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Abstract. The Belle and Belle II experiments have collected an 1.6 ab™' sample of ete~
collision data at center-of-mass energies near the Y (n.S) resonances. In particular, the Belle II
experiment collected a 19.2 fb~! sample of data at center-of-mass energies near the Y (10753)
resonance. We study the following processes: ete™ — YT (nS)n, efe™ — v Xp(xpum77),
and e"e™ — xps(1P)y. These results provide additional information about the nature of the
Y (10753) resonance and nearby structures. In addition, we measure the B® and BT meson
mass difference, and o (eTe™ — J/¢pp) over a range of center-of-mass energies accessed via
initial-state radiation.

1 The Belle and Belle II Experiments

The Belle experiment collected data between 1999 and 2010 at the asymmetric-energy et e~
collider KEKB in Tsukuba, Japan. It was a hermetic multi-purpose detector that combined good
charged-particle tracking and identification, as well as neutral detection. Combined with the
clean e*e~ environment, full event reconstruction is possible. Belle’s dataset, corresponding to
an integrated luminosity of about 1 ab™', is the largest dataset taken by an experiment at an e e~
collider in the T energy range to date. Most of the data were taken with the ete™ center-of-mass
energy set to the peak of the Y (4.5). In addition, data were collected at the narrow resonances
T(15,25,3S) and in an energy scan in the Y (5.5, 65) region.
The Belle II detector comprises a major upgrade of Belle and operates at the upgraded Su-
perKEKB collider. Belle II has been collecting data since 2019 and has achieved a new world-
record instantaneous luminosity of 5.1 x 1034 cm~2s~!. The integrated luminosity reached about
half of the Belle dataset. Again, the majority of the dataset has been collected at the Y(45) peak.
However, 19.2 fb~! of data have also been taken at higher energies near the Y (10753).

2 Hadron Spectroscopy at Belle 11

Hadron spectroscopy plays an important role in understanding the strong interaction, since at
low energies O(GeV) the strong coupling «g becomes too large for perturbative calculations of
QCD. Especially the discovery of X (3872) by Belle [[1] marked the beginning of a golden era in
the discovery of exotic, i.e. non-qg, hadron states. Belle (II) has a wide-ranging physics program,
including searches for new hadron states and precision measurements of their properties.

2.1 Studyofete™ — SR J/whth= (h=m, K,p)

One open question is the nature of vector charmonium-like Y states ﬂ which can be beyond
a simple cc state, e.g., compact multiquarks, hadronic molecules, or hadrocharmonium. We
investigate Y states directly produced in initial-state radiation processes at Belle II, e.g., on the
reaction ete” — fyISRJ/wh”Lh_(h = 7, K, p) with 427.9fb~" of data collected at the Y(45)
resonance. We observe clear resonance structures, i.e. peaks in the invariant mass distributions,
only for h = 7, i.e. the Y (4260) in the invariant mass distribution of .J/¢r* 7~ system in fig.
and the Z.(3900) in the M.« (7.J /1)) distribution in fig.|1b, where M. (7.J /1)) is the maximum

'known as 1 states in the PDG
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Figure 1: (a) Invariant mass distributions of the w7.J /1) system. The black dots with error bars rep-
resent the selected data (signal + background), and the green shaded histograms are background
estimates from the normalized .J /1 sidebands. (b) Resonance-model fit to My, (7.J/1)) in the
T (4260) M (w7~ J/1) region. The black dots with error bars represent background-subtracted
data, the blue curve represents the total fit, the red dashed curve represents the reweighted MC
shape for pure phase-space based on BESIII result at /s = 4.26 GeV [4], and the red solid curve
represents the Z.(3900)* signal.

of the invariant masses of the J/¢nt and J/¢)m~ subsystems. These resonance structures are in
agreement with measurements from Belle [2] and BESIII [3]].

2.2 Observation of eTe~ — nY(25)

In addition to hadrons with ¢ contribution, Belle II also searches for states with bb con-

tribution, e.g. T states. The first observation of Y (10753) by Belle [5] motivated Belle II to
collect additional data at four points in its energy region corresponding to 19.2 fb~!, which is
significantly larger than Belle’s ~ 6fb™'. After confirming the Y (10753) in Y (n.S)7 7~ decays
(6], we use the Y (10753)-scan data to search for other decay modes, i.e. in ete™ — 7Y (15, 25)
and ete™ — v X, [7].
We observe a signal only in eTe™ — 7Y (25) and extract the Born cross-section at four energy
points. A combined fit to these cross-sections and one additional energy point from Belle [8]]
yields a significance of < 20 for T(10753) — 1Y (2S) and > 3.60 for a new state near the
B* B* threshold in the nY'(2S5) system, which was first described by Belle I in [9].

