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The spectra and dominant decay couplings of Q*Q? mesons are presented as calculated in the quark-bag
model. Certain known 0% mesons [€(700),S*,8,k] are assigned to the lightest cryptoexotic Q Q2 nonet. The
usual quark-model 0 nonet (QQ L = 1) must lie higher in mass. All other Q*Q? mesons are predicted to be
broad, heavy, and usually inelastic in formation processes. Other Q2Q? states which may be experimentally

prominent are discussed.

This is the first of two papers on multiquark
states in the quark-bag model. This paper is
concerned primarily with phenomenology— the
spectrum of @2Q2 mesons, their important cou-
plings, and the possibility that certain known
mesons are actually made of two quarks and two
antiquarks. The second paper® (known hereafter
as II) summarizes the calculational methods
developed to handle multiquark hadron states
with particular reference to Q%@ mesons. Here
we shall defer all detailed calculations and in-
stead quote liberally from the results of II. A
preliminary report of some of these results was
given in collaboration with Johnson.?

I. INTRODUCTION

In his 1964 paper?® introducing the notion of
quarks, Gell-Mann comments that “It is amusing
that the lowest baryon configuration (QQ®Q) gives
just the representations 1, 8, and 10 that have
been observed, while the lowest meson configura-
tion (QQ) similarly gives just 1 and 8.” In recent
years attention has focused on developing a quark
dynamics consistent with the absence of free
quarks or other states of nonzero triality. The
apparent spectroscopic absence of multiquark
hadrons (@?@* mesons, @‘Q@ baryons, etc.) has
remained essentially where Gell-Mann left it.*
Indeed, it seems foolish to attempt an explanation
of the absence of exotics without at least some
understanding of the peculiar forces which con-
fine quarks.

On the other hand, one hopes that any dynamical
scheme which confines quarks would also shed
some light on the problem of multiquark hadrons.
The masses of S-wave baryons and mesons are
approximately in the ratio 3 to 2 (the S-wave
baryons are the 3* decuplet and the 3* octet; the
S-wave mesons are the 0” and 1 nonets). This is
to be expected if confined quarks interact rela-
tively weakly (as motivated by Bjorken scaling):

The mass of a hadron should increase roughly
linearly with the number of quarks. With (non-
strange) Q@ mesons at 700 MeV and Q° baryons

at 1100 MeV one expects Q°@* mesons at around
1500 MeV. Given the splittings within SU(6)
multiplets, the lightest @*@® mesons might be ex-
pected at masses less than 1 GeV. Certainly there
is no evidence of mesons with exotic quantum num-
bers in this range.

In this paper we examine the S-wave Q*@? sector
of a colored-quark-gluon model® based on a semi-
classical approximation® to the MIT bag theory.”
Confinement is built into the model ab initio. It
has been quite successful in describing the S-wave
Q@ mesons and Q° baryons.® Furthermore, the
model may be applied to the S-wave Q?@? sector
without introducing any further parameters or
approximations.

