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We study the processes ee™ — Y ;(1D)n and ete™ — Y;(1D)r" 7w~ at center-of-mass energies
V/5=(10.73 — 11.02) GeV using a 142.5 fb~! data sample, including 122 fb~! near the Y (10860) peak
(v/s = 10.866 GeV), collected with the Belle detector at the KEKB asymmetric-energy e*e™ collider.
From the peak sample, the products of Born cross section times branching fraction are obtained for
oBorn(ete”™ — T ;(1D)n) or oporm(ete™ — T;(1D)at 7 ™) and B(Y;(1D) — xp17y) or B(Y ;(1D) —
Xv27y) for each Y ;(1D) state. The corresponding branching fractions for YT (10860) decays are also
obtained. The significances of the T1(1D), Y2(1D), and Y3(1D) signals are 4.80, >100, and
3.00, respectively, including systematic uncertainties. The mass for Y2(1D) is measured to be
(10167.04£1.040.2) MeV/c?, where the first and second uncertainties are statistical and systematic.
The mass splittings Amiz = m(Y2(1D)) — m(Y1(1D)) and Amas = m(Y3(1D)) — m(Y2(1D)) are
(11.8 £ 1.5 + 0.4) MeV/c* and (7.6 &+ 2.4 + 0.6) MeV/c?, respectively. We determine the energy
dependence of the cross sections for ete™ — Y;(1D)n and ete™ — Y ;(1D)xt 7~ for the Y1 (1D),

T2(1D), and Y3(1D) states, combined.

As a prominent member of the heavy quarkonium fam-
ily, bottomonium is an ideal probe for the nonpertur-
bative behavior of quantum chromodynamics [1-4]. To
date, only one D-wave bottomonium state, Yo(1D), has
been observed, by CLEO and BaBar [5, 6]. The rel-
ativized quark model, nonrelativistic constituent quark
model, screened potential model, and the modified rel-
ativized quark model with a screening effect have pre-
dicted the mass splittings of the Y ;(1D) [7-10]. How-
ever, the states T1(1D) and Y5(1D) have not yet been
observed.

Within the hadronic loop mechanism, the branch-
ing fractions for Y(10860) — Y ;(1D)n, Y(11020) —
Y ;(1D)n, and Y(10860) — Y ;(1D)nt 7~ range in mag-
nitude from 1074 to 1073 [11-13]. In a 121.4 fb~! sample
at /s = 10.866 GeV, Belle studied ete™ — T ;(1D)n
and ete” — Y;(1D)rT7w~ in the recoil mass spectra
of n and 77~ [14, 15], where the Y;(1D), T5(1D),
and T3(1D) states were treated as a single component
or with fixed mass splittings. In this work, we separate
T1(1D), T3(1D), and Y3(1D) states through exclusive
reconstruction, applying a kinematic constraint, and per-
forming a three-dimensional (3D) fit. To date, there are
no reported experimental results for eTe™ — YT ;(1D)n
and ete™ — Y ;(1D)7n 7~ in the energy region around
the Y(11020) resonance.

In this Letter, we measure the cross sections for
ete™ — T ;(1D)p and ete” — YT, ;(1D)rt7~ using
Belle data at /s from 10.73 to 11.02 GeV. We report
first evidence for the Y1(1D) and Y3(1D) states, as
well as measurements of the Y ;(1D) masses. For the
energy point at /s = 10.866 GeV, we determine the
product of the Born cross section for eTe™ — Y ;(1D)n
(ete™ — Y ;(1D)rT 7w~ ) and the branching fraction of
T ;(1D) — xp1,p27. The corresponding branching frac-
tions for the Y(10860) decays are also found.

The data reported here were recorded by the Belle de-

tector [16, 17] at the KEKB asymmetric-energy ete™
collider [18, 19]. We use ~1 fb~! taken at each of 18
center-of-mass (c.m.) energies in the range 10.73 GeV —
11.02 GeV (energy scan data) and a 122 fb~! sample col-
lected at the T(10860), +/s=10865.8 MeV (T (10860) on-
resonance data). Thus, there are 19 energy points in total
at which we measure cross sections for ete™ — T ;(1D)n
and Y;(1D)rtn~. A detailed description of the Belle
detector can be found in Refs. [16, 17].

