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1. Introduction

Starting with the observation of theηc(2S) state, a number of new states have been observed
by Belle. Some of these have been identified as being the predicted, but not-yet-seen, charmonium
states, while others, designated byX , Y & Z, are considered to be candidates for new types of
charmoniumlike states such as hybridcc̄-gluon states or multiquark states either of the molecular
type (cq̄c̄q) or the diquark-diantiquark (cqcq) type. Here, recentXY Z state-related measurements
are reported and examined in the context of possible charmonium assignments.

2. The X(3872)

The X(3872) was discovered by Belle in theJ/ψπ+π− mass spectrum in exclusiveB →
KX(3872) decay [1] in a 140 fb−1 data sample; it was subsequently seen in three other exper-
iments. One curious fact about theX(3872) is the near equality of its mass and themD0+mD∗0

threshold. The latest PDG world averaged mass [2] is 3871.56±0.22 MeV, while theD0D∗0 mass
threshold is 3871.79±0.30 MeV. The CDF group reported that only theJPC options 1++ and 2−+

are compatible with theJ/ψ andππ helicity angle distributions [3]. It is also now well established
that theππ system inX → J/ψπ+π− comes fromρ → ππ decays.

2.1 X(3872) → γJ/ψ(ψ ′)

The observation ofX(3872) in γJ/ψ(ψ ′) final states ensures that the charge-conjugation parity
of theX(3872) isC = +1. The first reported evidence forX(3872) → γJ/ψ was given by Belle [4]
using inB → KX(3872) decays in a 256fb−1 data sample with a signal significance of∼ 4σ .

BaBar also reportedX(3872) decays to bothγJ/ψ andγψ ′ final states in theB+ →K+γJ/ψ(ψ ′)

process [5], with signal significances of 3.6σ and 3.5σ , respectively. Their measured product of
branching fractions areB(B+ → K+X(3872))×B(X(3872) → γJ/ψ) = (2.8± 0.8)× 10−6 and
B(B+ → K+X(3872))×B(X(3872) → γψ ′) = (9.5± 2.8)× 10−6. The ratio of these branching
fractions isB(X3872→γψ ′)

B(X3872→γJψ) = 3.4±1.4, which is large for aDD
∗0

molecular state [6]

This year Belle studied theγJ/ψ(ψ ′) final states using their full data sample of 772×106BB
events [7]. TheB → KγJ/ψ channel is dominated byB → Kχc1; χc1 → γJ/ψ decays and this
is used as a calibration reaction; the branching fraction for the well knownB+ → K+χc1 decay is
measured to be(4.94±0.35)×10−4, which agrees well with the PDG value [2]. Belle also reported
first evidence forB → Kχc2 (via χc2 → γJ/ψ) with 3.6 σ significance. The branching fraction for
B+ → K+χc2 is measured to be(1.11±0.37)×10−5. The ratio of branching fractionsB(B+→K+χc2)

B(B+→K+χc1)

is 0.022± 0.007, which is a measure of the factorization suppression factor for JPC = 2++. In
the sameγJ/ψ final state but at higher masses, there is a clearX(3872) → γJ/ψ signal with
4.9 σ significance. Figure 1 showsMγJ/ψ mass distributions in exclusive (a)B+ → K+γJ/ψ and
(b) B0 → K0

S γJ/ψ decay. The product of branching fractions forB → KX and X → γJ/ψ is
measured to be(1.8± 0.5)× 10−6, which agrees with the BaBar result. However, there is no
significant signal forB+ → K+X andX → γψ ′ decay. Figures 1 show theMγψ ′ mass distributions
in B+ → K+γψ ′ decay for (c)ψ ′ → ℓ+ℓ− and (d)ψ ′ → J/ψπ+π− decays. An upper limit of the
product of branching fractions is determined to beB(B+ → K+X)× (X → γψ ′) < 3.4×10−6. The
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Figure 1: γJ/ψ mass distributions (top) for (a)B+ → K+X(3872) and (b)B0 → K0
s X(3872) candidate

events with subsequentX(3872) → γJ/ψ decay. γψ ′ mass distributions (bottom) forB+ → K+X(3872)
candidate events with subsequentX(3872)→ γψ ′ decay, whereψ ′ → ℓ+ℓ− in (c) andπ+π−J/ψ in (d).

ratio of branching fractions of its 90% CL upper limit isB(X→γψ ′)
B(X→γJ/ψ) < 2.1, in contradiction with the

BaBar result.

