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Abstract

Tests are discussed to distinguishcc̄, hybrid charmonium and molecular interpretations of the narrow Belle resonan
3872 MeV.
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The Belle Collaboration recently reported t
10.3σ discovery of a resonance at mass 3872.0 ±
0.6 ± 0.5 MeV with a width less than 2.3 MeV
in J/ψπ+π− [1]. The resonance, which is denot
here asX(3872), is produced via the decayB± →
K±X(3872)[1].

The most remarkable feature ofX(3872) is that
it is, within errors, exactly at theD∗0D̄0 thresh-
old at 3871.5 ± 0.5 MeV [2]. In fact, M(X) −
M(D∗0D̄0) = 0.5 ± 0.9 MeV. The next nearest ope
charm thresholds areD±∗D∓, which is 8.0±1.0 MeV
aboveD∗0D̄0, andD±

s D
∓
s , 64.7 ± 1.0 MeV above

D∗0D̄0 [2]. Based on the mass ofX(3872)alone, it is
expected that the resonance has a much largerD∗0D̄0

component in its wave function thanD±∗D∓, or other,
components. Even ifX(3872) is hypothesized to b
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a cc̄ state, the degeneracy with theD∗0D̄0 threshold
leads one to expect that the resonance couples,
mixes, withuū more strongly than withdd̄ since the
D∗0 andD0 have quark structurecū. Hence, the mul-
tiquark quark content of the state is dominantly

cc̄uū= 1√
2
cc̄

(
uū+ dd̄√

2
+ uū− dd̄√

2

)

(1)= 1√
2

(|Is = 0〉 + |Is = 1〉),
which means that the state breaks isospin symm
maximally. This could turn out to be the largest isos
breaking in the hadronic spectrum to date. Eq.
implies that the resonance has no definite isospin,
hence no well-defined G-parity. Isospin symmetry
also been hypothesized to be broken via a sim
mechanism for thef0(980) and a0(980) states [3,4]
and for theDs(2.32;2.46) [5].

The observed decayX(3872)→ J/ψπ+π− is not
very restrictive for the possible quantum numb
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of X: it is only possible to show thatX cannot be
JPC = 0−− exotic by conservation of these quantu
numbers in QCD.

There are preliminary indications thatX(3872)
prefers to decay to the high-mass part of theππ
spectrum inJ/ψπ+π− [1]. Assuming this is not
due to the Adler zero which is known to suppre
the low-massππ spectrum inψ ′ → J/ψππ , this
could be evidence for the decayJ/ψρ0. (TheJ/ψω
threshold is 8 MeV aboveX, so that this mode is
negligible). Decay toJ/ψρ0 means thatX decays
through its isospin 1 component, and hasC-parity
positive. TheJ/ψ = ρ0 threshold is only 6.4 ± 1.1
MeV below the mass of theX [2], so thatX→ J/ψρ0

should preferably occur in S-wave. IfX decays to
J/ψρ0 it cannot decay toJ/ψ(ππ)S , since this final
state has negativeC-parity. The experimental data a
consistent withX not decaying toJ/ψ(π+π−)S [1].
If X indeed decays toJ/ψρ0, and it is assumed tha
it is narrow because it couples weakly to the o
kinematically allowed open charm threshold (DD̄), it
follows that either

(1) The resonance has unnatural parity 0−,1+,2−,
3+, . . . , which cannot couple toDD̄ by conser-
vation ofJP . Together with positiveC-parity this
gives its JPC = 0−+,1++,2−+,3++, . . . . Only
1++ can decay toJ/ψρ0 in S-wave;

(2) The resonance is in theJPC exotic sequence
0+−,1−+,2+−,3−+, . . . , which cannot decay to
DD̄ by conservation ofCP . Together with pos-
itive C-parity X should be 1−+,3−+, . . . . Such
states cannot decay toJ/ψρ0 in S-wave;

(3) The resonance decays toDD̄, which is ∼ 138
MeV below theX, in a very high wave. Reso
nances in the sequenceJP = 3−,4+, . . . , can de-
cay toDD̄ in F-wave and higher. Incorporatin
positive C-parity JPC = 3−+,4++, . . . . These
states cannot decay toJ/ψρ0 in S-wave.