We generate signal Monte Carlo (MC) events with c.m.
energies from 10.73 to 11.02 GeV using the EVTGEN gen-
erator [20] to determine the reconstruction efficiencies
and signal shapes. Initial-state radiation (ISR) at next-
to-leading order precision in quantum electrodynamics is
simulated with PHOKHARA [21]. For ete™ — Y ;(1D)n,
the polar angle of the n in the ete™ c.m. system (6,)
is distributed according to (1 + cos?6,), (1 — cos?6,)),
and (1 + cos®6,) for T1(1D)n, Y2(1D)n, and Y5(1D)n
production, respectively. For ete™ — Y ;(1D)rt 7, the
polar angle of the 777~ system in the eTe™ c.m. system
(0r+r-) is distributed uniformly. Generic MC samples
of efe™ — qq (¢ = u,d,s,c) with the KkMcC [22] and
PYTHIA packages and Y(10860) — B((:)) B((:)) produced
with 4 times the luminosity of the data are used to esti-
mate backgrounds. The simulated events are processed
with a detector simulation based on GEANT3 [23].

We reconstruct the decay chains [7-10]

efe” = Y;(1D)y, ete” = Y;(1D)x 7™,
n—=y, n— il
T1(1D) = X017, T2(1D) = xe1,627, T3(1D) = xe27,
o102 — Y(1S)y, and T(1S) — €70~ (£ = por e).
The xpo is not included due to a small branching fraction

for xp0 — T(1S5)y [24-26]. Event selection and criteria
for tracks and particle identification follow the methods
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used in Refs. [27, 28].

We require the energies of photons from 7° and 7 can-
didates to be greater than 50 MeV and 100 MeV, re-
spectively. The signal regions for 7 — ~vy, n — 7,
and n — wtr~ 70 are 110 < M(yy) < 150 MeV/c?
(£2.50), 0.51 < M(yy) < 0.58 GeV/c? (£2.50), and
0.535 < M(ntn=7%) < 0.560 GeV/c? (£2.50), respec-
tively, where the symbol M denotes invariant mass and
the o is the mass resolution.

The T(15) signal regions are 9.15 < M(ete™) < 9.66
GeV/c? and 9.26 < M (up~) < 9.66 GeV/c? (approxi-
mately £2.50).

Photon pairs remaining in the event are used to recon-
struct xp1,p2 and Y ;(1D) candidates. The photon with
the higher energy (vg) in the eTe™ c.m. frame is used
to reconstruct xp1p2 — Y(1S)y, and the other (yz) to
reconstruct Y ;(1D) — xp1p27y. To calibrate the pho-
ton energy resolution function, three control channels
D*Y — D%, 79 — 45, and n — v are used [29].

We require the numbers of charged tracks to be two,
four, and four in the channels eTe™ — Y ;(1D)n(—
vy), efem — YT;(I1D)n(— atn~ 7%, and efe™ —
Y (1D)r 7, respectively. For ete™ — YT,;(1D)rt 7™,
background from v — eTe™ conversions is removed by
requiring cosf+,- < 0.95, where 6,.+,.- is the angle be-
tween 7T and 7~ in the laboratory frame.

To reduce backgrounds with additional particles in the
final state, a 5C kinematic fit using KFIT [30] is per-
formed, where the four-momentum of the final state sys-
tem is constrained to match the initial eTe™ c.m. system,
and the invariant mass of the lepton pair is constrained to
the Y(15) nominal mass [26]. The xZ5/ndof value of the
5C fit is required to be less than 20 which retains 98% of
the signal. In events with multiple candidates, only the
candidate with the smallest value of ch is retained. The
fractions of selected events with multiple candidates are
found in signal MC to be 8%, 2%, and 1% for eTe™ —
Y;(1D)n(— v7), ete™ — Y ;(1D)n(— ntn~xY), and
ete™ — T (1D)r" ™, respectively. These values are
consistent with the multiple candidate rates observed in
the data. The fractions of correctly reconstructed candi-
dates in ete™ — T ;(1D)n(— vv), eTe™ — YT ;(1D)n(—
atn=7%), and ete™ — Y;(1D)rt 7~ are found to be
94%, 97%, and 98%, respectively.

