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1. Introduction

Hadron spectroscopy helps us explore how quarks combine to form different particles and how
the strong force behaves at low energies. In the bottomonium sector, several unexpected results have
been obtained, such as the large production rate of the spin-singlet P-wave state h;(2P) and new
bottomonium-like states known as X, Y, and Z. These exotic states do not fit into the simple quark
model and may be tetraquarks, meson molecules, or hybrids. In addition, evidence for pentaquark
candidates has opened another interesting direction in hadron spectroscopy. Further experimental
studies from Belle and Belle II will continue to improve our understanding of their nature and the
dynamics of hadron formation.

2. Recent bottomonium results from the Belle Collaboration

The spin-singlet P-wave state /i, (2P) is observed by the Belle Collaboration [ 1] at a surprisingly
high rate. The production of bb spin singlets is generally rare in e*e~ collisions because it requires
the spin flip of a heavy quark in a hadronic or radiative transition. In this section, we discuss the
studies performed on /;,(2P) decays by the Belle Collaboration.

2.1 Evidence for hj (2P) — Y (15)n and search for i (1P,2P) — ((18)x°

The transitions 4, (1P, 2P) — Y (18)n(x°) were studied using 121.4 fb~! of on-resonance data
and 12.0 fb~! of energy-scan data collected near the Y (5S) resonance [2]. The decay h;,(2P) —
Y (1S5)n is suppressed by heavy-quark spin symmetry, and its rate provides a sensitive test of
theoretical models [3, 4]. Belle found evidence for A (2P) — Y (1S)n with a significance of 3.50
and measured a branching fraction of (7.13‘2 +0.8) x 1073, No significant signal was observed
for hy(1P,2P) — Y(1S5)n°, and the upper limits at the 90% confidence level (CL) were set at
B(hpy(1P) = Y(18)7%) < 1.8 x 1073 and B(hp(2P) — Y(15)7°) < 1.8 x 1073, The diphoton

invariant mass (M, ) and recoil mass (M) distributions for the 7 mode are shown in Fig. 1.
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Figure 1: Comparison of 2-D fit projections of M, in the signal region of 10.242 < M™% < 10.278 GeV/c?

(left) and M7 in the signal region of 450 < M,, < 600 MeV/c? (right) for hy,(2P) — Y(1S) 5 decay
mode. The solid lines and points with error bars represent the fit results and the data, respectively.

2.2 Search for h; (2P) — v xp; (1P) at Vs = 10.860 GeV

The transitions h;,(2P) — yxps(1P) were studied using 121.4 fb~! of data collected at
Vs = 10.860 GeV [5]. In the Relativized Quark Model [6], these decays are expected to be highly
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suppressed (8 ~ 107°-1073) due to the required spin flip of the b quark, while coupled-channel
effects [7] could enhance them to O(1072).

No significant signal was observed, and upper limits were set as summarized in Table 1. The
measured limits are consistent with the Relativized Quark Model predictions, while the result for
xb»1(1P) disfavors the largest rates expected from coupled-channel effects.

| Channel | 8(90%CL) |
hp(2P) = yxp(1P) | <1.3x 1072
hy(2P) = yxp1(1P) | < 5.4 %1073
hp(2P) = yxpo(1P) | <2.7x 107!

Table 1: Upper limits on branching fractions at 90% CL.

3. Recent bottomonium results from the Belle II Collaboration

The Y(10753) bottomonium-like vector state was first observed by Belle [8] in ete™ —
a*n~Y(nS) (n = 1,2,3) and confirmed in fits to the inclusive e*e™ — bb cross section from
vs = 10.52 to 11.02 GeV [9]. Its measured mass and width, M = (10753 + 6) MeV/c? and
I = (36t11§) MeV, do not match any expected conventional bottomonium state, and its nature
remains uncertain. It has been interpreted as an Y (4S)-Y(3D) mixture [10, 11], although other
interpretations such as a tetraquark or conventional bottomonium models have been proposed.

