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A brief review of heavy charmonium states with emphasis on new results is presented. It is
suggested that the X(3872) is likely a DD̄∗ molecule with strong cc̄ admixture, the Y (4140)
is an experimental artefact, and the X(4630) is a final state threshold enhancement. Issues
with the hybrid interpretation of the Y (4260) are discussed.

1 Experimental Landscape

Sixteen new heavy charmonium states have been claimed since 20031. This new spectroscopy is
probing the regime where the simple constituent quark model is expected to fail due to some
combination of the excitation of gluonic degrees, coupled channel effects, or other dynamical
effects. Properties of the sixteen new states are summarised in Table 1. Of these, four appear
to be likely cc̄ states: hc, η

′
c, χ

′
c2, and the X(3940), which could be the η′′c . We remark that even

though these states fit reasonably well into the constituent quark model, they tell us something
of QCD in this regime. For example, the hc mass is very close to the spin-averaged χcJ mass,
indicating that the long range confinement force does not induce spin-splittings. Similarly, the
discovery of the η′c permits a comparison of the excited state hyperfine splitting to the ground
state splitting, perhaps yielding insight to coupled channel effects in the spectrum.

Table 1: Summary of Recent Charmonium States

state M (MeV) Γ (MeV) JPC decay modes production experiment

hc 3525.28(19)(12) ≈ 0 1++ γηc ψ′
→ hcπ CLEO

η′c 3654(6)(8) 15±20 0−+ KSK
±π∓ γγ → η′c Belle, BaBar, CLEO

X(3872) 3871.4(6) <2.3 1++ ππJ/ψ, πππJ/ψ B → KX BaBar, Belle, CDF
DD̄∗, γJ/ψ, γψ′ pp̄

X(3875) 3875.5(1.5) 3.0+2.1
−1.7 ? D0D̄0π0(γ) B → KX Belle, BaBar

χ′
c2 3929(5) 29 ± 10 2++ DD̄ γγ → Z Belle

X(3940) 3942(9) 37 ± 17 0?+ DD̄∗ (not ωJ/ψ) e+e− → J/ψX Belle

Y (3940) 3943(17) 87 ± 34 ??+ ωJ/ψ (not DD̄∗) B → KY Belle, BaBar
Y (4008) 4008+82

−49 226+97
−80 1−− ππJ/ψ e+e−(ISR) Belle, BaBar

Y (4140) 4143(2.9)(1.2) 11.7 ±8 ? J/ψφ B → KY CDF

X(4160) 4156(29) 139+113
−65 0?+ D∗D̄∗ (not DD̄) e+e− → J/ψX Belle

Y (4260) 4264(12) 83 ± 22 1−− ππJ/ψ e+e−(ISR) BaBar, CLEO, Belle
Y (4350) 4361(13) 74 ± 18 1−− ππψ′ e+e−(ISR) BaBar, Belle
X(4630) 4634(8)(7) 92 ± 34 1−− Λ+

c Λ−
c e+e− → X Belle

Y (4660) 4664(12) 48 ± 15 1−− ππψ′ e+e−(ISR) Belle
Z1(4050) 4051(24) 82+51

−29 ? π±χc1 B → KZ±
1 Belle

Z2(4250) 4248+185
−45 177+320

−72 ? π±χc1 B → KZ±
2 Belle

Z±(4430) 4433(5) 45+35
−18 ? π±ψ′ B → KZ± Belle, BaBar



1.1 X(3872)

Amongst the other states, the X(3872) has a solid experimental pedigree, being seen by a
number of experiments in a number of channels. It is a viable candidate as a molecular (loosely
bound) DD̄∗ state, and if this interpretation survives, would be the first example of a non-
nuclear multiquark state. This interpretation is supported by the likely quantum numbers of
the state, JPC = 1++, although one should note that JPC = 2−+ is not ruled out yet.

There is increasing evidence that the X must contain a substantial cc̄ component. For
example, the recently measured transition X → γψ′ is comparable2 to the rate for X → γJ/ψ,
which is difficult to accommodate in a molecular scenario. This is because the γJ/ψ mode can
come directly from the ρJ/ψ or ωJ/ψ component of the X, while the γψ′ mode must come
from the DD̄∗ component with additional excitation of the cc̄ pair. Additional evidence for cc̄
content comes from the B decay branching fraction, which is typical for charmonium, and the
ratio of X production from neutral and charged B decay. More discussion can be found in the
first of Refs. 1.

Finally, a possible resonance signal was seen in B → KD∗0D̄0 at a mass near 3875 MeV.
This could be interpreted as a shifted X(3872)3 , a tetraquark partner state, or a threshold effect.
This channel was recently remeasured by Belle4, who find a a new mass of 3872.6 ± 0.5 ± 0.4
MeV and width of 3.9 ± 2.0 ± 0.6 MeV. It thus appears likely that this signal is the X(3872)
and that it has a strong D∗D̄ decay mode, again pointing to a large cc̄ component in the X.

