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Abstract

We suggest some possible interpretations for theD+
SJ (2632)observed by SELEX. TheD+

SJ (2632)could be the first radia
excitation of the 1− ground stateD∗

s (2112), and its unusual decay patten might be hopefully explained by the node struct
the wave functions. In addition, theD+

SJ (2632)could also be acs̄g hybrid state or a(cs)3∗–(s̄s̄)3 (diquark–antidiquark) bound
state.
 2004 Elsevier B.V.Open access under CC BY license.
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Very recently the SELEX Collaboration has r
ported the first observation of a charm-strange m
son D+

SJ (2632) in the charm hadro-production e
periment E781 at Fermilab[1]. The D+

SJ (2632) is
observed in theD+

s η decay channel with a signifi
cance of 7.2σ and in theD0K+ decay channel with
a significance of 5.3σ . The mass and width of thi
state are found to beM = 2632.6 ± 1.6 MeV and
Γ < 17 MeV (at 90% confidence level). This narro
state has a rather unusual decay patten that it is d
nated by theD+

s η decay mode with a very small rat
R = Γ (D0K+)/Γ (D+

s η) = 0.16± 0.06.
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Open access under CC BY license.
For the cs̄ mesons, aside from the ground sta
doublet [Ds(1969),D∗

s (2112)] of [0−,1−] states, as
well as the Ds1(2536), DsJ (2573), which proba-
bly correspond to theJP = 1+,2+ states being the
P -wave excitations with the light quark angular m
mentum j = 3/2, in 2003 the BaBar Collabora
tion reported the first observation of a massive, n
row charm-strange mesonDs0(2317)below the DK
threshold[2]. CLEO [3] and Belle[4] subsequently
confirmed the existence ofDsJ (2317), and further
found another narrow higher-lying stateDsJ (2460).
The finding of [DsJ (2317),DsJ (2460)] has stim-
ulated many theoretical explanations for these tw
states[5]. Most likely, they may correspond to th
JP = 0+,1+ states being theP -wave excitations
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with the light quark angular momentumj = 1/2. In
particular, in the chiral models for the heavy–lig
mesons, parity doublers are predicted to have
same mass splittings, andthe ground state double
[Ds(1969),D∗

s (2112)] of [0−,1−] states would have
a parity-partner [0+,1+] pair, which are very likely
to be the observed [DsJ (2317),DsJ (2460)] [6,7]. In
2004, the new stateD+

SJ (2632)observed by SELEX
with unusual decay modes will certainly be interest
in finding its own place in the heavy–light systems.

In the following we will present some discussio
on the possible interpretations for theD+

SJ (2632)

state.
(1) TheD+

SJ (2632)could be the first radial excita
tion of the 1− ground stateD∗

s (2112).
The D+

SJ (2632)can decay into two pseudosca
mesonsD+

s η or D0K+, so it should haveJP =
0+,1−,2+, . . . . For the vector meson, the mass diffe
ence between the ground state and its first radial e
tation ranges between 550–650 MeV. This can be s
from the observed 2S and 1S mesons. For instance
the 2S and 1S states are found to be, e.g.,ω(1420)

and ω(782) for the light–light mesons;ψ(3686)

andJ/ψ(3097) for charmonium; andΥ (10023)and
Υ (9460) for bottomonium. The mass difference b
tween D+

SJ (2632) and D∗
s (2112) is 520 MeV, it is

marginal but still acceptable for the excitation ene
of the 2Sheavy–light vector mesons, considering t
fact that theP -wave excitation energy ofDsJ (2317)is
considerably smaller than that for the observed lig
light and heavy–heavy mesons and the conventio
potential model calculations.

As the radial excitation of the 1− ground state
D∗

s (2112), theD+
SJ (2632)could have a small deca

width and unusual decay modes due to the node s
ture in its wave function. For the OZI allowed hadron
decay, the decay amplitude is related to the overlap
tegral of the wave functions of the initial and final sta
hadrons, and therefore is sensitive to the node st
ture of the wave functions: the sign-changing wa
function of the radially excited states may result
substantial suppression for the decay rates of ce
modes. The unusual experimental result in char
nium spectrum that theψ(4030) (= ψ(3S)) has a
dominant decay amplitude to theD∗D̄∗ mode (with
a very smallQ-value) over theDD̄ mode (with a
much largerQ-value) might be explained by the o
servation[8] that the nodes of the wave function a
the differentQ-value in each of these decays allo
to understand the failure of the simple phase sp
argument. Indeed, the nodes of the wave functi
lead to existence of zeros of the decay amplitude
the momentum of the decay products, which are
sponsible for the suppression of certain decay mo
The widths of theψ(4414) (= ψ(4S)) decaying into
all ground state charmed meson pairs were estim
to be only about 15 MeV, despite of the very lar
phase space[8]. Although in [8] the quark pair cre
ation model (i.e., the3P0 model) was used we expe
the qualitative features obtained there should hold re
gardless which specific model for describing the qu
pair creation was used (see also[9] for the treatmen
in the Cornell model).