To study its properties, Belle II performed an energy scan around the Y (10753) region,
collecting 19.6 fb~! of data at four center-of-mass energies, v/s = 10.653, 10.701, 10.745, and
10.805 GeV. These data provide the basis for detailed studies of the production and decay dynamics
of this intriguing state.

3.1 Study of Y (10753) =  y50(1P) and wiy (1)

The processes ete™ — wnp(1S)andete™ — wypo(1P) were studied at /s = 10.745 GeV [12].
In the tetraquark model [13], the decay Y (10753) — wnp (1) is expected to be enhanced relative
to Y(10753) — n*n~ Y (nS), while the 45-3D mixing model predicts a smaller rate, about 0.2-0.4
times lower [14]. Experimental input is therefore important.

Since the 15, (15) and y30(1P) have no dominant exclusive decay channels, the analysis recon-
structs w — 77~ 70 and uses the recoil mass

Mrecoil(ﬂ+7r_7ro) = \/((\/__Ew)/cz)z - (pa)/c)z, (D

as the signal-extraction variable, where E, and p, denote the w energy and momentum in the c.m.
frame. This approach improves the sensitivity compared to earlier full-reconstruction searches [15].

The fit results of Miecoii (777~ 70) for the decays e*e™ — w 1, (1S5) and e*e™ — w xpo(1P)
are shown in Fig. 2. No significant signals are observed. The 90% CL upper limits on the Born-level
cross sections are og(e*e™ — wnp(1S)) < 2.5 pb and og(eTe™ — wypo(1P)) < 8.7 pb. The
first limit is similar to the measured 7+~ Y (nS) cross sections of 1-3 pb [8], disfavoring the strong
enhancement predicted by the tetraquark model but consistent with the 45-3D mixing scenario.



Hadron spectroscopy at Belle and Belle I1

R. Garg on behalf of the Belle II collaboration

[N )
S S o
ARNRRRRRARNRE

o

—— Data

F~ — Total fit

Belle I, 9.8 fb!
Vs = 10.745 GeV

Candidates per 5 MeV/c?
© o ™
8 8 8
NRERI RanRRmitY
>.

Candidates per

1500
1000E

n
— X,

L L
b0.1 2(1P)

n
@
S
S
S
RULLNL UL RN L

—— Data
— Total fit

Be
s

lle 11, 9.8 fb'!
=10.745 GeV

n,(1S)
’(18
b

) upper limit

xm(1P) upper limit i

5005~
0

5007
~1000E

-1500 L L L L L L L L
978 9.8 9.82 9.84 986 9.88 9.9 992 9.94

M, oi(n* T 70 [GeV/c?]

Candidates per 5 MeV/c?

Candidates per 10 MeV/c?
o

~600) E L L L L 1 L
92 925 93 935 94 945 95 955 96
M. ..i(m*Tn) [GeV/c?]

( recoll
recoil

Figure 2: Distribution of Myecoii(7+ 7~ 70) for the ete™ — w 1, (15) (left) and e*e™ — w ypo(1P) (right)
candidates. The top distributions show data points with the fit function overlaid, and the bottom shows the
data with the background component of the fit function subtracted. The solid histogram shows the fit function
for the best fit; the dashed histogram shows the same function with the J = 0 yield fixed to the upper limit
and J = 1,2 yield set to O.

The wypo(1P) limit is comparable to the previous full-reconstruction upper limit of 11.3 pb [15]
and agrees with the measured wyp12(1P) rates of (3.6 £ 0.9) and (2.8 = 1.3) pb [15].

3.2 Study of Y (10753) = n*x~Y(nS)

Belle IT studied Y (10753) — n*n~ Y (nS) (n = 1, 2, 3) using data collected between /s = 10.6
and 10.8 GeV [16]. The Y (nS) states were reconstructed via Y (nS) — u*u~, and Born cross
sections op were measured as a function of 4/s to extract the resonance parameters of the Y (10753).
The analysis also searched for intermediate structures such as the f;(980) and Z; (10610, 10650)*
to study the internal decay dynamics.