Surprisingly, we find that it is possible to
accommodate Q*Q* mesons velatively comfortably
within the restvictions imposed by expevimental
meson Spectvoscopy. We do not claim to resolve
the problem by elevating unwanted multiquark
states to very high masses. On the contrary, we
will attempt to identify the lowest @*@% multiplet,
a J P=0" nonet, with some of the known 0* mesons
[€(700), S*(993), 6(976),x(?)]. The masses and
decay systematics of the observed 0* mesons sup-
port the @*@Q® assignment. Other exotics (mesons
not classifiable as flavor octets or singlets) and
cryptoexotics (flavor singlets or octets neverthe-
less constructed from @?@?) are broad and heavy
and often couple weakly to formation channels.
For one or more of these reasons, most of them
are unlikely to have been seen at this time. The
model nevertheless makes many striking predic-
tions. For example, there should be another,
entire nonet of 0* mesons in the vicinity of the f.
These are the ordinary P-wave Q@ states errone-
ously (we claim) identified with the €, S*, &, and
Kk in quark-model compendia. A recent
Notre Dame-Argonne experiment® has found
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a J P=0" isovector resonance in KK at 1255
MeV which could be a member of this nonet.
There should be resonances in exotic channels
at high mass: We find a 7'7* S-wave resonance
somewhere above 1 GeV. The resonance will be
inelastic and will most likely be associated with
an inelastic background, making it difficult to see.
It should be looked for. These predictions and
others are discussed at length later in the paper.
The spectrum of Q*@* states depends crucially
on residual gluon interactions among bound quarks
which persist in color-singlet states. These gluon
exchanges are magnetic in character. In the
model, they are also responsible for the A being
heavier than the nucleon and the p being heavier
than the 7. The prediction of a light cryptoexotic
0* nonet is a strong test of the character of the
spectroscopically important forces among quarks.
We have found it useful to introduce a new SU(6) group
inorder to discuss multiquark states. The group,
which we shall call “color-spin” [SU(6)., ], is the di-
rect product of the SU(3) of color [SU(3).] and the
SU(2) generated by the angular momentum of rela-

tivistic j = 3 quarks (which we refer to loosely as spin).

The role of this symmetry group in determining
the spectra of multiquark states is discussed
thoroughly in II.

This paper is divided roughly into two parts.
The first part outlines the phenomenological
quark-bag model (Sec. II) and its application to
@?Q® mesons (Sec. III). The spectrum of Q*@?
mesons is presented in Sec. IV. The remainder
of the paper is devoted to the phenomenology of
the @*Q® mesons, first to the 0* nonet (Sec. V)
and then to the remaining channels (Sec. VI).
Section VII contains a summary of our results
and predictions.

II. REVIEW OF THE QUARK-BAG MODEL

In our model®*” colored quarks and massless
colored gluons are confined to the interior of
hadrons by the introduction of a constant energy
density (B=50 MeV/fm?®) into the hadron Hamil-
tonian. The quarks are massless (¢ or d) or light
(s) and are coupled to the gluons in the manner of
Yang and Mills. The field equations of motion and
boundary conditions guarantee that only color-
singlet (triality-zero) hadrons exist. A hadron is
an extended region of space (a bag) containing
quanta of quark and gluon fields.

In Ref. 5 we constructed a semiclassical quark
model based on this picture. For a discussion of
the assumptions and approximations involved, the
reader is referred to Ref. 5. Here we wish only
to review the ingredients in the phenomenological
quark Hamiltonian. An S-wave hadron is made by
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populating the lowest Dirac eigenmode of a spheri-
cal cavity of radius R with quarks of the appro-
priate color, flavor, and spin. The energy is a
function of R and contains four terms:

E(R)=E,+E,+Ey+E,.

The first term is the quark kinetic energy:

N
E,= Y [lm, R+ m PR, (2.1)
i=1

where N is the number of quarks in the state and
x(m; R) is the (dimensionless) wave number of an
S-wave quark in a cavity with bag boundary condi-
tions. x(mR) is plotted as a function of mR in Fig.
1. The quark kinetic energy dominates the phe-
nomenological Hamiltonian— about 3 of the mass
of a typical hadron arises from the motion of the
quarks.

The next two terms, E, and E,, are conse-
quences of doing field theory in a finite domain.
The first,

E,=BV, (2.2)

is the energy associated with the confining pres-
sure, B (V=47R%). The second term,

E,=-2,/R, (2.3)

is a phenomenological estimate of the effects of
zero-point fluctuations of fields confined to a
sphere of radius R.°

The final term is the energy associated with the
gluon interactions of the quarks. The long-range,
strong, confining forces are provided by the bag
term BV. It is therefore not necessary for the

| N S [N N N S I |
O1 2 3 4 5 6 7 8 9
mR

FIG. 1. Eigenfrequency x mR) of the lowest S-wave
quark mode with mass m in a spherical cavity of radius
R.
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quark-gluon coupling to be strong (since the bag
provides an infrared cutoff, the quark-gluon cou-
pling need never become large). We treat the
gluon interaction perturbatively in a,=g*/4m and
find that a relatively small value of «, is consis-
tent with the S-wave Q@ and @* spectrum.>*°

