can be seen in the
Y (2S5) signal region. No peak is observed in the M’(yy) and
M (n "z~ z°) distribution in either the Y'(2S) data sideband or
the inclusive background MC sample.

The distributions of M’(yy) and M(z"z"z%) at the
individual energy points are shown in Fig. 2. An extended
unbinned maximum likelihood fit is performed simultane-
ously on M’(yy) and M(z"n~2") at each energy point, in
which the number of e*e™ — nY/(2S) (N 0q) events is the
common free parameter, and the relative ete™ — 7Y (25)
signal yields (Ngg) from the two spectra are computed
according tothe 7 — yy andy — 7"z~ z° branching fractions
(B) and reconstruction efficiencies (€), i.e., Ng, = NproaBe.
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FIG. 1. Two dimensional distribution of M(£7¢~) versus

M(zta=2%) (top) and M(z*z=Y(1S)) versus M'(yy) (bottom)
from data. Horizontal lines represents the Y'(2S) signal (red) and
sideband boundaries (blue).

The background probability density functions (PDFs) are
first-order polynomials, and the signal PDFs are the MC
histograms. The fit results are shown in Table I as well as
the statistical significance of the signal, which is deter-
mined by comparing the change of the likelihood and the
number of degrees of freedom in the fit with and without
the signal component in the fit. Profile likelihood distribu-
tions can be found in the Supplemental Material [29] and

on HEPData [30]. In a similar fit to the combined data
sample, the significance is 6.4c (see the Supplemental
Material [29]).

The Born cross section at each energy point is calculated
_ Npwa| 1-TIP
— L(1+49)
of the individual dataset, |1 — IT|? is the vacuum polariza-
tion factor [31], and (1 + &) is the radiative correction factor
[32] calculated using the Born cross-section lineshape in
the same way as in Ref. [4]. The numerical results of the
Born cross sections are listed in Table I and plotted in
Fig. 3. Additional analysis with 711 fb~! of data taken
around the Y'(4S) resonant peak by Belle [33] is performed,
and the cross section at the Y'(4S) peak is measured to be
less than 0.01 pb (with statistical uncertainty only),
indicating that the signal events at 10.653 GeV are not
coming from the Y'(4S) tail. We fit the Born cross sections
from both this work and the Belle study of Y(5S) —
nY(2S) [34] as a function of center-of-mass energy +/s
with three coherent relativistic Breit-Wigner functions
representing Y'(5S), Y(10753), and a possible state near
the B*B* threshold. The mass and width of Y(5S) and
Y(10753) are fixed to the known values [1,4]. The mass
and width of the new state are taken from the fit to the
B™ B™) cross section lineshape reported in Ref. [8]. The y?
of this fit is constructed from the Born cross-section-
dependent profile likelihood distribution from the individ-
ual simultaneous fit. We also test hypotheses that include
only the Y'(5S) resonance or only the Y'(5S) and Y (10753)
resonances, as shown in Fig. 3. These alternative hypoth-
eses are rejected relative to the three-resonance fit at the
level of at least 3.60. Additionally, we investigated an
alternative hypothesis in which the contribution from
Y(10753) or the proposed new state is replaced by a flat
continuum contribution. Although this hypothesis could
not be definitively rejected, it would necessitate a sub-
stantial continuum production of eTe™ — 7Y (2S) on the

using op , where L is the integrated luminosity

R | Bellell, 351" L | Bellell, 1615’ R | Bellell, 9.8 15" R | Bellell, 470’
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FIG. 2. Simultaneous fit to M(z* 7z~ z°

) (top) and M’ (yy) (bottom) from each energy point. Plots in the same column correspond to the

same scan energy. Dots with error bars are experimental data, the red solid lines represent the fit result, and the green histograms

represent events from the Y(2S) sideband.
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TABLE 1. Summary of the c.m. energy-dependent produced
signal yield (Np0q) and its statistical significance, ISR correction
factors (1 + 0), weighted efficiencies (¢), and Born cross sections
or upper limits at 90% CL (agL). There are two efficiencies for

7Y (2S) channel: the # — yy mode (left) and 7 - 7"

(right). For yX, channel, agﬂ‘)

7" mode

is the upper limit of o(ete™ —

rX,) x B(X, —» 7" y,;) at 90% CL Uncertainty values for the
signal yields are statistical only. For the Born cross sections, the
first uncertainty is statistical and the second systematic.