(4) The decay of the resonance toDD̄ is suppressed
dynamically. An example of such a selection ru
is that charmonium hybrid meson decay toDD̄ is
exactly zero in non-relativistic models with spin
pair creation [6]. Also, a largeD∗D̄ molecule
will have suppressed decays toDD̄, because the
decay is proportional to the wave function at t
origin |ψ(0)|2, |ψ ′(0)|2, . . . , in a non-relativistic
formalism appropriate for large molecules.
The detection ofX(3872)in J/ψπ+π− indicates
that the state containscc̄ pairs. Various possibilities fo
the interpretation of the state arise, keeping in m
that naive expectations will be skewed by the m
coincidence with theD∗D̄ threshold. In particular
as discussed above, theD∗0D̄0 + c.c. component
will contain both isospins even though the state m
have “originated” as isospin 0 conventional or hyb
charmonium. The possibilities are now listed start
with the more conservative ones. These possibili
can be distinguished experimentally by measuring
JPC of the state.

Conventional charmonium. There are 3S, 2P, 1D
and 1F charmonia predicted in the relevant m
region, of which 2−− can be narrow, if, as is expecte
it is below theDD∗ threshold. However, the 2−−
possibility may already be excluded by potent
models [1]. Within the realm ofC = + it is immediate
from (1) and (3) that 3S charmonia are probably 0−+,
2P charmonia are likely to be 1++, that 1D charmonia
should be 2−+, and that 1F charmonia are probab
3++ or 4++. The 3S and 1F levels are predicted
be at∼ 4.1 GeV, which is higher than the 2P and 1
levels, and less likely to explain the mass ofX.

Although the 2P 2++ state does couple toDD̄,
it does so in D-wave, and an estimate suggests
the open charm width belowD∗D̄ threshold for this
state is 0–4 MeV [7]. Such a state is consistent w
the measured width ofX, and can decay toJ/ψρ0 in
S-wave.

Hybrid charmonium. TheX mass region is some
what lower than the region around 4.3 GeV where
the lightest hybrid charmonia are located accord
to lattice QCD and models. The lightest hybrid ch
monia in lattice calculations are the TE hybrids w
JPC = (0,1,2)−+ and 1−−. The 0−+ and 2−+ do not
couple toDD̄ from (1), the 1−+ not due to (2), and
1−− has a suppressed coupling toDD̄ from (4).

TheX may be a conventional or hybrid charm
nium state that strongly couples to theD∗D̄ threshold,
shifting it to the threshold, where it acquires molec
lar character. In this case no isospin partner of theX is
expected.
D∗D̄ molecule. Due to the nearness of the res

nance to theD∗D̄ threshold, this is a natural interpr
tation. AD∗D̄ molecule was previously predicted [8
10]. If the resonance is belowD∗D̄ threshold, it would
be natural to assume that it has theD∗ andD̄ in rela-
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tive S-wave, since there is no evidence for other mo
cular states nearby in mass. Such a state can be 1+− or
1++, although the latter possibility is preferred by (1
Note that the recently discoveredDs(2460) is proba-
bly also 1++ and may be similar to theX. Because
M(X) − M(D∗0D̄0) = 0.5 ± 0.9 MeV, the binding
should be� 0.4 MeV, so that

(2)rr.m.s. �
1√

2µEbinding
= 7 fm,

larger than the size Eq. (2) gives for the deuteron (4
for the deuteron binding energy of 2.22 MeV). He
µ is the reduced mass ofD∗0 and D̄0. Because the
constituents in the molecule are separated by nuc
distances, two implications obtain: (1) The bindi
is likely to be strongly influenced by long-distan
π0 exchange, which is known to be attractive [1
and (2) the constituents move non-relativistically w
momentump � 1/rr.m.s. = 30 MeV. Because of the
deuteron-like character of this loosely bound tw
meson molecule, the term “deuson” was sugge
to discriminate such states from molecules in ato
physics [9]. t-channelπ0 exchange can happen v
D̄0 → D̄∗0π0 and D∗0π0 → D. Interestingly, π
exchange will not happen for aDD̄ bound state, sinc
theπDD̄ vertex is zero by parity conservation. Th
explains why 1++D̄D∗ molecules can exist withou
the existence of 0+DD̄ molecules.