2.2 X(3872) → ωJ/ψ

In the D0D
∗0

molecular model of Swanson [6], theJPC is assumed to be 1++, in which case
the D0D

∗0
component is dominant, with small admixtures ofωJ/ψ and ρJ/ψ . In this model,

X(3872) → π+π−π0J/ψ decays were predicted to occur at about half the rate forX(3872) →
π+π−J/ψ decay. Belle performed a search for this 3πJ/ψ decay mode.

Figure 2(b) shows theY (3940) [8] seen inωJ/ψ mass distribution inB → KωJ/ψ decay. In
the X(3872) mass region, which is at the right edge of the kinematic boundary, Belle observes a
signal in the 3π mass spectrum corresponding to the sub-threshold decayX(3872) → ωJ/ψ . The
measured number of signal events were 12.4±4.1, from which the ratio of the branching fractions

B(X3872→ωJ/ψ)
B(X3872→π+π−J/ψ) is determined to be 1.0±0.5 [4].

This year BaBar reanalyzedB → KωJ/ψ final states using a relaxed omega mass selection [9]
0.5 < m3π < 0.9 GeV and saw a similarω signal. Using their reported branching fraction, we
obtain the combined ratio from Belle and BaBar to beB(X3872→ωJ/ψ)

B(X3872→π+π−J/ψ) = 0.8± 0.3. In addition,
BaBar reports that theM3π mass spectrum from theX3872→ J/ψω final states is suppressed near
its upper kinematic boundary by a centrifugal barrier factor that is consistent with aP-wave. Their
P-wave (2−) fit (χ2/NDF =3.53/5 ) to theM3π mass distribution is favored over theirS-wave (1+)
fit (χ2/NDF =10.17/5). This would be bad for a molecular interpretation of X(3872), however, this
corresponds to only about a 1.5σ effect.

2.3 Charmonium possibilities of X(3872)

From the CDF angular analysis results [3], the only two possible JPC assignments for theX

3



P
o
S
(
H
Q
L
 
2
0
1
0
)
0
0
9

HQL 2010 Sookyung Choi (for the Belle Collaboration)

480 605 730

M(!
+
!

-
!

0
) (MeV)

0

8

16

E
v
e
n
ts

/2
5
 M

e
V

a)

b)

Figure 2: a) The B-meson signal yields versus 3π invariant mass in theX(3872) region ofMX −3σ < MX <

MX +1σ) for B → Kπ+π−π0J/ψ decay. b)B → KωJ/ψ signal yields versusM(ωJ/ψ)

are 1++ and 2−+; all otherJPC values are ruled out with high confidence. In this section, wesurvey
charmonium possibilities forX(3872) with these twoJPC assignments.

For the 1++ assignment, the possible undiscovered charmonium state isχ ′
c1. For theX(3872)=

χ ′
c1 assignment, the following puzzling questions arise.

• Since the mass ofχ ′
c2 is now known to be 3930 MeV [10], the mass ofχ ′

c1 is expected to be
∼ 3905 MeV. Therefore, the mass ofX(3872) is too low for it to be theχ ′

c1.

• Barneset al. [11] estimated the partial width forΓ(χc1′ → γψ ′) ∼ 180 keV, whileΓ(χc1′ →
γJ/ψ) ∼ 14 keV. So, the ratio of of partial widthsΓ(χc1′→γψ ′)

Γ(χc1′→γJ/ψ) should be much bigger than
unity. Therefore, theχc1′ assignment would be a possible option if the BaBar measurement
is right, which gives a large partial width for theγψ ′ mode.