Mode  Npog (x10%)  (148)  €(%) o (pb)
Vs = (10653.30 £ 1.14) MeV, L =3512fb!
nY(28)  (3.7/9),420 0843 19.2/15.1 116707} +0.38
nY(1S) <0.4 0.895 239 <0.10

rXp <03 0.784 320 <0.14

V/s = (10700.90 £ 0.63) MeV, L =1.632 fb"!
nY(2S) (0.0559) 1.691  13.2/7.6 0.007)35 & 0.50
nY(1S) <0.4 0901 240 <0.22

Xy <0.1 0.803 313 <0.09

Vs = (10746.30 = 0.48) MeV, L£=92818 fb~!
nY(2S)  (3.24]9),48¢ 0.673 17.4/142 04502 +0.05
nY(1S) <0.9 0.906 238 <0.09

rXp <14 0817 298 <0.17

V/s = (10804.50 = 0.70) MeV, L =4.689 fb~!
nY(2S) (1.5%)3).2.80 0.822 17.1/15.2 036103 +£0.04
nY(1S) <04 0912 246 <0.08

rXp <13 0.833 282 <0.32

same scale as the known decay processes Y (10753) —
arY'(nS) and Y (10753) — wyp» [3.4].

We use the same yyztn~ £ ¢~ final state to reconstruct
ete” = n[- 2t 2% Y(1S). To purify the signal, we
apply the same selection criteria and mass selection on
vy and £¢~, which are reconstructed as z° and Y(15).
Only two events are found in the # signal region
[0.52,0.57) GeV/c?* with the full data sample [29].
Therefore, upper limits at 90% credibility level (CL) of
the signal yields at individual energies are estimated using
method described in Ref. [35]. The results for the signal
Born cross section, calculated assuming 1/s energy
dependence, are shown in Table 1.

We also search for the X, with X, — 7y, in e"e™ —
yX, with the same final state. We do not separate y,; and
X2 because of their very close invariant masses. The search
is performed in the mass window M(yY(1S))e
[9.84,9.96] GeV/c?. The signal PDFs are the MC histo-
grams. The dominant backgrounds for these channels
are eTe” = nY(1,2S5), ete” = w[— "2y, and
ete” - nta Y(2S)[- yxps], where subsequent decay
final states are shown in square brackets. The cross sec-
tion of ete™ — nY(1,2S) is reported in Table I and the

4F 41Y(29) at Belle
35F #1Y(25) at Belle I
3E
_ 25F
QO E
2 2k
m E
© 15F
1
0.5¢ _
0 EterieeeSs g
10.7 10.8 10.9
Vs [GeV]
FIG. 3. Born cross sections for eTe™ — nY(2S) with fit results

overlaid. Points with error bars show measured cross sections, the
solid curve is the nominal fit result with Y'(55), Y'(10753) and a
state near B* B* threshold, the green dashed curve is the fit result
with Y'(55) and Y(10753), and the blue dashed curve is the fit
result with only Y'(55). The new state near the B*B* threshold is
decoupled from the other two states, with only its amplitude
contributing to the fit.

contribution to zzy,; is small. The other two backgrounds
are difficult to suppress because of the similarity in phase-
space, thus their contributions are constrained during the fit
according to the measured Born cross sections [3,4],
branching fractions into the final state yyz*z~¢t¢~ [1],
and reconstruction efficiencies obtained from the MC
study. An unbinned maximum likelihood fit is performed
to the invariant mass M (77" y,;) [29]. Different hypoth-
eses of the mass of X, are evaluated, and the maximum
probability is found when m(X,) = 10.50 GeV/c?. No
evident signal of X, is found. The upper limits of
olete” - yX,) X B(X, - ntn ;) at 90% CL are esti-
mated using a Bayesian method as described in Ref. [4]
with the assumption that M(X,) = 10.50 GeV/c?, as
shown in Table I.

Sources of systematic uncertainty for the cross-section
measurements include tracking and photon detection
efficiencies, the integrated luminosity of the sample (L),
the choice of simulated-event generators, ISR factors, the
chosen generator decay model, trigger efficiency, the
cascade branching fractions (B), and the fit procedure.