For the data at /s = 10.866 GeV, we simultaneously
fit to the eTe™ — T;(1D)n and ete™ — Y ;(1D)rt7~
channels, where the masses of the T ;(1D) are con-
strained to be the same. For eTe™ — Y;(1D)n or
ete” — T,;(1D)rT 7, we perform a 3D unbinned ex-
tended maximum-likelihood fit to the M'((T¢~~y) =
M yg) — ML) + m(Y(1S)) (xp1p2 mass),
AM = M0 vgyL) — M6~ vg) (mass difference
between xp142 and T(1D)), and Mg, (1) — Myec() +
M(yy, mtm 7% —m(n) or Myec(r*n™) (T ;(1D) mass)
distributions before the kinematic fit to extract signal
yields. Hereinafter, the variables M,.. and m denote

the recoil mass and the nominal mass [26]. The mag-
nitude of the maximum correlation coefficient among
the above three observables is 1% from simulation.
The fitting function is a sum of the following compo-
nents: 3D signal peaks and corresponding combinato-
rial backgrounds for T1(1D) — xp17y, L2(1D) = Xp17,
Y5(1D) — xp27, and Y3(1D) — xp2y in M/ (£~ vy),
AM, M]..(n) or Myec(m7™), respectively. The 3D sig-
nal and background probability density functions (PDF's)
are each the product of the three 1D PDFs.

The signal shapes in M’'(¢T¢~~y) and AM are each
described by a crystal ball (CB) function [31]. The sig-
nal shapes in M/, (1) and Me.(7"7~) are described by
double Gaussian functions. Except for the masses of the
T ;(1D) states, all parameters are fixed according to sig-
nal MC simulations. A first-order polynomial function
with free parameters is used to describe the combinatorial
background. The justification for using this polynomial is
verified through the control channels ete™ — YT (25)(—
Xb1,27)n and ete” — T(25)(— xp1p2y)7 7. The
yield ratio N®&(n — vv)/N%8(n — ata~70) is fixed at
4.2 in the 3D fit according to the products of branch-
ing fractions and efficiencies. The ratio of the yields
NSig(TQ(lD) — Xbl’y)/NSig(Tg(lD) — ng’)/) in €+€_ —
Y ;(1D)nand eTe™ — Y ;(1D)ntn~ is floated as a com-
mon parameter.

Fit projections for the signal region are shown in Fig. 1.
The signal yields are listed in Table I. The statistical sig-
nificances of the signals are calculated from the differ-
ence of the logarithmic likelihoods [32], —2In(Ly/Lmax),
where Ly and L.« are the maximized likelihoods with-
out and with a signal component, respectively, taking
into account the difference in the number of degrees
of freedom (Andf = 4 for the Y3(1D) and 3 for the
T13(1D)). The statistical significances are 5.10, >100,
and 3.1c for T4 (1D), T3(1D), and T3(1D), respectively,
and the significances including systematic uncertainties
are 4.80, >100, and 3.00. We varied the fit configura-
tions over all additive systematic variations (discussed
below), and conservatively took the lowest values as the
significances with systematics included.

The mass of T2(1D) is found to be (10167.0£1.0£0.2)
MeV/c?. The first and second uncertainties are statisti-
cal and systematic, throughout this paper. The mass
difference from the world average mass of (10163.7 +
1.4) MeV/c? [26] is 1.80. The mass splittings Amp =
m(Y2(1D)) — m(Y1(1D)) and Amas = m(Y3(1D)) —
m(Y2(1D)) are (11.8 = 1.5 + 0.4) MeV/c? and (7.6 +
2.4 4 0.6) MeV/c?, respectively. The branching frac-
tion ratio B(Y2(1D) — xp27)/B(Y2(1D) — xp17y) is
0.66 +0.27+0.15, which is consistent with the prediction
of ~0.3 in Refs. [7-10]. The distribution of M(7x*7~)
inefe” — Y,;(1D)rt7~ is shown in the Supplemental
Material [33].

For each Y;(1D) state and Y ;(1D) radiative de-
cay, we calculate the product of the Born cross section
for ete™ — T ;(1D)n and the branching fraction for
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T ;(1D) = xp1,627, using

oD Nsig |1 —11)2 0
orn L 2?21 8,;B;nt (1 + 5ISR)

where the index ¢ runs over channels n — vy and n —
atm~70; L is the integrated luminosity of the data sam-
ple; &; is the reconstruction efficiency; Bi"® is the product
of the branching fractions of all intermediate states. The
(1 + disr) is the radiative correction factor [22, 34, 35]
and the numerical values are listed in the Supplemen-
tal Material [33]. In calculating the radiative correction
factor, the energy dependency of the Born cross section
is described according to the measurement in this work
(discussed below). The |1 — II|? = 0.93 at each energy

point is the vacuum polarization factor [36, 37]. We cal-
(2)

Born — Y;(1D)rt 7~ using a similar

1) (2)

Born Born

culate o for ete~

equation. The values of o and o are listed in

Table 1.