To lowest order, only the Born graph of Fig.
2(a) and the self-energy graph of Fig. 2(b) contri-
bute. Only the magnetic contribution is important:

Eg:-%z >3 [anEm- B, (2.4)

itj a

Other contributions, the electric energy and the
self-energy graphs [Fig. 2(b)], are either small
or included in the definitions of the observable
(renormalized) parameters of the model.® In Eq.
(2.4) B(x) is the color (@=1,2,...,8) magnetic
field produced by the ith quark. In Ref. 3, this
integral was evaluated:

Eg;% 35, - FAMGM(m R, mR).  (2.5)
> a

A} is the color of the ith quark just as §; is its
spin.'* M(m;R,m R) is the result of an integral
over cavity wave functions which is graphed in
Fig. 3.

The recipe for calculating the masses of S-wave
hadrons is as follows: First, construct wave func-
tions properly antisymmetrized in flavor, color,
and spin. Second, diagonalize the energy in this
basis. Third, minimize the energy eigenvalues
with respect to the cavity radius R for each eigen-
state:

9E(R)

il i78 =0. 2.6
R | . (2.6)

Ro

The mass of a hadron is given by E(R=R,).
Minimizing the energy with respect to R is equiv-
alent (for S-wave hadrons) to balancing the field
pressure locally against the confining pressure B,
which is a requirement of the original bag bound-
ary conditions.

i j i
(a) (b)

FIG. 2. Lowest-order gluon exchange graphs; (a) ex-
change and (b) self-energy.

The parameters of the model were fixed once and
for all by a fit to the masses of the Q@ and @° S-
wave hadrons. The results were

B'%=146 MeV ,
m =279 MeV ,
a,=0.55,
z,=1.84.

The reader may wish to consult Ref. 5 to judge
the success of this simple model in describing
the masses and static parameters (axial-vector
charges, magnetic moments, etc.) of the lightest
hadrons.

The phenomenological Hamiltonian of Eqs.
(2.1)-(2.3) and (2.5) is the basis of the rest of
this paper. The only modification we have made
is to approximate the mass dependence of
M(@m;R,m;R) in Eq. (2.5) so that E, is diagonal
in flavor for states with a definite number of S
quarks. Specifically, in a state with n, strange
quarks, we set

ns nS
M(m,-R,ij)-M<ﬁ msR,ﬁmsR> @.7)

for all i and j. For n,=0or N, this agrees with
the exact calculation; in between it interpolates
linearly. In the @° sector, the approximation
amounts to ignoring the A-Z splitting relative to
the N-A splitting. While this ignores interesting
physics, it does not affect the spectroscopy of
Q?Q? states at the level at which we are working.

o2 T T —

——— One quark massless
Both quark mass m

mR

FIG. 3. Magnetic gluon exchange of two quarks as a
function of mR. M is the quantity referred to in Eq.
(2.5). The solid line gives the interaction energy be-
tween equal-mass quarks, the dashed line gives the
interaction energy between a massless quark and a quark
of mass m.
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III. DYNAMICS OF Q20% MESONS

The spectrum of S-wave Q%@ ? mesons is much
richer than that of S-wave Q@ mesons or @°
baryons. The general features of the spectrum
are related to the various terms in the quark-bag
Hamiltonian written down in the preceding section.
The first part of this section will concern the
diagonalization of the Hamiltonian and the hier-
archy of states which emerges. Afterwards we
discuss the dynamics of production and decay of
Q%Q? states which is essential in understanding
their place in meson phenomenology.

