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KK̄ families in spectroscopy of exotic mesons?

Zisheng Wang*
Institut für Kernphysik, Forschungszentrum Ju¨lich, D-52425 Ju¨lich, Germany

~Received 25 October 1999; published 9 June 2000!

Applying a classical massive string model, we find that the exotic mesonsf 0(980), f 1(1420), f J(1710), and
f J(2220) lie on a Regge trajectory, where the spins off J(1710) andf J(2220) are 2 and 4, respectively.
According to this Regge trajectory, another member of the family,f 3(2000) with spin53 and mass>2 GeV,
might exist.

PACS number~s!: 14.40.Cs, 12.39.Mk, 12.40.Nn, 12.40.Yx
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Spectroscopy of mesons has attracted growing intere
recent years. In addition to ordinaryqq̄ mesons, multiquark
qqq̄q̄ states, meson-meson pair states, and lowest-ly
glueballs are expected as well@1#.

The existence of gluon self-coupling in QCD sugge
that gluonia~or glueballs! and hybrids (qq̄g) might exist.
Another possible kind of non-qq̄ mesons is multiquark
states, which can be either baglike or clusters of mes
Many of the best non-qq̄ candidates lie close to importan
thresholds, which suggests that they might be bound state
a meson pair, such asf 0(980), a0(980), f 1(1420),
f 2(1520), f J(1710), and so on.

Several proposals have been made to describe thef 0(980)
and thea0(980) mesons asqq̄ mesons@2#, multiquarkqqq̄q̄

states@3#, or KK̄ molecules@4#. According to the results
from the Crystal Barrel@5#, an isoscalarf 0(1370) and is-
ovectora0(1450) with masses and widths are more app
priate for the ground stateqq̄ nonet. If thef 0(980) and the
a0(980) are included in the3P0 qq̄ scalar nonet, the low
values for their masses and widths have called these as
ments into question. It seems that a solution of the bo
state of the multiquarkqqq̄q̄ was not found in the region o
effective mass 1 GeV by analysis of the quark poten
model @4#. A recent theoretical calculation@6# based on the
KK̄ molecule structure can successfully explain the dis
pearance of a dip and the appearance of a peak in the re
of the f 0(980) resonance for the Brookhaven experiment@7#

on the reactionp2p→p0p0n at Plab
p2

518.3 GeV/c as trans-
fer momentum increases. Thegg decay widths of the
f 0(980) and thea0(980) resonances have also been used
discriminate the properties among the models, which h
typically been presented as a support for theKK̄ molecule
structures of these states@8–10#.

It is interesting to note that thef 0(980) and thea0(980)
are close to theK(494)K̄(494) threshold, thef 1(1420), the
K(494)K̄* (892) threshold, and the f J(1710), the
K* (892)K̄* (892) threshold. What is the relation betwe
these mesons andKK̄ molecules? Why does theKK̄ mode
have two states, thef 0(980) and thea0(980)? The spin of
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the f J(1710), especially, is still a question to be solved@1#. If
it is a ground-state glueball, its spin should be 0@11#. How-
ever, the WA76 experiment on 300 GeV/c pp interactions
observed a structure that favors spin 2 at the same mass@12#.
Another interesting point is that thef 1(1420) is above the
K(494)K̄* (892) threshold and thef J(1710) below the
K(494)K̄* (1410) ~with spin51!, the K* (892)K̄* (892) and
the vf ~with spin50 or 2! thresholds. Thef J(2220), espe-
cially, is below theK* (892)K̄* (1410) ~with spin50 or 2!
and above theK(494)K̄* (1680) ~with spin51! thresholds. If
the f 1(1420) was simply regarded as a threshold enhan
ment ofK(494)K̄* (892) pair, or aKK̄p molecule@13#, and
the f J(1710) a composition of theK(494)K̄* (1410), the
K* (892)K̄* (892) and thevf @14#, it would be difficult for
one to determine the spins of thef J(1710) ~0, 1, or 2! and
f J(2220) ~0, 1, 2, or 3! and know thef J(2220) nature@a
threshold enhancement of theK(494)K̄* (1680), a bound
state of theK* (892)K̄* (1410), or admixture of these two
states# only based on the thresholds. This confusing pictu
points to a pressing need for a framework to examine th
mesons in a unified way.

The invariant mass M of the mesonic states is related
the occupation number (ar

m1 andar
m) of Fock space by the

spectral equation@15,16#

a8M25(
r 50

`

rar
m1arm , ~1!

which may be interpreted by using the models of both
continuous string@17# and a relativistic oscillator@18,19#.
The latter is often used in nuclear and particle physics. Th
previous experience showed the value of the string mode
a tool for including the systematics of meson states.

It is well known that the string model is usually used
describe quark confinement in QCD, where the curr
quark-antiquark with small masses are at the two end po
of the string respectively. When one pulls the current qua
away, the energy of the string shall increase rapidly eno
so as to produce a new current quark and a new cur
antiquark at the broken point. The new current quark~anti-
quark! and the original current antiquark~quark! become a
new pair connected by the string. Thus, it is no way to o
serve the free quark. It is different situation between mes
©2000 The American Physical Society03-1
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TABLE I. Exotic mesons grouped in thef 0(980) rotational family ~Regge trajectory!, where J
52m2/(4a8)1a8M2.