If the above features also hold for the decays of
radially excited heavy–light mesons, it would be n
impossible to understand why theD+

SJ (2632) could
have a narrow width (say, of order 10 MeV) a
could even have the decay modeD+

s η (with a smaller
Q-value and ass̄ quark pair creation) dominating ove
the decay modeD0K+ (with a largerQ-value and a
uū quark pair creation). Here in the former case
recombinedss̄ in the final state can be projected
theη meson according to the following relations (s
e.g.,[10])

(1)

ss̄ = 1/
√

3(cosθ − √
2sinθ)η′

− 1/
√

3(
√

2cosθ + sinθ)η

= 0.72(0.82)η′ − 0.69(0.57)η,

(2)

1/
√

2(uū + dd̄) = 1/
√

3(cosθ − √
2sinθ)η

+ 1/
√

3(
√

2cosθ + sinθ)η′

= 0.72(0.82)η+ 0.69(0.57)η′,
whereθ is theη–η′ mixing angle, and the numeric
values of the projection coefficients are obtained
θ = −11◦ (−20◦). From Eq.(1) and the observed rati
R = Γ (D0K+)/Γ (D+

s η) = 0.16± 0.06 we see tha
the required suppression factor for theD0K+ decay
mode would be in fact larger than a factor of 13, in
cating the demand that the momentum in theD0K+
mode is very close to the zero of the decay amplitu
As already noted that in general the zeros in the
cay amplitude are very sensitive to the wave functi
and interquark potentials in use[11]. So, obviously a
quantitative understanding for theD+

SJ (2632)(as the
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2S radial excitation) decay widths of various channel
would need an elaborate model to perform the ca
lations and to see whether the required suppres
can be realized. This will be left for the future cons
eration. (Note that the decay to theP -wave charmed
meson, e.g.,D1(2420) (JP = 1+) associated with the
kaon would be favored for theD+

SJ (2632)decay if it
is theJP = 1− radial excitation, but it is kinematicall
forbidden.)

If the D+
SJ (2632) is the first radial excitation o

the 1− ground stateD∗
s (2112), it would also decay to

D∗
s (2112)ππ but only with a small branching ratio

The radiative decay toDs(1969)γ should be totally
negligible. The quantum numberJP = 1− could be
examined from the angular distributions of the dec
products. Moreover, we should also see the first
dial excitation of the 0− ground stateDs(1969) at
about 2490 MeV, of which all the OZI allowed de
cays, e.g.,D∗K,DK∗,D∗K∗, . . . are kinematically
forbidden, and it can only decay toDsππ via soft
gluon emition and hadronization toππ . Of course,
if its mass is above theD∗K threshold it would have
the OZI allowed decays. The first radial excitation
the D∗

s (2112)should be observable in theB meson
decays at Belle and BaBar, and in thee+e− anni-
hilation at BES and CLEO-c, and may also be se
from thee+e− continuum at

√
s = 10.6 GeV at Belle

and BaBar, where the charmed–nonstrange meson
production processese+e− → D(∗)D̄(∗) have already
been observed by Belle[12], and it should not be too
difficult to detectD(∗)

s mesons and their radial excit
tions with higher statistics in the near future.

We finally note that any orbitally excited states
thecs̄ mesons (without nodes in their wave function
such as theD-wave l = 2, j = 3/2,5/2 light quark
excitations withJP = 1−,2−,2−,3− for the cs̄ sys-
tems could hardly explain the unusual decay patte
thatR = Γ (D0K+)/Γ (D+

s η) = 0.16± 0.06.
(2) TheD+

SJ (2632)could be acs̄g hybrid state.
In some constituent gluon model for the hyb

states (see, e.g.,[10,13]) the decay may proceed v
the gluon conversion into the color-octet quark pa
(assuming SU(3) symmetry)

g → 1/
√

3(uū + dd̄ + ss̄)8,

and then the color-octet quark pairs become the n
tralized color-singlet ones by the gluon exchange w
r

the color-octet(cs̄)8 component. If the gluon exchang
does not flip the quark spin (e.g., via the long-rang
color-electric force), thefinal state from the gluon
conversion in the hybrid would become theω or φ

mesons. If the short-ranged magnetic color-spin fo
induced by one gluon exchange flips the quark s
the final state from the gluon in the hybrid would b
come theη or η′ mesons. The short-ranged magne
color-spin force could make the hybrid narrow. Hen
acs̄g hybrid could mainly decay to aDs meson plus a
η meson if its mass does not allow it decaying intoω or
φ mesons in the final state. Thecs̄g hybrid state could
also decay intoDK mesons via the quark rearrang
ment from the(cs̄)8(uū + dd̄ + ss̄)8 configuration. It
is not clear dynamically whether the quark rearran
ment can compete with the gluon exchange. If n
then theDsη decay mode would dominate. Howev
this is still an open question in the constituent glu
model for the hybrid states because of the compl
tion of the nonperturbative dynamics.