A. Diagonalizing the quark-bag Hamiltonian

In the absence of gluon interactions the masses
of Q*Q? states would range from 1460 MeV (no
strange quarks) to 2140 MeV (four strange quarks).
The quark-kinetic-energy operator, E,, is diago-
nal in states with a well-defined number, n,, of
strange quarks. This is a generalization of
“magic mixing” observed in, say, the w-¢ sys-
tem. There the octet and singlet mix so that (to
a first approximation) iae ¢ is pure s3, the w
pure (1/V 2)(uiw+dd). The phenomenology of
magic mixing is quite different in the Q*@® sector
than in the Q@ sector. For example, in a Q°Q°
nonet the isovector state is (udss, (1/V2)(ui - dd)ss,
dizs3). The isosinglet analog of the w (degenerate
with the isotriplet) is (1/V2) @i+ dd)s3, while the
analog of the ¢ (uidd) contains no strange quarks.
The mixing induced by the kinetic-energy operator
is very important in the phenomenology of the
Q%Q® 0* nonet which we identify with physical scalar
mesons.

As the magnetic gluon interaction is turned on
the degeneracies in color and spin are lifted. E,
as approximated by Eq. (2.7) is diagonal in a
basis of states which are magically mixed. The
splittings and mixing induced by the magnetic ex-
change interaction are the subject of II. Here we
wish only to emphasize that these splittings are
essential in ordering the spectrum in a way com-
patible with experiment. This is no different
than the state of affairs among the S-wave Q@
and Q% hadrons. There the magnetic gluon ex-
change is responsible for the A being heavier than
the nucleon and the p being heavier than the 7.%12
Any vector exchange (treated to lowest order) be-
tween particle and antiparticle makes the 1~ state
heavier than the 0° state. However, the fact that
the $* state is heavier than the 3* state depends
crucially on the X matrices which appear at the
quark-gluon vertices.!3

The success or failure of our treatment of Q*Q?
mesons must be attributed primarily to the mag-
netic gluon interaction of Fig. 2(a). In this sense
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our model is more general than the bag frame-

work in which our calculations are performed.

Nevertheless, an attempt to study @?@* mesons
based on symmetry considerations alone would

be much less predictive because of the large num-
ber of reduced matrix elements which are left
undetermined. It is amusing that a large portion

of hadron spectroscopy might be explained in terms
of as simple a mechanism as that illustrated in
Fig. 2(a).

B. Dynamics of production and decay of Q?Q? Hadrons

If it is heavy enough an S-wave @Q* meson will
be unstable against decay into two S-wave Q@ wave
mesons. The Q°Q” state simply falls apart, or dis-
sociates, asillustrated in Fig. 4(a). Inconstrast,de-
cay of a Q@ meson into two Q@ mesons (for ex-
ample p— 27 or f—27) requires creation of a Qé
pair [Fig. 4(b)]. We interpret the Okubo- Zweig-
Iizuka (OZI) rule!® as an inhibition associated
with the creation or annihilation of quark lines.

If decays like p—27 or f— 27 are “OZI-allowed”
then decays of Q2Q? states as in Fig. 4(a) are
“OZI-superallowed.”

Of course a given Q2@ meson cannot “fall apart”
or “dissociate” into any arbitrary Q@ mesons.

The decay products must be S-wave mesons in
relative S waves. Thus a Q?Q@? 2* state cannot
dissociate into two m mesons since they would have
to be in a D wave. However, it could fall

apart into two p mesons. This 2* state might
couple to 77 but only by a mechanism like that

A

1
(c) (d) -

FIG. 4. Meson decay diagrams. (a) Dissociation de-
cay of an S wave Q%Q? into two S-wave QQ mesons; (b)
conventional decay of a Q@ meson into two Q@ mesons;
(c) decay of an S-wave JZ=2" Q%)% meson into two 0" QQ
S-wave mesons in a relative D wave; (d) an S-wave Q%
meson attempting ta fall apart into two color octets and
succeeding only after a gluon exchange neutralizes the
color.
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shown in Fig. 4(c). Two gluons are required be-
cause the final-state mesons must be color sing-
lets. We assume such couplings are suppressed.