Assuming the observed signals are all from T(10860)
decays, we determine the product of branching fractions
of T(10860) — Y ;(1D)n and Y ;(1D) — xp1,p2y With
the following formula
Nsig

10860) — 2 ot
Ny (10s60) D_i—1 EiB"

1
By 2)

The total number of Y(10860) events is calculated as
NT(IOSGO) = £0’(€+6_ — bb) = (42 + 02) X 107, where
o(ete™ — bb) = 0.34 £ 0.02 nb [38]. We calculate the
B'(I“Q()IOSGO) forete™ — Y ;(1D)nt 7~ using a similar equa-
tion. The values of BErl()losﬁo) and Bg()w%o) are listed in
Table I.

For the other energy points, the M/ (n) and
Mo (mtm™) distributions after applying the signal re-

gion requirements of 9.83 < M'({T¢~yy) < 9.94 GeV/c?
and 0.20 < AM < 0.29 GeV/c? (about 98% of signal
candidates are retained) are shown in the Supplemental
Material [33]. These distributions are very sparse and,
instead of fitting, we use event counting. We combine
the T1(1D), T2(1D), and Y3(1D) states due to signifi-
cant cross-feed among them.

We count the number of events, N°** in the Y ;(1D)
signal region of (10.13 — 10.19) GeV/c?. The signal yield
is defined as N®® = max(0, N°* — Nb8). To determine
the number of background events, NP% we perform a
3D fit to the data sample that combines all energies,
including 10.866 GeV. At all energy points except /s
= 10.866 GeV, the total numbers of N°P and NP8 in
ete™ = Y ;(1D)n (ete™ = Y ;(1D)nt7~) are 3.0 (8.0)
and 1.7 (1.4), respectively. The background is assumed
to be of non-resonant origin, and for each energy, the
NP2 value is assigned based on the corresponding lumi-
nosity and the background yield in the combined sample.
The statistical uncertainties on N8 are assigned based
on 68.3% confidence intervals provided by the Poissonian
limit estimator (POLE) program [39]; these are equiva-
lent to the unified approach in Ref. [40].

The product of the Born cross section for ete™ —
T ;(1D)n, the branching fraction for Y ;(1D) — Xp1.027,
and the branching fraction for xp1 52 — T(15)y (01(333m)
is calculated using Eq. (1), where B™ = B(n —
YY) B(T(1S) — ¢+47) or B(n — ata 7" B(r" —
vy) B(Y(1S) — £+¢~). We calculate the corresponding
o) for ete™ — Y (1D)rtr~ using a similar equa-
tion. At /s = 10.866 GeV, we use the same counting
method to determine 01(330)m and 01(340)m. The upper limits
are calculated directly using POLE, with the same con-
figuration as in Ref. [28]. The signal yields, Born cross

sections, and upper limits on the Born cross sections are



TABLE I: Results for ete™ — Y;(1D)n and ete™ — YT ;(1D)rt 7~ at /s = 10865.8 MeV. All symbols are explained in the

text.

Channel Enmsyy,p—mta— 70 Nsig Bgrl()msgo)(xw_g) U]<31(3rn(pb)
ete™ — Y1(1D)n, T1(1D) — xp17Yy 0.102,0.041 122+6.3 0.34+0.18+£0.06 0.17+0.09 £0.03
ete™ = Y2(1D)n, T2(1D) — xp17Y 0.103,0.042 37.8+£8.0 1.054+0.22+0.12 0.524+0.11+0.06
ete™ — Y2(1D)n, T2(1D) — xp2y 0.103,0.042  12.9+6.0 0.70+0.334+0.18 0.34+0.17+0.09
ete™ — Y3(1D)n, T3(1D) — xp2y 0.104,0.043 0.3£28 0.024+0.15£0.02 0.01 £0.07+0.01

Channel Ertmm NoE B ) (X1079) o) (pb)

ete” = Y1(1D)rtm—, T1(1D) — xp1Y 0.177 24.7+6.5 0.19+£0.054+0.03 0.09+£0.024+0.01
ete™ — To(1D)atr—, T2(1D) — xp17v 0.180 2504 6.7 0.1940.0640.03 0.09 % 0.03 4+ 0.01
ete™ = Yo (1D)rtm—, T2 (1D) — xp2y 0.181 8.5+£4.2 0.134+0.06 £0.04 0.06 £ 0.03 &+ 0.02
ete™ = Ys(1D)rtm—, T3(1D) — xp2y 0.182 179+6.7 0.27+0.09£0.03 0.13+0.05=+0.02

listed in the Supplemental Material [33].

