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1. Introduction

Quarkonium is the bound state of a charm or bottom quark and their respective antiquarks.
Due to the large mass of the quarks relative to their binding energy, their relative velocity £ is small,
thus allowing their interaction to be treated by expanding the QCD Hamiltonian in terms of .
This highlights an intrinsic hierarchy for processes occurring at the scale of the heavy quarks’ mass
m ~ O(1), relative momentum p ~ O(f), and kinetic energy E ~ O(%). The first theoretical
approaches to study quarkonium properties were based on static potential models, but they were
eventually superseded by more precise effective field theories, an effort that culminated with the
formalization of potential Non Relativistic QCD (pNRQCD). Considerable improvements in the
computational power have also led to the rise of lattice QCD, which has reached a significant level
of precision and is now regarded as the best hope for a rigorous first-principles approach.

Besides ¢g and gqgq, in principle any combination of quarks and gluons that respect the QCD
color structure is allowed, including multiquark hadrons such as tetraquarks or pentaquarks, hybrid
states with both quarks and gluons participating as dynamical degrees of freedom or glueball
mesons with a pure gluonic composition. Hadronic molecules bound via Yukawa coupling and
bound states comprised by a quarkonium core and a cloud of gluons and light quarks have also been
proposed as possible multiquark states [1]. One would be encouraged to look for these so-called
exotics in the heavy charmonium and bottomonium spectrum, where their observation would be
less ambiguous with respect to the light sector, thanks to the relatively low and non-overlapping
widths of the conventional states.

Indeed, starting with the discovery of the X (3872) by Belle in 2003 [2], many exotic candidates
have been found in the spectra of both charmonium and bottomonium. For most of these, a clear
interpretation has not yet been established, so distinguishing between models or falsifying them
remains the main challenge of contemporary heavy hadron spectroscopy. At present, Belle II [3] is
the only collider experiment operating in the bottomonium mass region, collecting data from e*e”
collisions at the SuperKEKB [4] collider, having reached an integrated luminosity of approximately
900 fb~!'. While most of its dataset was collected from e*e~ collisions at a center-of-mass energy
matching the Y (4S) mass, it also explored higher energies, collecting about 19 fb~! across four
energy points around 10.750 GeV. The goal of such scan was to collect more statistics to better
constrain hypotheses regarding the nature of the Y (10753), a possible exotic state discovered by
Belle [5] in 2019. Here, we present an overview of recent results from analyses utilizing these
datasets.

2. Measurement of Y (10753) — n*n~ Y (nS) cross section at Belle II [6]

In this analysis we search for the Y (10753) — n* 2~ Y (nS) process at all four energy points
taken by Belle Il above the Y (45S), exploring the same channel in which the Y (10753) was originally
discovered by Belle, but with approximately five times more statistics. The Y(nS) candidates
are reconstructed via the Y(nS) — u*u~ decay, and the signal is extracted with a fit to the
AM = M (mrup) — M (up) distribution. We observe Y (10753) — n*t2~Y(1S) and Y(10753) —
atn~ Y (2S) with a significance of 80, while no evidence is found for the Y (10753) — n*z~Y(35)
channel. We also studied the distribution of the di-pion invariant mass, testing a phase-space
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hypothesis and a parameterization derived by CLEO [7] for the di-pion transitions among the
Y(3S5), Y(2S) and Y(1S) states. In the case of the 7Y (2S) we find a better agreement using
the CLEO parameterization. For the 77Y (1S), the two models produce quite similar distributions
and the current statistics do not allow us to distinguish between the two. Combining these results
with the previous Belle measurements [5], we determine for the first time the cross-section ratios
R(nS/2S) = o(x*n~Y(nS))/o(x*n~Y(2S)) at the Y(10753) resonance. The former result is
comparable with those obtained at the Y (10860) and Y (11020), while the latter is three to four
times lower. No evidence of Z;(10610/10650)* contribution to these transitions has been found