3 Measurement of the mass difference m(B°) — m(B™)

We also perform precise determinations of the fundamental properties of hadronic states.
Using Belle + Belle II data at the Y (45) (571fb™" + 365 fb™ '), we measure the mass difference
Am of m(B°) and m(B*). Am is an important input for quark models and constrains m, — 1.
To this end, we analyze the B° and B* momenta spectra, both reconstructed using a full-event-
interpretation algorithm[10]. Under the assumption that both are produced with the same energy
E, we can, in principle, measure Am using

Am:\/E%—pQBo—\/E%—me- (D

The kinematics at the Y (4.5) are well suited for this measurement since the uncertainty of Am is
suppressed by the small B momentum as 6(Am) o< £2dpp ~ =0pp.
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Figure 2: (a) Average center of mass energy +/s as a function of time for data collected by
Belle IT in 2020 and 2021. Taken from [11]. (b) Average energy of the colliding beams as a
function of the binned average energy of the BB pair. The black and red dots correspond to the
Belle and Belle II data, respectively. Horizontal error bars indicate E ;5 bins, while vertical error
bars show statistical uncertainty in .

In this analysis, however, we use the distributions in

~ 2
e = \/ (F52) - @

which is uniquely related to p of B® or B*. This choice simplifies the modeling of combinatorial
background shapes. As My depends on the center-of-mass energy FEcy through pg in eq. ( .
an accurate model of the Ecy; distribution is essential. Our model accounts for various effects. It
models the smearing of Ecy from synchrotron and initial-state radiation. Average center-of-mass
energies oy changes over time (see fig. . 2a)) and are calculated for bins of average BB energies
FEpp (see fig. . This leads to differences between the /55 and beam energy spectra due to
the energy dependence of the ete~ — BB cross section, and differences between BB and
BT B~ spectra arising from the energy dependence of R, with

R o(ete” — B°BY)

o(ete- — BtB~) )

R is extracted in bins of the average center-of-mass energy F.,,. We parametrize the unknown
energy dependence of ‘R by parameterizing the energy dependence of the cross section as

o(ete” = B"B7) = Py (Eem)phe, (4)
0'(6+6_ — BOBO) = PH(Ecm)prUPZ(Ecm)7 (5)

where P (Ecm) is an 11th-order polynomial common for both cross sections and Pg(Ecm) isa
second-order polynomial that accounts for additional energy dependence of the cross-section
ratio beyond the different phase-space factors p, and p., .

Finally, we measure Am by performing a combined fit to 8 M, distributions, i.e. Belle
and Belle II data, each for B® and B* in a signal and sideband region (see exemplary fig. ,
as well as R distributions for Belle and Belle II (see exemplary fig. [3b). As an additional
constraint, we also fit to the energy dependence of o(ete~ — bb) measured by BaBar [12]
and o(ete™ — bb — D°/D°X) measured by us. We extensively test the systematic effects,
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Figure 3: (a) Mbc distribution for B* from Belle shown as black dots. The red solid line
represents the fit, the red dashed line the background contribution, and the black dashed line the
broken signal, i.e. signal events where one of the final state particles originates from background.
(b) Energy dependence of the ratio R of visible cross sections. The dots with error bars show
the direct measurement performed using Belle II data. The vertical inner and outer error bars
show statistical and total uncorrelated uncertainties, respectively. The horizontal error bars show
statistical uncertainty. The red curve represents the fit result.

including the binning in My, and the pp resolution. We also test the parameterizations used in
the combined fit, e.g. the choice of polynomial order of Pn(Ecm) and Pg(Ecm), as well as the
background modeling. One key finding is that the precision deteriorates significantly if either
Belle or Belle II data on R(E.,,) is excluded from the fit.

We measure

Am = (0.495 + 0.024 & 0.005) MeV /2, (6)

which is the most precise measurement of Am to date. It differs significantly from the BaBar
[13] result, (0.33 = 0.05 + 0.03) MeV /c?, which dominates the current PDG average. To study
the origin of this difference, we perform a combined fit using the phase-space hypothesis,
R = (ppo/pp+)? as assumed by BaBar. This results in Am = (0.386 £ 0.006) MeV /c?, which
is consistent with the BaBar value. However, this fit describes the data significantly worse.
Hence, the pure phase-space hypothesis is disfavored at approximately 100 according to Wilks’
theorem, which confirms predictions from [[14] that this assumption could lead to a bias in Am.
In addition, we extract the energy dependence of R in the combined fit for phenomenological
studies. We perform a phenomenological analysis of the extracted R(E..,) to determine the
parameters of the isovector BB potential, which modifies R(FE,,,). We find a 20 indication that
the isovector BB potential is attractive.

4 Summary

In summary, Belle and Belle II have rich physics programs in the field of hadron spectroscopy,
utilizing their unique datasets. We measured ete™ — SR J/Yhth= (h = 7, K,p) study Y
and Z states, where we find significant resonance structure only in ete™ — YR J/ihrtn—,
i.e. aY(4260) signal in the J/¢n 7~ system and a Z.(3900) signal in the J/¢7 subsystem.
In addition, we observed eTe™ — nY(2S5) at E¢ys around the Y(10753) mass, where a fit
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to the measured cross-section shows no significance of T (10753) signal and evidence for a
possible state near the B* B* threshold at a > 3.6¢ level. Finally, we measure the mass difference
m(BY) — m(B™T) with world-leading precision, providing important input for quark models. In
the future, Belle II will collect even larger data sets, enabling us to study hadron spectroscopy at
Belle and Belle I with unprecedented precision.
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