Tornqvist has argued [9] that in the positive cha
conjugationIs = 0 there is a strong attraction ari
ing from the spin–isospin factor associated withπ ex-
change, giving a “relative binding number” (RBN [9
of −3/2 (attraction,Is = 0) and +1/2 (repulsion,
Is = 1). Thus there is one 1++ bound state in this
limit. To see what happens asmd �mu it is instructive
first to see how the RBN arise by enumerating the
dividual contributions of the variousπ charge states
The particles with their quark contents areD+(cd̄),
D0(−cū), D̄0(uc̄), D−(dc̄), π+(ud̄) andπ−(−dū).
(We useD to representD or D∗.) Theπ0 is (uū −
dd̄)/

√
2 in the isospin limit, anduū whenmd → ∞.

There are four contributions in a specific time o
dering, i.e.,D0D̄0 → D0D̄0 (with t-channelπ0 ex-
change through itsuū component),D0D̄0 →D+D−
(π− exchange),D0D̄0 →D+D− (π+ exchange) and
D+D− →D+D− (π0 exchange through itsdd̄ com-
ponent). By inserting the quark contents, the am
tudes in the isospin limit are proportional to−1/2,1,1
and−1/2 for the four contributions, respectively.
the limit md → ∞ they behave as−1,1,1 and 0, re-
spectively. In the isospin limit

|Is = 0〉 = D0D̄0 −D+D−
√

2
,

(3)|Is = 1〉 = D0D̄0 +D+D−
√

2
,

the amplitude for the states in Eq. (3) become prop
tional to(−1/2−1−1−1/2)/2= −3/2(Is = 0 state)
and(−1/2+ 1+ 1− 1/2)/2= +1/2(Is = 1 state), as
expected. Whenmd → ∞ the isospin basis is broke
leaving two states, an infinitely heavyD+D− and a
light D0D̄0. The exchange amplitudes are then driv
by the uū exchange only. TheD+D− state experi-
ences no splitting (fourth contribution). In the sam
normalisation as above, the stateD0D̄0 has an ampli-
tude of−1 (first contribution).

Thus in this extreme there is a weakened bindin
theD∗0D̄0 relative to the isospin limit and no effect
the charged threshold. An intermediate scenario wh
mu < md <∞ should give repulsion of the one lev
and attraction of the other. In general, there is o
one attractive state. This starts out asIs = 0 in the
isospin limit and goes over into theD∗0D̄0 in the
md → ∞ limit. The conclusion is that there is on
one molecular state bound by the pion associated
theD∗D̄ threshold.

If the resonanceX is above theD∗0D̄0 threshold,
the D∗0 and D̄0 are expected to be in a relativ
L-wave, withL> 1, since this will lead to an angula
momentum barrier suppressing the constituents f
annihilating, as the decay will at least be proportio
to |ψ ′(0)|2. In addition, the potential must have a for
which enables the wave function to be localized,
that it does not “fall-apart” toD∗0 andD̄0.

If X is indeed a molecule, itsD∗0 component
should decay with a width equal to that ofD∗0 (known
to be < 2.1 MeV [2], and likely smaller than th
width of theD∗+, which is 96± 4 ± 22 keV [2]).
This is consistent with the experimental bounds
the width of the state. Also, these decay modes
the state should derive from the decay modes of
D∗0, i.e., the state should be seen inD̄0(D0π0) and
D̄0(D0γ ), and charge conjugates. It is hence predic
that when these modes are studied a signal will
seen at Belle, BaBar and CLEO. The relative stren
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of the D̄0(D0π0) and D̄0(D0γ ) modes should be
similar to the relative branching ratios of theD∗0, i.e.,
(61.9± 2.9%)/(38.1± 2.9%) [2], because theD∗0 in
the molecule is almost on-shell.