3. Measurement of e*e™ — w/ (771 7)non-w x5 (1P) cross sections [8]

Belle II has already observed the Y(10753) — wyxp1(1P) and Y(10753) — wyp2(1P)
decays [9], measuring a ratio between the two cross sections equal to 1.3 + 0.6 at \/s = 10.745
GeV, that contradicts a pure D-wave hypothesis [10] (that would lead to a ratio around 15) and is
1.80 away from the prediction of 0.2 from a 45-3D mixing hypothesis [11]. To further explore
this, we searched for the non-resonant e*e™ — nt7~ 7% (1P) process, comparing the cross
sections in the Y (10753), Y(10860), and Y (11020) mass regions. Since Belle II has not yet
collected data near the Y(10860) or Y(11020), we performed a combined analysis using Belle
data collected at several energy points, to compute the resonant and non-resonant cross sections
in these regions. In the resonant channel, the w is reconstructed via w — n*n~7°, requiring
0.75GeV/c?> < M(n*rn~n") < 0.81 GeV/c?, and the y;, states are reconstructed as yY(1S),
with Y(1S) — ¢*¢~ (¢ = e,u). For the non-resonant channel, we require the mass of the
a*tn~n¥ system to be outside the w mass window. For the resonant channel, the signal yield
is extracted with a two-dimensional fit to the M (n*72~7%) and M(yY(1S)) distributions, while
for the non-resonant channel, we perform a fit only on the M (yY(1S)) distribution. In both
the resonant and non-resonant channel, for energy points in which the statistics are too scarce
to perform a fit, event counting is performed instead. We compute the Born cross sections for
each energy point and fit them as a function of the center-of-mass energy with a coherent sum
of Breit-Wigner amplitudes for the Y (10753), Y(10860), and Y (11020). We observe a peak
at the Y (10753) mass in the wypy channel, but no clear signal for the Y(10860) or Y(11020).
Conversely, for the non-resonant (77~ 7°)y,; channel, we observe low-significance peaks at
the Y (10860) and Y (11020) but no signal at the Y(10753). This decay pattern is expected if
the non-resonant transition is produced via the intermediate Z,(10610) and Z,(11020) states,
Y (10860, 11020) — Zpm — xpypn predicted in Ref. [12]. Using the result from [5] we also
measure the ratio of 22:1 BR(Y(10753) — Y(nS)n*n~)/BR(Y(10753) — xpsw) to be less than
0.9, which is significantly lower with respect to that measured at the Y (10860), which is estimated
to be greater than 28. These results strongly suggest a different internal structure between the
Y (10753) and the Y (10860) despite having the same quantum numbers 1.

4. Search for e*e” — n,(1S)w and eTe™ — ypo(1P)w at /s = 10.745 GeV [13]

The search for ete™ — 1, (1S)w is a key measurement for understanding the Y (10753), as
its cross section is predicted to be strongly enhanced relative to the e*e™ — Y (1S8)x*n~ decay
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in the tetraquark model from Ref. [14]. This analysis also searches for e*e™ — yp0(1P)w using
an inclusive approach to compare its cross section with the e*e™ — xp1.2(1P)w processes; these
are predicted to be of the same order of magnitude in the 45-3D mixing interpretation of the
Y (10753) [15]. For this measurement, we utilized data recorded by Belle IT at v/s = 10.745 GeV,
which is the energy point closest to the Y(10753) resonance and the one with the highest statistics.
In both measurements, w candidates are reconstructed via the w — n*n~ 7" decay, and the signal
is extracted from the recoil mass of the w, defined as:

Myee(@) = (V5 = E0)? = 1ol (1)

where E, and j, are the energy and the momentum of the 7+ 7~ 7 system in the center-of-mass

frame, respectively. Since no significant excess is observed, we set the following upper limits (UL)
at 90% CL.:

o(ete”™ — np(1S)w) < 2.5 pb, o(ete”™ — xpo(1P)w) < 8.7 pb. (2)

The upper limit on the ypo(1P)w cross section is combined with the result from Ref. [9], yielding:
o(ete™ — xpo(1P)w) < 7.8 pb. 3)

These results do not support the tetraquark interpretation, which predicts an enhancement of

the Y (10753) — npw process relative to the Y (10753) — Y (nS)n* ™ cross sections. Instead, the
findings are consistent with the 45-3D mixing model described in Ref. [15].

5. Measurement of the energy dependence of e*e~ — BB, BB*, B*B* cross sections
at Belle 11 [16]

Quarkonium states above the BB threshold are expected to decay predominantly into B*) B(*)
pairs. Belle previously measured the cross sections for ete™ — BB, BB*, and B*B* [17]; however,
in the energy range between the Y (4S) and the Y (10860), the fit was poorly constrained by the
available data. This analysis utilizes data collected by Belle II at 10.653, 10.705, 10.745, and
10.805 GeV to improve the statistical precision in this region. To measure the cross sections, one
B meson is fully reconstructed through a large number of hadronic channels using the multivariate
Full Event Interpretation (FEI) algorithm [18]. The signal for BB, BB*, and B*B* processes is
extracted via a fit to the beam-constrained mass (Mp,.) distribution, defined as:

Mpe = N (Eem/2)? — |5BI% 4)

where E, is the center-of-mass energy and p g is the momentum of the reconstructed B meson in

the center-of-mass frame. The dressed cross section for each process is computed as:
N

(1+6sr)-L-€

where N is the signal yield obtained from the fit to Mp., (1 + d1sr) is the radiative correction factor,

&)

Odressed =

L is the integrated luminosity, and € is the reconstruction efficiency. We observe a sharp rise in the
ete” — B*B* cross section just above the open-flavor threshold, which may hint at the existence
of a molecular state. This could also provide an explanation for the narrow dip in the e*e~™ — BB*

cross section as a result of interference between the direct e*e™ — BB”* process and intermediate

transitions.
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6. Measurement of the B” — B* Mass Difference and the energy dependence of the
cross-section ratio o-(ete™ — B'B%)/o(ete” — B*B) [19].