1.2 More Molecules

Other molecular bound states are possible5, specifically a D∗D̄∗ 0++ state at about 4020 MeV
is possible. Binding is enhanced when heavier quarks are present, and it is possible that several
(I obtain six) BB̄∗ and B∗B̄∗ states exist. Finally, Close and Downum6 have noted that S-
wave pion exchange (as opposed to P-wave) between S-wave meson pairs can lead to strong
binding. Thus DD̄0(0

−±) and D∗D̄1(0, 1, 2)
−± bound states may exist. It is possible that the

later provide an explanation for the Y (4260) and Y (4360) signals.

1.3 Z(4430), Z1, Z2

The Z(4430), Z1(4050), and Z2(4250) carry charge and, it appears, cc̄ quarks. They are thus
manifestly flavour-exotic and are candidates for tetraquark states. Of course, the experimental
bar must be set high for such novel states. In this regard it must be noted that the experimental
signal for the Z1 and Z2 (see the right panel of Fig. 1) is not robust, namely both peaks
hinge on a high event rate in a single bin with large error bars7. In contrast, the signal for
the Z(4430) is impressive. However, even such evidence can be confounded by assumptions of
background behaviour. For example, BaBar make different assumptions and find no evidence
for the Z(4030)8. We look forward to an experimental resolution to this situation.

1.4 X(4630)

The Belle collaboration claim a state in e+e− → Λ+
c Λ−

c with a significance of 8.2σ9. This is
reported in Table 1 as the X(4630). While this could be the Y (4660) in a new production and
decay mode, it should be noted that it is right at ΛΛ threshold, and therefore could simply be
a hypernucleon interaction effect. In general when new hadronic channels open, slowly moving
hadrons can interact strongly and cause enhancements in event rates. This is, for example, the
likely explanation for the anomalously large ρρ signal seen at ρρ threshold in γγ production.
Such enhancements typically have a width of order ΛQCD, similar to the measured Γ(X) = 92
MeV.
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Figure 1: Left panels: the Y (4140). Right panel: the Z1 and Z2.

1.5 Y(4140)

CDF has just reported evidence for a resonance near J/ψφ threshold in B decays10 (see the left
panels of Fig. 1). Some properties of this state are given in Table. 1. The proximity of the
signal to threshold makes it natural to suspect that the the Y (4140) is a final state enhancement.
However, it is very narrow with respect to expectations. Thus if this state is confirmed, it is very
unusual indeed11. Since the signal only contains 14±5 events, the most economical interpretation
is that it is a statistical fluctuation

1.6 Y(4260)

The last charmonium states discussed here is the Y (4260), which is a vector in a crowded sector
of the spectrum. Indeed, it lies between the expected ψ(2D) and ψ(4S) levels, which already have
candidates. An attractive possibility for this state is that it is our first glimpse of a charmonium
hybrid. Obtaining lattice results for excited states is notoriously difficult; recent results hint at
a 1−+ exotic at approximately 4300 MeV12, similar to flux tube model predictions13. This exotic
state should be accompanied by (possibly) nearby vector hybrids, supporting the hypothesis.

Additional support is supplied by the apparent absence of DD̄∗ and D∗D̄∗ decay modes of
the Y . This is in keeping with general expectations for hybrid meson decays; namely they should
not decay to final states with identical mesons (or identical spatial wavefunctions), and that the
angular momentum present in the excited hybrid glue should manifest itself as internal angular
momentum in final two-body states (ie, the decay should be to an S-wave and a P-wave).

There are, however, some theoretical issues with the hybrid interpretation of the Y . Flux
tube models and lattice computations indicate that the quark spin composition of a vector hybrid
is Sq = 0. The decay Y → ππJ/ψ therefore necessitates a spin flip, which is suppressed for
heavy quarks (the production of ππ is expected to go via the lowest gluonic multipole operators,
which are not spin-dependent). Furthermore, the production of a hybrid in e+e− will be strongly
suppressed by both the spatial excitation of the cc̄ pair and the necessity of producing a gluonic
excitation. Ultimately, experiment will settle these issues; thus finding multiplet partners for
the Y (both in flavour and in JPC) and determining its decay modes are crucial.

1.7 the ηb

The discovery of the ηb was enabled by the enormous statistics collected in Υ(3S) radiative
decays. This permitted extracting a tiny signal (albeit, one with 20,000 events) from under a
huge χb(2P ) peak14. This observation has now been confirmed in Υ(2S) decays15. The measured



(and averaged) Υ − ηb hyperfine splitting is 69.6(30) MeV. This splitting agrees with lattice
computations, but disagrees with NRQCD estimates of around 40 MeV. Nevertheless, it has been
argued that the lattice is missing important ultraviolet contributions to this mass difference16.
Once these issues are settled the hyperfine splitting should lead to a very accurate measurement
of αs(Mηb

). Finally, the mass of the ηb tests scenarios where this state can mix with a light
pseudo-scalar Higgs particle.

It is clear that the new charmonium states challenge our understanding of strongly inter-
acting QCD. Interpretations of these new states range from canonical quark-antiquark, hybrids,
weakly bound states of various open charm or charmonium mesons, threshold enhancement ef-
fects, to tightly bound qqq̄q̄ states. The constituent quark model must fail somewhere: perhaps
we are seeing the beginnings of a new era in hadronic spectroscopy.
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