A study for the heavy–light hybridQq̄g in the
QCD sum rule approach may further shed light
the masses and decay widths of theQq̄g states[14].
It shows that in the heavy quark limit the lowest l
ing Qs̄g state is theJP = 1− state with the strang
quark and gluon excitation energy of about 1.7 G
and theJP = 1+,0+,0− hybrids will have higher
masses. The total decay width of the 1− Qq̄g state
would be about 300 MeV, but more than 80% a
due to decays into theP -wave charmed meson ass
ciated with a light pseudoscalar meson (i.e., the p
tial decay width to the ground state charmed mes
is only about 10 MeV). If the observedD+

SJ (2632)

is the 1− cs̄g state (the mass estimate in the hea
quark limit for the charmed hybrid might suffer fro
large 1/mc corrections), it would then have a narro
width of the order 10 MeV, since decays involving t
P -wave charmed mesons would not be kinematic
allowed. This would seem to be encouraging. But
mass of thiscs̄g hybrid state is estimated to be high
than 3.0 GeV, and it is hard to lower its mass do
to 2.63 GeV by 1/mc corrections. Therefore it is no
very likely to have this hybrid state as the candidate
D+

SJ (2632).
(3) TheD+

SJ (2632)could be a charmed baryoniu
(diquark–antidiquark)(cs)3∗–(s̄s̄)3 state.

In the recent studies for the pentaquarks, the
quark correlation has been emphasized[15]. If the
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3)
diquark correlation does exist even in theS-wave
hadrons, the diquark–antidiquark bound state or re
nance (it was sometimes called the baryonium sinc
would easily decay to a baryon and antibaryon pair
a light quark pair creation if it has enough phase spa
should also exist. As examples the(cq)3∗–(c̄q̄)3 (see,
e.g.,[16]) and(sq)3∗–(s̄q̄)3 (see, e.g.,[10]) states have
been discussed along with lots of studies by ot
authors. Here we would like to suggest the(cs)3∗–
(s̄s̄)3 state be a possible candidate for the obser
D+

SJ (2632)state (see also[17,18] for discussions on
the four quark states). As in[15], assuming the di
quark correlation exists even in theS-wave hadrons
(this is different from the scenario of diquark cluste
which are separated by large angular momentum b
ers), then the(cs)3∗–(s̄s̄)3 state can only decay via th
quark rearrangement into thecs̄ andss̄ (Dsη) mesons
and then may have a narrow width. Thess̄ can further
mix with uū + dd̄ and this small mixing (not far from
the ideal mixing) would lead to a small decay bran
ing ratio to theDK mesons. Here the key assumpti
is that the(cs)3∗–(s̄s̄)3 has very small overlap with
the(cs̄)1–(ss̄)1 color-configuration due to the diqua
correlation, so that the(cs)3∗–(s̄s̄)3 cannot simply fall
apart into theDsη mesons with a broad width (even f
the S-wave state). If this is a right picture, we wou
have a nice interpretation for theD+

SJ (2632). But we
have to know the dynamics for the diquark correlati
This is certainly a very interesting subject in low e
ergy QCD. Here thēss̄ diquark must have spin on
since both flavor and spin are symmetric under
exchange of two quarks. Therefore the lowest(cs)3∗–
(s̄s̄)3 state could haveJP = 1+.

In summary, we have suggested some possible
terpretations for theD+

SJ (2632)observed by SELEX
TheD+

SJ (2632)could be the first radial excitation o
the 1− ground stateD∗

s (2112), and its unusual deca
patten might be hopefully explained by the node str
ture of the wave functions. In addition, theD+

SJ (2632)

could also be acs̄g hybrid state or a(cs)3∗–(s̄s̄)3
(diquark–antidiquark) state, but these two assignm
are less likely than the first one.

Note added

After this work appeared in hep-ph/0407091, B
nes et al.[19] and van Beveren et al.[20] indepen-
dently reached the same conclusion that theD+
SJ (2632)

could be the first radial excitation of the 1− ground
stateD∗

s (2112).
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