In addition to the decay modes of the state m
tioned above, there will be dissociation modes wh
theD∗0 andD̄0 come together at the origin, rearran
ing the quarks tocc̄ anduū pairs which evolve to a
charmonium and light meson. (Modes involving acc̄
and two light quark pairs should be suppressed s
an extra pair creation is required, and are not con
ered further here. Also, the radiative decay modecc̄γ

is not expected to be competitive as it requires not o
a rearrangement of the molecule tocc̄uū, but also elec-
tromagnetic suppression. This is consistent with
non-observation ofX → χc1γ by Belle [1]. Further,
note that this mode will be forbidden ifC(X)= +, as
advocated here.) The dissociation decay widths
be proportional to|ψ(0)|2 for an S-wave molecule
and|ψ ′(0)|2 for a P-wave molecule. For light meso
such calculations in the case of the S-wave molec
(f0(980) and a0(980)) can generate widths of orde
100 MeV [11], while for P-wave molecules the width
are smaller [11]. In the likely scenario where the st
is an S-wave 1++ molecule, these modes will dom
nate those mentioned in the previous paragraph.
modes allowed by phase space for a such a m
cule areηc(ππ)S , J/ψρ0, χc0π0, χc1π0, χc1(ππ)S ,
χc2π

0 andχc2(ππ)S .
If X is molecular in origin, there will also be shor

range interactions. These interactions can be fur
t- or u-channel processes, ors-channel processe
The latter are particularly interesting when theD∗D̄
threshold lies between two resonances. These r
nances will interact with the threshold between the
The contribution to the potential forD∗ scattering with
D̄ through ans-channel resonance is of the form

(4)
g2
R1DD

∗

q2 −m2
R1

+ g2
R2DD

∗

q2 −m2
R2

,

neglecting the effect of widths. HeregRDD∗ is the
coupling of the resonanceR to D andD∗, andmR
is the mass of the resonance. If theD∗ scattering with
D̄ is calculated atq2 =m2

X, andmR1 <mX <mR2, it
is possible for the two terms to approximately can
each other. This may well be the case for the Be
resonance, as the binding energy of this resona
-

is so small compared to other molecular candida
like the f0(980), a0(980) andDs(2.32;2.46)whose
binding is usually explained by assuming that eit
R1 does not exist, or that it couples weakly. F
example, if X is 1++, the first resonance woul
be the 1P charmonium and the second one the
charmonium.

As is evident for the discussion of the molecu
origin of X, it cannot be viewed in isolation: sinc
interactions with charmonium states occur, that
plies that the effect ofD∗D̄ on charmonium state
should also be considered. Specializing to the cas
two charmonium resonances,R1 andR2, with mR1 <

mD∗D̄ < mR2, this mixing is expected to shift theR2
andR1 masses. The shift in theD∗D̄ threshold can be
analysed with the dynamics outlined around Eq.
The charmonium states will acquireD∗D̄ compo-
nents. IfX is 1++, thenR1 is theχc1(3510). Mix-
ing with theD∗D̄ threshold will induce acc̄nn̄ (nn̄=
(uū+ dd̄)/√2) component in theχc1 wave function
within isospin symmetry. Since theD∗0D̄0 threshold
is nearer to theχc1 mass than theD∗±D∓ threshold,
the cc̄uū component will dominate thecc̄dd̄ compo-
nent, leading to isospin violating decays likeχc1 →
ρ±π∓ andππ = K+K− > ππK0K̄0, which should
be searched for experimentally. Thecc̄nn̄ component
will lead to an additional contribution toηc(ππ)S (and
ηcππ ), and light hadron modes ofχc1. In the for-
mer case this is becausecc̄nn̄ can decay via OZI al
lowed diagrams with one pair creation, while the co
ventionalcc̄ → cc̄ (light hadrons) requires the ligh
hadrons to be created via two pair creations fr
two gluons violating the OZI rule. It is known tha
cc̄ components ofχcJ cannot describe their decay
both inclusively and exclusively [12]. The light hadro
modes ofχc1 coming from its cc̄ component go-
ing via OZI forbidden two-gluon annihilation is sup
pressed by Yang’s theorem. Acc̄nn̄ component can
havecc̄ annihilation into a colour octet gluon, yieldin
light hadrons via OZI allowed diagrams. An addition
contribution to measured final states like 2(π+π−),
π+π−K+K− andK0

SK
+π− is hence expected. It i

noted in passing that threshold mixing with other n
row states should also be important, e.g., mixing
χc0, χc2 andψ(2S) with theDD̄ threshold.