In the simulation of eTe™ — yX,, we change the uni-
formly distributed radiative transition to alternative models.
The change of detector efficiency due to variation of
the decay model is taken as the systematic uncertainty.
This uncertainty is not considered for the process
ete” - nY(nS), which is known to have a P-wave
distribution. For the ISR factors in ete™ — 5Y(25),
we take the changes of the Born cross sections in dif-
ferent lineshape hypotheses as the systematic uncertain-
ties. We note that the systematic uncertainty is up to
33.8% for ete™ — nY'(2S) at 10.653 GeV, arising mainly
from the presence or absence of a new state near the
B*B* threshold.
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TABLE II.

The cross-section ratios ¢(nY(25))/c(x" 2~ Y(2S)) measured in this work near the B*B* threshold and the Y(10753)

resonance, together with previously measured ratios 6(7Y(1S))/o(zt 2z~ Y(1S)) from the Y(2S), Y(3S) and Y (4S) resonances [1], and
o(nY(2S))/o(xTa~Y(2S)) from the Y(5S) resonance [34]. Inequalities indicate limits at 90% CL.

NG Y(25) Y(35)

Y/(45) B*B* Y(10753) Y(55)

oY) /o(zt 7" Y) (1.6 £0.2) x 1073 <23 x 1073

22+02 >23 0312017 0.51 +0.07

To evaluate the systematic uncertainty due to fit pro-
cedure, we expand the fit ranges and change the back-
ground parametrization from a linear function to a uniform
or a quadratic function, or the parametrized shape of the
Y (2S) sideband, taking the differences in the signal yields
between the nominal fit and the alternative fit as the
systematic uncertainty. We find that the significance of
the observation of eTe™ — 1Y (2S) is always greater than
6.0c in all fit ranges and background parametrizations.
For ete™ - yX,, to be conservative, the largest upper
limits are taken as the nominal results from fits with
various fitting ranges. From studies of ete™ — putu~
and ete” = ata atn 2%2%, we assign a systematic
uncertainty of 1% to the trigger efficiency simulation.
Tracking uncertainty of 0.3% per track is obtained from
B - D*f[- Dz ]z~ and ete™ — 77~ control samples
in data. The uncertainty on the photon detection efficiency,
studied with e*e™ — u" U yigr, is 3.5% per photon. The
uncertainty on the reconstruction efficiency for the 7°
produced in # — zt772° is 4.3% based on studies of
BT — 7tD*9, D*® - D°z° The uncertainty of the inte-
grated luminosity is 0.7%, and the uncertainty from the
choice of generator is estimated to be 1.5% [36]. The
uncertainties on pion and electron identification efficiencies
are negligible compared to other systematic uncertainties.
The uncertainties in all the branching fractions used in this
analysis are taken from Ref. [1]. All systematic uncertain-
ties are combined in quadrature [29]. The Born cross
sections or their upper limits after considering the system-
atic uncertainties are summarized in Table 1.

In summary, we observe the process ete™ — 7Y (2S)
using four samples of eTe™ collision data taken at c.m.
energies near the Y'(10753) with a significance greater than
6.00. No significant signal for Y'(10753) is observed in the
fit to the Born cross sections. Hypotheses that attribute
the full signal to the Y'(5S) and/or the Y'(10753) states are
rejected at the level of at least 3.6¢. This favors the presence
of a new state near 10.65 GeV or substantial continuum
production, motivating further data collection in this energy
region. The new state could be a B*B* molecule suggested
in Ref. [8] to explain the rapid rise of the e*e™ — B*B*
cross section above the corresponding threshold. With
the measured cross sections of ete™ — 7z~ Y (nS) [4],
we calculate the ratio o(eTe” — 7Y (2S5))/o(eTe” —
ata~Y(2S)) at \/s= 10.653 GeV and 10.746 GeV, cor-
responding to the B*B* threshold and the Y(10753)
resonant peak. Table II presents the ratios compared with

those from other Y resonant peaks [1,34]. Final states of
Y(1S) are used when Y(2S5) is not available. An enhance-
ment is observed near the B*B* threshold, for which a
lower limit of 23 is determined at 90% CL These imply a
strong violation of heavy quark spin symmetry [37], which
predicts a production ratio of order 1073, and might be a
further indication of a B*B* molecular state.

We also search for the process ete™ — nY(15), as well
as for ete™ — yX,, where X, is the bottomonium-sector
partner of the X(3872). No evidence of a e*e™ — nY(1S)
or ete” —» yX, signal is found. The upper limits of
ete” - nY(1S) and yX, with X, —» 777 yp; =1, are
estimated at 90% CL.
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