• Γ(X → π+π−J/ψ) = (3.4± 1.2)×Γ(X → γJ/ψ) is estimated to be about 45 keV using
the Barnes value forΓγJ/ψ and the measured ratio of

ΓππJ/ψ
ΓγJ/ψ

. This partial width forX →
π+π−J/ψ decay is huge for an isospin-violating transition; other isospin violating transitions
in the charmonium system are less than 1 keV (e.g., Γ(ψ ′ → π0J/ψ) ∼ 0.4 keV [2]).

For the 2−+ assignment, the possible undiscovered charmonium state isthe singletD-wave
state known as theηc2(

1D2). For this assignment, the following questions arise.

• Y. Jia et al. [12] estimated the partial widths to beΓ(ηc2 → γψ ′) ∼ 0.4 keV andΓ(ηc2 →
γJ/ψ) ∼ 9 keV. This favors the Belle measurement where the ratioΓ(ηc2→γψ ′)

Γ(ηc2→γJ/ψ) is smaller.

• Using the well established mass of its multiplet partner,M(ψ ′′) = 3770 MeV, the mass of the
ηc2 is estimated to be 3837MeV. Thus, theX(3872) mass is high forηc2.

• Γ(X → π+π−J/ψ) = (3.4± 1.2)(X → γJ/ψ) is about 30 keV using the JiaγJ/ψ width.
This is also large for an isospin-violating transition.

• For the 2−+(ηc2) assignment, the branching fraction for theB+ → K+ηc2 is too high for a
non-factorizable decay. Other twoB+ → K+hc andB+ → K+χc2 decay, which is also non-
factorizable and suppressed by an angular momentum barrier, are just barely seen in the huge
Belle data sample.

• The branching fraction forηc2 → DD
∗

is expected to be small [13], but the averaged ratio
from both Belle and BaBar isΓ(X→DD∗)

Γ(X→ππJ/ψ) = 9.5±3.1, which is high for theηc2.
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3. More X and Y states near 3940 MeV

Belle observed three states near 3940 MeV via three different production and decay chan-
nels [8, 10, 14]. Among these three, theZ(3930) state, which is produced in theγγ → DD process,
is generally considered to be the charmoniumχ ′

c2 state, even though the mass M=3929±5±2 MeV
is somewhat lower than potential model predictions. TheX(3940) is observed in theDD

∗
mass

spectrum from double charmonium production ine+e− → J/ψD∗D annihilation and theY (3940)
is observed in theωJ/ψ mass spectrum inB → KωJ/ψ decays. The mass and width of the
X(3940) (Y (3940)) are measured to be M=3942+7

−6±6 (3943±11±13) MeV andΓ = 37+26
−15±8

(87±22±26) MeV. Although the masses are similar, theX(3940) andY (3940) appear to be differ-
ent states: theX(3940) (Y (3940)) has not been seen in theωJ/ψ (DD

∗
) final state inB → X(Y )K

decays.
It is important to search forωJ/ψ ( or DD

∗
) in two-photon collisions, where its spin-parity of

resonance is preferentially constrained to beJp=0± or 2±. Belle observed a 7.7σ enhancement in
theωJ/ψ system [15] produced in theγγ → ωJ/ψ process; the mass and total width are measured
to be M=3915±3±2 MeV andΓ=17±10±3 MeV. This state, denoted byX(3915), is probably
related to one of the three above-mentioned states in the 3.90-3.95 GeV mass region. If we assume
theX(3915) is 0+ (2+) resonance, the product of the two-photon decay width and branching frac-
tion to ωJ/ψ is determined to beΓγγ(X(3915))B(X → ωJ/ψ)= 61± 17± 8(18± 5± 2) eV for
Jp = 0+(2+). For comparison, the measured product of the two-photon decay width and branching
fraction for Z(3930) → DD is 180±50±30 eV. If theX(3915) is theZ(3930) (χ ′

c2), the ratio of

branching fractionsBF(χ ′
c2→ωJ/ψ)

BF(χ ′
c2→DD)

is large for an above-open-charm-threshhold charmonium state.