The systematic uncertainties in the measurements of
cross sections for ete™ — T;(1D)n and efe” —
Y ;(1D)r "7~ include contributions from the photon en-
ergy calibration, fit model, reconstruction efficiency, ra-
diative correction factor, angular distributions, beam-
energy calibration, trigger simulation, integrated lumi-
nosity, 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. The resulting uncertainties of the peak positions
are 1.1 MeV/c? in both the M'(¢T¢=~vy) and AM dis-
tributions; the uncertainties in the resolutions are 0.9
and 1.1 MeV/c? in the M'(¢*¢~~vg) and AM distri-
butions [29]. For the results obtained with the fitting
method, we change the signal peak positions and reso-
lutions by +1o. We increase the order of the polyno-
mial describing the background by one and change the
fit interval. We vary the ratio N®&(n — ~v)/N%&(n —
atr~70) from 4.2 to 4.0 and 4.4 to account for the un-
certainties of the efficiencies and the n decay branching
fractions, and take the difference in the yield as a sys-
tematic uncertainty. For each fitted quantity, we varied
all the above configurations simultaneously and conser-
vatively consider the largest deviation from the nominal
result as the additive systematic uncertainty for the cor-
responding energy point.

The contributions to the multiplicative systematic un-
certainty are given in Table II. Detection efficiency un-
certainties include momentum-dependent tracking uncer-
tainties (1.0% per pion and 0.4% per lepton, derived from
D*t — D%— K¢rTm~)nT), pion identification (1.1%
per pion, derived from D** — DY(— K—nT)nt), lep-
ton identification (1.6% per electron and 1.2% per muon,
derived from yy — (T4~ (¢ = e, p)), photon reconstruc-
tion (2.0% per photon, derived from ete™ — ~ete™),
and 7° reconstruction (2.3% per 7, derived from 77 —
7 70u,).

TABLE II: The multiplicative systematic uncertainties (%) in
the measurements of cross sections for e*e™ — Y ;(1D)n and
ete” = YT;(1D)rtn™.

Source Y;(1D)y Y;(1D)n 7~
Efficiency 8.6 6.2
Angular distributions 1.7 6.6
Radiative correction factor 2.0 6.3
Luminosity 1.4 1.4
Branching fractions 6.7 6.6
Total 11.3 12.9

When the uniform angular distributions are changed to
14 cos?6,, and 14+ cos?0,+,-, the maximal deviations in
the efficiency are 1.7% and 4.8% for ete™ — Y ;(1D)n
and ete” — Y,;(1D)rtn~ [41], respectively. We as-
sume a flat distribution of 6.+ in the 7¥7~ system in
ete” — Y,;(1D)rtn~. We change the uniform dis-
tribution to 1 & cos?6.+, and take the maximal devi-
ation of 4.5% in the efficiency as the systematic un-
certainty due to angular distribution. The trigger un-
certainty is neglected because the trigger efficiencies for
ete™ = YT ;(1D)ny and ete™ — T ;(1D)rT 7~ are 99.3%
and 100.0%.

The uncertainties in the center of mass energies are
about 1 MeV. We change the collision energies in the 5C
kinematic fit by 10 and find the deviations in the signal
yields are less than 1.0%, which is negligible. In calcu-
lating the radiative correction factor, the measured en-
ergy dependence of the cross sections is used. We change
all of the parameters in the fit function by +1lo ac-
cording to the fitted results from the distributions of
olete™ = T ;(1D)n) and o(eTe™ — Y ;(1D)rtn~) as a
function of eTe™ c.m. energy, and take the maximum dif-
ference on the radiative correction factor as the resulting
uncertainty. Belle measures luminosity at 1.4% precision
using wide angle Bhabha events. The branching frac-
tions of all intermediate decays are taken from Ref. [26].
We add all the multiplicative systematic uncertainties in
quadrature to obtain the final multiplicative systematic
uncertainty, as listed in Table II.



We perform all possible combinations of the above vari-
ations of the fit, and conservatively consider the largest
deviation of fit results as the systematic uncertainty in
the measurement of YT ;(1D) masses. The uncertainty
due to the fit interval is dominant.

