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Abstract

Recent results on spectroscopy from Belle are reviewed. The charged Zb states are searched for in Υ(5S ) →
B∗B(∗)π± decays, and the neutral Zb partner is searched for in Υ(5S ) → π0π0Υ(nS ) final states. X(3872) → π+π−J/ψ
is updated with Belle’s full data sample, and the charged partner is searched for in the ρ+J/ψ final state. The C−odd
neutral partner of X(3872) is searched for in the ηJ/ψ and γχc1 final states. The ψ2 charmonium state is observed for
the first time in the γχc1 final state. The scan on e+e− → ηJ/ψ via ISR shows obvious ψ(4040) and ψ(4160) signals,
but no Y state observed in the same final state. The partial widths of ψ(4040) and ψ(4160) decaying to ηJ/ψ are found
to be of order 1 MeV.
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1. Introduction

A system formed by a quark and its anti-quark (qq̄) is
a useful system in which to study the strong interaction.
As in an atomic system bound by the electromagnetic
force, there is a spectroscopy of the qq̄ system, com-
monly named quarkonium, that has states with differ-
ent quantum numbers. Both charmonium (cc̄) and bot-
tomonium (bb̄) are proven success stories of QCD [1].
Below the DD̄ threshold, all charmonia have been es-
tablished, the most recent being the hc [2], and there is
good agreement between experimental mass measure-
ments and predictions based upon potential models.

There are many charmonium and charmoniumlike
states observed above the DD̄ threshold in the past
ten years, beginning with the X(3872) discovered by
Belle [3]. Some of these are good candidates for the
predicted charmonia. On the other hand, many have un-
usual quantum numbers, which may indicate that exot-
ica such as multi-quark states, molecules, hybrids, or
the glueball, have been observed [1].

The Belle detector operates at the KEKB asym-
metric e+e− colliding-beam accelerator, which sup-
plied the world’s highest instantaneous luminosity (∼
1034cm−2s−1). By the end of operations in June 2010,

Belle took 1 ab−1 data, including 5.7 fb−1 at Υ(1S ),
24.9 fb−1 at Υ(2S ), 798 fb−1 near Υ(4S ), 123 fb−1 near
Υ(5S ), and several continuum data samples. These data
contain 102×106 Υ(1S ) events, 158×106 Υ(2S ) events
and 772 × 106 BB̄ events. Using B decays, initial state
radiation (ISR), two photon collisions, double charmo-
nium production, Υ radiative decay, and quarkonium
transitions, Belle has contributed on many fronts to
charmonium and bottomonium spectroscopy [1]. These
investigations are helpful to understand QCD, whose
behavior is still not very clear.

In this article, the recent results on spectroscopy from
the Belle experiment are reviewed.

2. Bottomoniumlike states Zb(10610) and Zb(10650)

Belle observed a large enhancement on Υ(5S ) →
π+π−Υ(nS ), with a partial width about 100 times the
expectation [4]. After the Dalitz plot analysis of the
final states, Belle observes two charged bottomonium-
like states both in the π±Υ(nS ) final states and in the
π±hb final states [5]. One state has M = (10607.2 ±
2.0) MeV/c2 and Γ = (18.4 ± 2.4) MeV, and is called
Zb(10610); the other has M = (10652.2 ± 1.5) MeV/c2

and Γ = (11.5 ± 2.2) MeV, and is called Zb(10650).
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Table 1: The relative branching fractions of Zb decays, assuming Zb
decays are saturated by the already observed Υ(nS )π, hb(mP)π, and
B(∗)B∗ channels.

Channel Fraction, %
Zb(10610) Zb(10650)

Υ(1S )π+ 0.32 ± 0.09 0.24 ± 0.07
Υ(2S )π+ 4.38 ± 1.21 2.40 ± 0.63
Υ(3S )π+ 2.15 ± 0.56 1.64 ± 0.40
hb(1P)π+ 2.81 ± 1.10 7.43 ± 2.70
hb(2P)π+ 4.34 ± 2.07 14.8 ± 6.22

B+B̄∗0 + B̄0B∗+ 86.0 ± 3.6 —
B∗+B̄∗0 — 73.4 ± 7.0

Both are candidates of the tetra-quark state since they
are charged.

If the Zb states are |bb̄ud̄〉 states, they can naturally de-
cay to B∗B(∗) final states, where one B meson is charged
and the other is neutral. Thus, Belle searches for the
charged Zb state in Υ(5S ) → B∗B(∗)π±. There are
194 ± 19 (9.3σ) BB∗π events and 82 ± 11 (5.7σ) B∗B∗π
events observed in the data, but no BBπ events. Fig-
ure 1 shows the invariant mass of BB∗π and of B∗B∗π,
obtained from the recoil mass of the charged π. The
B∗B∗π distribution is well fit to the Zb(10650) signal
alone, while the BB∗π distribution fits (almost) equally
well to a sum of Zb(10610) and Zb(10650) or to a sum of
Zb(10610) and a non-resonant contribution. Assuming
Zb decays are saturated by the already observed Υ(nS )π,
hb(mP)π, and B(∗)B∗ channels. Table 1 shows the rela-
tive branching fractions of Zb decays. We see that the
B(∗)B∗ channels dominate.