The Born cross sections as a function of energy are shown in Fig. 3. Signals for 7*7~Y(1S)
and 7t~ Y (2S) were observed with significances exceeding 8o, while no evidence was found for
7tn~Y (3S). The cross-section ratios o-(n*7~ Y(1S,3S))/o(n*x~ Y(2S)) at the resonance peak
of the Y (10753) are determined for the first time. They are 0.46i%'. 1152 and 0. IOf%:%Z for n*n~Y(1S)
and n*n~ Y(3S), respectively. The ratio for 7%7~ Y(1S) at the Y(10753) peak is compatible
with the ratios at the Y(5S) and Y (6S) peaks. However, the relative ratio of 7*7~ Y(3S5) at the
Y (10753) peak is about 3 — 4 times smaller than at the Y(55) and Y (6S) peaks. The mass and
width of the Y(10753) are measured as (10756.3 £2.7 +0.9) MeV/c? and (29.0 + 8.8 + 1.2) MeV,
consistent with but more precise than earlier Belle results [8]. This improved precision provides
stronger constraints on theoretical interpretations of the Y (10753) structure.

4. Search for Pentaquarks at Belle

LHCb has discovered several charmed pentaquark states, including the P.(4312)*, P.(4440)*,
and P.(4457)*,in A, — K~ pJ/y decays [17]. Although B-factories cannot produce Aj baryons
directly, Belle provides large data samples of Y (1S) and Y (25) decays, offering a unique opportunity
to search for similar states in bottomonium decays. These pentaquark studies demonstrate Belle’s
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Figure 3: Born cross sections for 777~ Y(1S) (top), #t7n~ Y(2S) (middle), and n*7~ Y (3S) (bottom),
with fit results overlaid.

sensitivity to hidden-charm pentaquark production and open the possibility for future detailed
investigations at Belle II with larger datasets.

4.1 Search for P} — pJ/y in Y(1S,2S) decays

The inclusive decays Y(15,2S5) — P{X, with P} — pJ/y, were investigated using 6 fb~!
of Y(15) data and 25 fb~! of Y(25) data [18]. No significant P} signal was observed, and upper
limits were set on the product branching fractions 8(Y(1S,2S) — P X) x B(P — pJ/y) at the
90% CL, as summarized in Table 2.

Y (1S) decays Y (2S) decays
- P.(4312)* | P.(4440)* | P.(4457)* | P.(4312)" | P.(4440)* | P.(4457)*
B (x107%) <5.7 < 10.0 <17.6 <172 <11.8 <4.6

Table 2: Upper limits on the production of P.(4312)*, P.(4440)*, and P.(4457)* in Y(1S) and Y(2S)
inclusive decays. B is the upper limit of B(Y (1S,2S) — P! X) x B(P} — pJ/y) at 90% CL.

4.2 Evidence for P.;;(4459)" — AJ/y in Y (1S,2S) decays

A search for strange pentaquarks was performed using the combined Y (1S) and Y (2S) data
samples [19]. A signal consistent with P,z (4459)° — AJ/ Y was observed with 3.30 significance.
The resonance parameters were measured as M = (4471.7 + 4.8 + 0.6) MeV/c? and ' = (21.9 +
13.1 £ 2.7) MeV. These values are consistent with the LHCb observation and represent the first
evidence of P.z4(4459)° production in Y decays.
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5. Summary

The understanding of highly excited bottomonium and exotic heavy-quark states remains far
from complete. Belle and Belle II continue to play a central role in this field, providing precise
data on both conventional and exotic hadrons. With increasing luminosity and improved detector
performance, Belle Il is entering a stage where detailed studies of bottomonium, exotic multiquark
candidates, and hadronic transitions can be performed with high precision. The first energy-scan
data around the Y (10753) region have already opened new opportunities to test theoretical models
and explore the dynamics of the strong interaction. As Run 2 progresses, Belle II aims to collect
several ab~! of data, allowing comprehensive exploration of the spectroscopy of heavy quarkonia
and the search for new exotic states in the coming years.
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