The OZI-superallowed decays of a Q%Q? state are
calculated by a change of coupling transformation.
Any Q%Q@? state may be written as a linear super-
position of (QQ)(Q®) states coupled to the same
total flavor, spin, and color (singlet). The re-
coupling coefficients, which weight the terms in
the sum, tell us the amplitude for the Q°Q° meson
to dissociate into that particulay channel. Thus,
for example, a @’@° 0* meson could fall apart into
four channels: (1) two color-singlet, pseudo-
scalar Q@ mesons; (2) two color-singlet, vector
Q@ mesons; (3) two color-octet, pseudoscalar Q@
mesons; and (4) two color-octet, vector Q@
mesons. The first two are physical, OZI-super-
allowed decays. The latter two cannot occur (all
physical mesons are color singlets) without further
exchange of at least one gluon [Fig. 4(d)], which
we assume to be suppressed.

For the purposes of this paper we consider only
OZI-superallowed decays. All suppressed decays
are assumed forbidden. This is allowable so long
as all Q?@” states have large recoupling coef-
ficients to at least one superallowed decay channel
which is also allowed by energy-momentum con-
servation. This is true for all @*@? mesons ex-
cept certain members of the lowest nonet which
we discuss individually.

We are now in a position to enumerate a set of
rules for determining the phenomenology of @@
mesons:

(1) If a given Q?@* state is above threshold for
decay into a “dissociation” channel, it is very
broad into that channel.

(2) All decays other than dissociation decays are
to be ignored (to a first approximation).

(3) An S-wave Q%@* meson can only couple [in
light of (2)] to two color-singlet S-wave Q@
mesons in a relative S wave.

(4) The coupling of any Q*@® meson to any (Q®)
(QQ) dissociation channel is determined by a
change of coupling transformation up to one uni-
versal multiplicative factor, g,. 8, represents
the coupling of a @*@® meson to a (Q]) (QQ) channel
with which it has perfect overlap of quantum num-
bers.

(5) For any (Q®) (Q®) channel of definite spin
and flavor the sums of the squaves of the couplings
to all @’Q? states is unity. There is but one elastic
Q%Q? state per channel though its strength may be
spread over several inelastic resonances. This
follows from the orthogonality of the recoupling
matrices.

The great width of most Q@2 mesons will ac-
count for their experimental elusiveness. It
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gives us two problems in return: First, we are
confronted with mesons whose width is a sub-
stantial fraction of their mass. A calculation of
their masses which ignores decay processes

(as does ours) must not be taken too literally. We
should not expect the accuracy we demanded in
our treatment of Q@ mesons and @* baryons.®
Second, the great width of these states may make
it difficult to establish their resonant character

at all. The €(700) (which we claim to be a @2@?
state) provides a clear example of this. Many
higher-mass @2@? states not only may be as broad
and confusing as the €, but also will probably occur
in channels with substantial inelastic background
obscuring their resonant behavior. This must be
kept in mind when we discuss exotic resonances in
Sec. VI.

C. OZlI-rule violation among Q’é2 mesons

Finally we turn to the modification of magic mix-
ing by OZI-rule-violating processes. Annihilation
of quarks into some number of gluons provides an
SU(3)-flavor-singlet force which can alter the
magic mixing dictated by E,. It has been con-
jectured!® that the success of magic mixing in the
w-¢ system follows from the smallness of Fig.
5(a). Figure 5(a) is of order «,/® and this is the
lowest order in which w-¢ mixing can occur.
Since a, is small this may account for the sup-
pression.