The dressed cross sections (Odressed) for efe™ —
Y;(1D)n or ete™ — YT ;(1D)rTw~ as a function of
c.m. energy are shown in Fig. 2. The 0gressea Can
be obtained by removing the vacuum polarization fac-
tor. The triangles show the dressed cross sections for
ete™ — Y;(1D)ntx~ at Belle II, which are obtained
according to the recoil mass distributions of 77~ [42]
(see the Supplemental Material [33] for details). The
profile likelihoods for each energy point are given in the
Supplemental Material [33]. The fit function to the Belle
and Belle II data points is the sum of the phase-space
and a coherent sum of the T(10860) and Y (11020) Breit-
Wigner amplitudes:

!Zm

s — M2 —iM,T; M;)

+CNR¢’(\[) (3)

where the index ¢ runs over the Y(10860) and Y (11020)
states; M;, I';, and T'cc; are the mass, total width, and
electronic width of the T states; ® is the phase-space
factor; ¢ is the complex phase; and cygr is a constant.
Only one solution is found from the fit since the in-
terference is weak due to the large mass difference be-
tween the Y(10860) and Y(11020) and the insignificant
signal of the Y(11020). Their masses and widths are
fixed to the world-average values [26]. The parameters
DPeeiB; and ¢ are floated. The fitted results are shown
in Fig. 2 and summarized in Table III. Since the sig-
nal significances of fit outputs are less than 3o, the up-
per limits at 90% C.L. are also given in Table III. The
value of ¢ is (—0.5£0.6) rad for ete™ — Y ,;(1D)nt 7.
Systematic uncertainties in the cross section energy de-
pendence fit results include the beam-energy calibra-
tion, the fit model, and the multiplicative systematic
uncertainties of cross section measurements [28]. For
ete” — YT,;(1D)rt7~, the Belle and Belle II-specific
correlated multiplicative uncertainties are taken into ac-
count separately [28]. The uncertainties from the masses
and widths of the T(10860) and Y (11020) are dominant.

TABLE III: Fitted values for I'e.B(Y(10860,11020) —
Y ;(1D)n)B; and T B(Y(10860,11020) — Y ;(1D)xt 7 )B;
in eV, where By = B(Y 7(1D) — x»1,6277)B(xs1,62 = L(15)7).
The upper limits at 90% C.L. are shown in square brackets.

T..B(T(10860) — Y, (1D)n)B; _ (0.091 £ 0.039 £ 0.016) [< 0.14
Tee B(T(11020) — Y ;(1D)n)B;  (0.000 % 0.018 = 0.005) [< 0.04
T B(Y(10860) — Y ;(1D)mx =~ )B; (0.034 £ 0.013 £ 0.006) [< 0.06
T'..B(Y(11020) — T ;(1D)x 7~ )Bs (0.020 £ 0.016 =+ 0.005) [< 0.05

In summary, we measure the cross sections for ete™ —
Y;(1D)n and ete™ — Y (1D)rT 7w~ using Belle data
collected at c.m. energies between 10.73 and 11.02 GeV.

= Belle data
& Belle Il data
—Total it
0dl ---Phase space

s (2) sy os- (b)
--Phase space L

Oacsea (PD)

(4)
Ogressea (PD)
o
N
T
gt
=
e
e
p

IS [GeV] ) Is [GeV]

FIG. 2 Energy dependences of (a) o) and (b) o(Y

for eTe™ — Y;(1D)y and ete™ — TJ(fS]I_S)e)dW 7. Filled cir-
cles show the measurements at Belle, and triangles show the
measurements at Belle II [42]. Error bars represent the total
uncorrelated uncertainties (statistical and additive uncertain-
ties). Curves show the fit results to the Belle and Belle II data

points.

We report first evidence for the T1(1D) and YT3(1D)
states. In the n channel, YT3(1D) production is strongly
suppressed and T (1D) production is slightly suppressed
relative to Yo(1D), which is consistent with the pre-
diction in Ref. [11]. In the 77~ channel, however,
we find comparable production rates for the Y;(1D),
T2(1D), and T3(1D) states. The mass for YTo(1D) is
(10167.0 £ 1.0 £ 0.2) MeV/c?. We compare the mass
splittings Amo and Ameogz with different theoretical pre-
dictions, as shown in Fig. 3.
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FIG. 3: The comparison of mass splittings Amis and
Amyas with different theoretical predictions. The predic-
tions are derived from nonrelativistic constituent quark model
in Segovia [7], relativized quark model in Godfrey [8], the
modified relativized quark model with a screening effect in
Wang [9], and screened potential model in Deng [10]. The
correlation coefficient between Amis and Amas is —0.06.
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