In summary, of thecc̄, hybrid and molecular poss
bilities considered theJPC = 1++ assignment forX
seems most promising, because it allows an S-w
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interaction between theD0 andD∗0, and it couples to
J/ψρ0. This resonance can be a 2P resonance sh
by a threshold, of genuine molecular origin, or is ge
erated by a “shepherd state” scenario [5] where
two-meson continuum is driven into a bound state
below threshold. A 1++ resonance should be weak
produced inγ γ collisions by Yang’s theorem.

It is suggested that BES and CLEO-III search
e+e− → X, as observation will signal 1−− quantum
numbers not expected here. Also, discovery ofX in
pp̄ → X at FNAL will indicate whetherX is JPC

exotic or not, asJPC exotic quantum numbers cann
be produced. Central production in, e.g.,pp→ pXp

at high energy by double Pomeron exchange wo
confirmC = +, since the Pomeron hasC = +. The
azimuthal angular distribution for production ofX will
have a characteristic dependence onJP [13].

Acknowledgements

This work is supported, in part, by grants fro
the Particle Physics and Astronomy Research Cou
and the EU-TMR program “Euridice”, HPRN-CT
2002-00311 (F.E.C.); and by the US Department
Energy contract W-7405-ENG-36 (P.R.P.). We tha
Ted Barnes and Bob Cahn for discussions.
While this work was in preparation, a discussion
the molecular possibility with similar conclusions
ours has appeared [14].

References

[1] Belle Collaboration, S.-K. Choi, et al., hep-ex/0309032;
Belle Collaboration, K. Abe, et al., hep-ex/0308029.

[2] 2003 partial update: K. Hagiwara, et al., Particle Da
Group, Phys. Rev. D 66 (2002) 010001; for edition 20
http://pdg.lbl.gov.

[3] N. Achasov, et al., Sov. J. Nucl. Phys. 31 (1981) 715;
O. Krehl, R. Rapp, J. Speth, Phys. Lett. B 390 (1997) 23;
F.E. Close, A. Kirk, Phys. Lett. B 489 (2000) 24.

[4] F.E. Close, N.A. Törnqvist, J. Phys. G 28 (2002) R249.
[5] T. Barnes, F.E. Close, H.J. Lipkin, Phys. Rev. D 68 (200

054006.
[6] P.R. Page, Phys. Lett. B 402 (1997) 183.
[7] P.R. Page, Nucl. Phys. B 446 (1995) 189.
[8] A. de Rujula, H. Georgi, S.L. Glashow, Phys. Rev. Lett.

(1977) 317;
M.B. Voloshin, L.B. Okun, JETP Lett. 23 (1976) 333;
See also: T.E.O. Ericson, G. Karl, Phys. Lett. B 309 (19
426.

[9] N.A. Tornqvist, Phys. Rev. Lett. 67 (1991) 556.
[10] N.A. Törnqvist, Z. Phys. C 61 (1994) 525.
[11] R. Zhang, et al., Phys. Rev. D 65 (2002) 096005.
[12] S.M.H. Wong, Eur. Phys. J. C 14 (2000) 643;

See also: T. Feldmann, P. Kroll, Phys. Rev. D 62 (20
074006.

[13] F.E. Close, A. Kirk, G. Schuler, Phys. Lett. B 477 (2000) 13
[14] N.A. Törnqvist, hep-ph/0308277.

http://pdg.lbl.gov

	The D0D0 threshold resonance
	Acknowledgements
	References