The AM = m(B®) — m(B*) mass difference is a quantity sensitive to isospin violation due to
the mass difference between the u and d quarks and the electromagnetic interaction between the b
quark and the light quarks. Experimentally the measurement of the AM can be extracted from the
momentum distribution of the B meson pairs produced at the Y (4S) resonance. The measurement
of AM is sensitive to the cross-section ratio R = o(e*e™ — B°B%) /o (ete” — B*B7), since it
affects the momentum distribution of the B mesons. Prior to this measurement, the world average
was dominated by the result obtained by BaBar, which assumed a phase space dependence on
R =o(ete” — B'°B%/o(e*e” — B*B™), obtaining AM = 0.33 + 0.05 + 0.03 MeV [20]. This
assumption is not theoretically justified and could bias the AM estimation. In this analysis, we use a
combined Belle (571 fb~!) and Belle I (365 fb~!) dataset in order to measure AM = M (B®)—M (B*)
and R simultaneously. As in the previous analysis, the Full Event Interpretation technique (FEI) [18]
is employed to reconstruct one of the two B mesons in the event and infer the kinematic properties
of the BB pair.

The two main tools of the analysis are the modified beam-constrained mass and the measured
value of R.

The modified beam-constrained mass, My, defined as:

2
Jbe = \/(W) P ©)

where my 45y ~ 10.58 GeV/ c? represents the nominal Y (45) mass and B denotes either the BY or
B* candidate.

We use the variations of the center-of-mass energy across the data period to measure the

R dependence, taking into account the e*e™ energy spread, the Initial State Radiation (ISR)
contribution, the energy dependence of the B°BO /B* B~ cross section and the momentum resolution.

The value of AM is then extracted with a fit on the modified beam-constrained mass My, the
ratio R and several other sensible variables. The final result is AM = 0.496 + 0.024 + 0.005 MeV,
which is twice as precise as BaBar, and three sigma away from it, excluding a PHSP hypothesis at
100. The combined fit is sensitive to R(E.,,) on a wider energy range and allowed us to perform a
phenomenological analysis to describe the isovector potential. The parameters of this model are «,
which is the radius of the interaction region and §', which is the scattering phase in the isovector
BB channel. The result suggests an attractive potential with a significance of 20.

7. Future prospects for hadron spectroscopy at Belle I1

As Belle IT accumulates larger datasets, it is worth examining the prospects for hadron spec-
troscopy at the world’s only active B-factory. The target integrated luminosity, which is more than
one order of magnitude larger than that of Belle, will allow us to investigate rare decays and improve
the precision of current measurements, while taking data at higher beam energies will enable us to
probe new decay channels in search of exotic states. Concerning the former approach, one of the
primary targets would be the search for exclusive decays of the spin-singlet 17, (15). The 175, (15) can
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be produced via the A, (1P) — ynp (1S) transition, which has a branching fraction of approximately
50%, while the &, (1P) can be accessed through Y (4S) — nhp (1P), the dominant hidden-flavor
decay of the Y (4S). Lattice QCD provides a precise prediction for I'(n,(1S) — yy) [21], which
can serve as a theoretically well-understood channel for an exclusive search for the 7. Still, the
large combinatorial background and the overall low efficiency, paired with a branching fraction for
Y (4S) — nhy, (1P) of the order of 1073, would push the required luminosity to at least some ab™!.
Regarding the latter approach, moving to higher energies will not only grant access to the missing
pieces of the bottomonium spectrum below threshold, but would also clear the path to the Z;’ and
other exotic states that have yet to be discovered (cfr Ref. [22]). The isovector states Z, (10610)* and
Z,(10650)* are likely molecular states very close to the B®*) B* thresholds, so one should expect the
neutral Wy, ; partners as well, in order to complete the multiplet. The predicted W,,; states have all
negative G-parity, so they can’t be produced directly from e*e~ annihilations, but would require an
additional p meson or a y and could be searched in decays of vector states like the Y (10860) and the
Y (11020). Thanks to the larger phase space available, the Y (11020) offers a better opportunity to
observe these transitions compared to the Y (10860). Belle collected only 1 fb~! at the Y (11020);
therefore, even a relatively small dataset of O(10) fb~! from Belle II could significantly improve
our understanding of these transitions. However, reaching the Y (11020) would bring SuperKEKB
close to the Linac energy limit, unless substantial upgrades are performed. As for the isosinglet
X, states, they are not related to the Z;, and their existence is purely hypothetical. One should also
expect a mixing with the conventional bb states, that would affect their properties in a non fully
predictable way. Depending on their C-parity one should look for their production in association
with an 7 or an w, though in the latter case this would push the kinematic threshold above the
Y (11020) mass. While being predicted by both tetraquark and molecular models, no evidence of
the X}, isoscalar state—the bottomonium counterpart of the X (3872)—has been found yet. Belle
II searched for a 10.6 GeV/c? X}, state in the yX;, — y(wY(1S)) final state around the Y (10753)
resonance but found no evidence of signal [8].

The Belle II potential in heavy hadron spectroscopy is not just limited to bottomonium, but can
of course be extended to charmonium states. These can be produced in a variety of modes, from
B decays, initial state radiation emission or double charmonium production. Missing pieces in the
charmonium puzzles, such as the neutral partners of the Z,. states or interplay between the beauty
and the charm sector, such as the measurement of the absolute branching fraction of B — X (3872),
could be addressed as the Belle II dataset grows.
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