J 0 1 2 3 4
M~GeV!,a851.0 GeV2 0.98 1.40 1.72 1.99 2.227
M~GeV!,a850.98 GeV2 0.98 1.421 1.744 2.015 2.254
Mesons f 0(980) f 1(1420) f J(1710) f 3(2000)? f J(2220)
Experiment~MeV! 980610 1426.261.2 171265 ? 222566
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meson pair. The energy is not enough to produce a n
meson and a new antimeson at broken point when the s
is broken. Thus, one can observe free mesons. Therefore
possible to use the string model for the meson-meson pa
some energy region. Our calculation below indicates tha
might beE,2.5 GeV.

Let xm(s,t) denote space-time coordinates of worl
sheet of a string.xm(s,t) form a mapping of the
2-dimensional string parameter space (s,t) into space-time.
The Lagrangian of the massive string@20# can be expresse
by

L~xm,ẋm,x8m!5
1

2pa8
A~ ẋmxm8 !22~ ẋm!2

„~xn8!22m2
…,

~2!

wherem is a constant to be determined below, 1/2pa8 the
energy per unit length in the rest system of a point along
string. And

ẋm5
]xm

]t
, xm8 5

]xm

]s
. ~3!

The motion equation and the boundary condition of
string determined by Hamilton’s principle may be express
as

]

]t

]L
] ẋm

1
]

]s

]L
]x8m

50,
]L

]x8m U
s50,p

50. ~4!

The corresponding conjugate momentum density may
written as

Pm5
]L
] ẋm

5
21

2pa8

ẋm
„~xn8!22m2

…2x8m~ ẋnxn8!

$~ ẋmxm8 !22~ ẋm!2
„~xn8!22m2

…%1/2
,

~5!

Pm5
]L
]xm8

5
21

2pa8

x8m~ ẋn!22 ẋm~ ẋnxn8!

$~ ẋmxm8 !22~ ẋm!2
„~xn8!22m2

…%1/2
.

~6!

Inserting Eqs.~5! and~6! into Eq.~4!, we see that Eqs.~4!
are nothing other than the statement about the conserva
of the energy and momentum of the string: First formula
Eq. ~4! means that the flow of energy momentum is loca
conserved inside the string, second one in Eq.~4! means that
no energy and momentum flows in or out of end of t
string. Thus we may look for a set of rigid rotator solutio
01750
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with xm(s,t)5$t,r(s)cosvt,r(s)sinvt,0% to Eq. ~4! @20#.
After considerable algebraic manipulation, one finds that

r91v2m2r2v2r~rr92r82!50, r8~s!us50,p50.
~7!

Thus the solutions to Eq.~7! are

rn~s!5S n22m2v2

v2n2 D 1/2

cosns, n51,2, . . . . ~8!

Using the solutions, one may easily compute the ene
and angular momentum of the string,

M5E
0

p

P0ds5
n

2a8v
,

~9!

J5E
0

p

~x1P22x2P1!ds5
n22v2m2

4a8nv2
.

It is thus clear that the angular momentumJ and the massM
squared of the string are directly proportional to each oth

J5a8M2/n2
m2

4a8n
, n51,2, . . . . ~10!

Therefore, the prediction of the model is that all known m
sons do fall on straight lines known as Regge trajectorie
a plot of spin vs squared mass. Every trajectory differs
constantm of intercept for the different meson, where w
take it asm2/450.96 GeV22.

It is noted in Eq.~10! that there are several differen
modes forn51,2, . . . .Every mode should represent a di
ferent meson family@21#. We take the leading trajectory (n
51) to describe thef 0(980) family. The result is shown in
Table I, where the spin of thef J(1710) taken to be as 2
which is in agreement with experimental data of Armstro
et al. Thus the natural assignment for thef J(2220) isJ54.
This state has been seen at SPEAR in theKK̄ systems pro-
duced in the radiative decay ofJ/c(1S) @22,23#, where the
spin 2 or 4 was suggested by authors. Thef 1(1420) particle,
as pointed out by Longacre@13#, is not a hybridqq̄g meson
or a four-quark state described in Refs.@24# and@25#, but is
a KK̄ excited state in our results. Anotherf 3(2000) with the
quantum numbersI G(JPC)501(311) andM>2 GeV is not
found in the Particle Data Group booklet@1#.

From Eq. ~10!, we see that the Regge trajectory
strongly dependent on the intercept from thef 0(980) mass,
3-2
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mf 0
5Am2/4a85A0.96 GeV50.98 GeV. In other words, the

rotational family is determined by thef 0(980) constituents.
If the f 0(980) is aKK̄ molecule, thef 1(1420), thef J(1710)
and thef J(2220) may be theKK̄ excited states. This may b
the reason why they all possess the hidden strangeness
fact that resonances and boundstates with low internal
ergy (Q value! are easily produced means that the interp
tation of these states as excited states of two mesons s
quite reasonable. This conclusion is further strengthened
observing that the opening of a new channel produces
effective attractive interaction in the open channel. The
fore, the missingKK̄ excited state, thef 3(2000), might exist.

If n52 in Eq. ~17! is assigned to describe thea0(980)
family ~see Table II!. For J51, the mass should be abo
et

01750
he
n-
-
ms

by
n
-
1.72 GeV. Thereforer(1700) might be a candidate of th
a0(980) family. For J52, member of this family should
have the mass>2.23 GeV and the quantum numbe
I G(JPC)512(211). This family may need to be studied fur
ther.

TABLE II. The a0(980) rotational family, where 2J
52m2/(4a8)1a8M2.

J 0 1 2
M~GeV!,a851.0 GeV2 0.98 1.72 2.227
M~GeV!,a850.98 GeV2 0.98 1.744 2.254
Mesons a0(980) r(1700) a2(2230)?
Experiment~MeV! 983.460.9 1700620 ?
d
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