Also, for both the 0+ and 2+ options, if we assume that theγγ partial width is∼1 keV, which is
typical for charmonium states,ΓωJ/ψ would be of the order of 1 MeV, which is large for charmo-
nium.

The Γ(Y3940→ ωJ/ψ) partial width is also estimated to be large using the averaged prod-
uct branching fraction from Belle and BaBar to beB(B+ → K+Y3940)× B(Y3940 → ωJ/ψ) =

(5.0± 0.8)× 10−5 and the PDG averagedΓ(Y3940) = 40+18
−13 MeV. If we assume the maximum

possible branching fraction forB → KY3940 is 10×10−4 (the branching fraction forB → KJ/ψ),
the partial width forΓ(Y3940→ ωJ/ψ) is determined to be larger than order 1 MeV, which is large
for conventional charmonium.

4. The Y (4260) and Yb

The 1−− Y (4260) state was first discovered by BaBar [16] and confirmed by Belle[17] in
theJ/ψπ+π− in radiativee+e− → γISRY (4260) process. The partial width forY → π+π−J/ψ is
determined to be larger than 0.5 MeV at the 90% CL level by Moet al. [18], which is much larger
than that forψ ′ → π+π−J/ψ . This large partial width is one of the remarkable properties of the
Y (4260) that have led to various exotic interpretations of its quarkcontent. An interesting question
is whether or not there exist counterparts in thess and/orbb quark systems.

Belle reported an anomalously largee+e− → ϒ(1,2S)π+π− production cross section near the
peak of theϒ(5S) resonance at

√
s∼ 10.87 GeV measured with a 21.7fb−1 data sample [19]. If they

assume that the signal events only come from decays of theϒ(5S) resonance, their extracted partial
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Figure 3: The ϒ(nS)ππ (n=1,2 and 3) cross sections near theϒ(5S) resonance show peak structure that
deviates from the peak (vertical line) ofϒ(5S) obtained from the hadronic cross sections.

widths are∼300 times larger than those for corresponding transitions from theϒ(4S). Recently,
Belle measured the energy dependence of thee+e− → ϒ(nS)ππ (n=1,2,3) production cross section
using data accumulated at seven different cm energy points near theϒ(5S) resonance. A new
common peak structure was observed for all threee+e− → ϒ(1,2,3S)π+π− cross sections. A fit
using Breit-Wigner resonance function with a common mass and width to these peaks, shown in
Fig. 3, gives a mass and width of M=10888.4+2.7

−2.6 ± 1.2 MeV andΓ = 30.7+8.3
−7.0 ± 3.1 MeV[20],

which are not consistent with any knownbb state such as theϒ(10860). This can be considered to
be a candidate for aYb-type state in thebb system.

5. Charged Z+ states

A charged charmonium-like state could not be acc charmonium state; its minimal quark struc-
ture would have to be accud tetraquark arrangement. The chargedZ(4430)+ state was first ob-
served by Belle as a peak in theπ+ψ ′ mass distribution in exclusiveB → Kπ+ψ ′ decays[21].
It was confirmed by a subsequent reanalysis using a Dalitz plot formalism [22] that includes all
possible intermediateKπ resonances. This Dalitz analysis method was first employed in the ob-
servation of two other chargedZ+

1 and Z+
2 states that are seen to decay toπ+χc1 final states in

exclusiveB → Kπ+χc1 decays [23]. The Dalitz-plot analysis demonstrated that theseZ states are
not produced by reflections from any known and possibly unknown resonances in theKπ channel.
However, BaBar searched for theZ(4430)+, but did not see a significant signal [24].
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