Figure 1: The MBB∗ and MB∗B∗ distributions in Υ(5S ) → B∗B(∗)π±

decays. These are determined from the recoil mass of the charged π.

One would naturally expect a neutral partner of the
Z+

b ; Belle searches for it in Υ(5S ) → Υ(nS )π0π0 [6]
and obtains the branching fractions B(Υ(5S ) →

Υ(1S )π0π0) = (2.25±0.11±0.20)×10−3 andB(Υ(5S )→
Υ(2S )π0π0) = (3.66 ± 0.22 ± 0.48) × 10−3, which are in

good agreement with the expectations from the isospin
relations applied to B(Υ(5S ) → Υ(1S )π+π−) = (4.45 ±
0.16 ± 0.35) × 10−3 and B(Υ(5S ) → Υ(2S )π+π−) =

(7.97±0.31±0.96)×10−3. Figure 2 shows the invariant
mass distributions of Υ(1S )π0 and Υ(2S )π0. A clear sig-
nal for the Z0

b (10610) is seen in Υ(2S )π0π0, while nei-
ther Z0

b is significant in Υ(1S )π0π0. The significance of
the Z0

b (10610) is 5.3σ (4.9σ with systematics), and the
mass M = (10609+8

−6 ±6) MeV/c2 is consistent with that
of the of Z±b (10610). The significance of the Z0

b (10650)
is only about 2σ.

Figure 2: The neutral Zb in Υ(5S ) → Υ(nS )π0π0. Left panel shows
the MΥπ0 distributions and the right plot shows the Mπ+π− distribu-
tions. The top row shows the Υ(1S )π0π0 final states and the bottom
row shows the Υ(2S )π0π0 final states. In each graph, the red his-
togram shows the MC simulations with Zb, while the blue histogram
shows the simulations without Zb.

3. hb(1P, 2P) and ηb(2S)

The hb(1P, 2P) and ηb(2S ) are studied with Belle’s
Υ(5S ) data sample [7]. In the decay Υ(5S ) →
hbπ

+π− → γηb(1S )π+π−, only π+, π− and γ are recon-
structed, and the ηb signal is obtained from M(ηb) =

∆Mmiss(π+π−γ) ≡ Mmiss(π+π−γ)−Mmiss(π+π−)+mhb , as
shown in Fig. 3. The width of ηb(1S ) is measured to be
Γ = 10.8+4.0+4.5

−3.7−2.0 MeV. The branching fractions are mea-
sured to be B(hb(1P) → γηb(1S )) = (49.2 ± 5.7+5.6

−3.3)%
and B(hb(2P) → γηb(1S )) = (22.3 ± 3.8+3.1

−3.3)%.
The hyperfine splitting of ∆MHF(ηb) = M(Υ(1S )) −
M(ηb(1S )) = (59.3 ± 1.9+2.4

−1.4) MeV/c2 is in good agree-
ment with the world average [8].

In the same final state, Belle sees the first evidence of
ηb(2S ) in Υ(5S )→ π+π−hb(2P)→ π+π−γηb(2S ) decay.
Figure 4 shows the ηb(2S ) in the recoil mass of π+π−γ.
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Figure 3: The ηb(1S ) signal in Υ(5S ) → π+π−hb → π+π−γηb. Plot
(a) shows it from hb(1P) decay, and plot (b) shows it from hb(2P)
decay.

The width of ηb(2S ) is narrow, with Γ = 4± 8 MeV and
< 24 MeV at 90% C.L. Table 2 shows the branching
fractions of hb → γηb decays, and the comparison to
the expectation from theory [9].

Figure 4: The ηb(2S ) signal in Υ(5S )→ π+π−hb(2P)→ π+π−γηb.

4. X(3872) and the possible partners

X(3872) was discovered by Belle in the decay mode
B→ K + X(3872)(→ π+π−J/ψ) in 2003 [3], and marks
the start of the so-called XYZ particles. Belle uses its
full data sample to update the results on X(3872) [3].
Based on the 772× 106 BB̄ events, Belle obtains a mass
of M = 3871.84±0.27±0.19 MeV/c2 and an upper limit
on the width of ΓX(3872) < 1.2 MeV at 90% C.L. The
mass difference from B+ and B0 decays is ∆MX(3872) =

Table 2: The branching fractions of hb → γηb decays from Belle
measurements and theory calculation [9].

Branching Fraction Belle value (%) Expectation (%)
hb(1P)→ γηb(1S ) 49.2 ± 5.7+5.6

−3.3 41
hb(2P)→ γηb(1S ) 22.3 ± 3.8+3.1

−3.3 13
hb(2P)→ γηb(2S ) 47.5 ± 10.5+6.8

−7.7 19

−0.69 ± 0.97 ± 0.19 MeV/c2, which is consistent with
zero. An angular analysis shows that both JPC = 1++

and JPC = 2−+ hypotheses describe the data well.
Since a charged partner could be expected if X(3872)

is exotic, Belle performs a search for a possible part-
ner in X(3872)+ → J/ψρ(→ π+π0). Figure 5 shows
the Mbc and Mπ+π0 J/ψ distributions from B̄0 and B+ de-
cays. There is no evidence of a charged X state in
B+ decays nor in B0 decays, and the upper limits of
the branching fractions are determined to be B(B

0
→

X+K−) × B(X+ → J/ψρ+) < 4.2 × 10−6 and B(B+ →

X+K0) × B(X+ → J/ψρ+) < 6.1 × 10−6.

Figure 5: The Mbc and Mπ+π0 J/ψ distributions from B̄0 and B+ de-

cays. The first row is B
0
→ K−ρ+J/ψ, and the second row is

B+ → K0ρ+J/ψ.

A possible C−odd neutral partner of X(3872) is also
searched for in ηJ/ψ and γχc1 final states. BaBar
searched for it in the ηJ/ψ final state with 90 × 106 BB̄
data sample soon after the discovery of X(3872) but
found no signal [10]. Belle performs a similar search
with its 772 × 106 BB̄ data sample. Figure 6 shows the
resulting MηJ/ψ distribution. There is still no obvious
C−odd partner at the expected mass. Belle sets an up-
per limit of B(B+ → X(3872)K+) × B(X → ηJ/ψ) <
3.8 × 10−6 at 90% C.L.
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Figure 6: The MηJ/ψ distribution in B decays from Belle. Except for
the expected ψ(2S ) signal, there is no obvious signal in the ηJ/ψ final
state.

In Belle’s study of the γχc1 final state, there is also
no evidence for the neutral C−odd X state. The upper
limit is determined to beB(B+ → X(3872)K+)×B(X →
γχc1) < 2.0 × 10−6 at 90% C.L.

5. First evidence of ψ2

In the same search for the B → K + γχc1 transition,
Belle finds evidence of a structure around 3.82 GeV/c2

for the first time. Figure 7 shows the signal from Mγχc1

distribution. The corresponding charmonium state from
a potential-model prediction is the ψ2 [11], whose mass
is 3.80 ∼ 3.84 GeV/c2. The good agreement indicates
that the ψ2 state has been observed by Belle. The signif-
icance of the ψ2 signal is 4.2σ including the systematic
error; the fitted width of this state is Γ(ψ2) = 4±6 MeV.

Figure 7: The Mγχc1 distribution in B decays.

6. e+e− → ηJ/ψ via ISR

ISR provides a powerful tool to scan the vector char-
monium states, for which JPC = 1−−. The first scans
on e+e− → π+π−J/ψ by BaBar [12] and Belle [13] ob-
served the Y(4008) and Y(4260). Subsequent studies
of e+e− → π+π−ψ(2S ) found two more exotic states,

the Y(4360) and Y(4660) [14, 15]. Curiously, the es-
tablished ψ(4040), ψ(4160) and ψ(4415) states are not
seen in previous π+π−ψ final states, so it is important to
search for other hadronic-transition final states of char-
monia, Using a 980 fb−1 data sample, Belle searches
for e+e− → ηJ/ψ via ISR for the first time. There are
distinct ψ(4040) and ψ(4160) states observed in both
η → γγ mode and η → π+π−π0 mode, but no Y state
is observed. This marks the first observation of ψ(4040)
and ψ(4160) decays to a final state without charmed
pairs. Figure 8 shows the MηJ/ψ distribution. There are
two solutions with the same goodness of fit when fitting
the MηJ/ψ spectrum with coherent ψ(4040) and ψ(4160)
resonances. The branching fractions are measured to
be B(ψ(4040) → ηJ/ψ) = (0.59 ± 0.11 ± 0.14)% and
B(ψ(4160)→ ηJ/ψ) = (0.50±0.07±0.11)% for one so-
lution, andB(ψ(4040)→ ηJ/ψ) = (1.44±0.18±0.18)%
and B(ψ(4160) → ηJ/ψ) = (1.83 ± 0.21 ± 0.24)% for
the alternate solution. These unusually large branching
fractions at the 1% level correspond to partial widths of
roughly 1 MeV.

Figure 8: The MηJ/ψ distribution from ISR. There are two solutions
with the same goodness of the fit when fitting with coherent ψ(4040)
and ψ(4160).

7. Summary
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