Curiously, @°@® states may mix to order a, via
the diagram in Fig. 5(b). Some fraction of the
Q%@? wave function has at least one Q@ pair in a
color-octet, vector state. This Q@ pair may an-
nihilate virtually into a single vector gluon. Since
this diagram is of order @, one might expect large
violations of the OZI rule, i.e., physical states
which are not magically mixed. This is not always
the case. The reason lies in the recoupling co-
efficient which determines the fraction of the Q%@?
state which can annihilate. In the case of im-

(a)

>

INID s G

<

(b)

FIG. 5. OZI-rule violation inducing mixing (a) in the
1" channel of the Q@ sector; (b) in the @%Q* sector.
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mediate interest to us, the @%@* 0* nonet, the pro-
jection onto color-octet vector mesons introduces
an additional factor of ~0.15. Thus a large under-
lying matrix element [ O(a,)] is multiplied by a
small coefficient and induces only a small mixing.
The problem only arises for us in the 0* nonet
which we discuss in Sec. V. We mention it
here because the mechanism is somewhat un-
conventional and might be of wider interest.

IV. THE SPECTRUM OF Q%Q? MESONS

Two quarks may reside in a 3 or 6 of flavor

SU(3). When coupled to two antiquarks the fol-
lowing flavor multiplets arise:
§9§=1@§52~ (4.1)
698=168527=36, (4.2)
6235326=8,#8,010010=18®18.  (4.3)

These multiplets mix magically so that the SU(3),
labels 1, 8, etc., apply only to states which do
not mix.

Which flavor multiplets occur with a given total
spin is determined by the exclusion principle. In
II we find

JP=2%:9,36,
JP=1":9,36,18,18* 18,18, (4.4)
JP=0* :9,9%,36,36*.
Two multiplets with identical spin and flavor con-
tent are distinguished by an asterisk (applied to
the heavier).

States are labeled as follows:
1. Exotics (E) carry a subscript denoting the

(pseudoscalar) flavor channel to which they couple.

They are also labeled by their spin parity and the
SU(3), “multiplet” (36 or 18 or 18) in which they
reside. o o

(321
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7, denotes (1/V'2) iw+dd)]. The actual dissocia-
tion decay channels of a given meson are deter-
mined by its spin and color content in conjunction
with the flavor recoupling given in Figs. 6-8. For
example, a C%(36,2*) could decay to K*¢ (we take
¢ to be pure s3), while a C;(36,0") decays to
K*¢, Kn, or Kn' (the physical n and n” are linear
combinations of 7, and 7). Figures 6-8 refer
only to the flavor-recoupling calculation.

The masses of Q?Q? states are listed in Tables
I-III. The spin and color recouplings of the Q*@?
multiplets are listed in Tables IV-VI. To cal-
culate the coupling of a particular @*@* meson to
decay channels multiply the flavor-recoupling
coefficients of Figs. 6-8 by the color and spin
coefficients of Tables IV-VI.'® Thus, for ex-
ample, the C$(36,0") with mass 1750 MeV couples
as follows to decay channels:

C3(36,07) = - 0.644 K7+ 0.269 K*
~0.322K +7,~ 0.639K* ¢

[underlining of a meson denotes a color-octet
meson, the dot product (K* - ¢) denotes the coupling
of the two color octets to a color singlet]. Thus
the C%(36,0") appears primarily in the nK chan-
nel.

The masses and recoupling coefficients collected
in Figs. 6-8 and Tables I-VI enable one to study
any channel of interest. We turn to specific chan-
nels for phenomenological support for our model.

2. Crytoexotics (C) carry as a subscript the name
of the corresponding pseudoscalar with the same
flavor quantum numbers. The number of $S pairs
in the state is denoted by a superscript s (one pair)
or ss (two pairs). States at the center of the SU(3)
weight diagram carry no subscript. Occasionally
another superscript is necessary to distinguish the
G parity [or more generally SU(3) parity] of other-

wise degenerate states.

The weight diagrams for the three multiplets of
interest, Eqgs. (4.1)-(4.3), are given in Figs.
6-8. Also in Figs. 6-8, we give the recoupling
to @@ octet and singlet decay channels. Thus,
for example, according to Fig. 7, C;(36) is a
@*@Q® meson with the flavor quantum numbers of
a kaon but containing a hidden s% pair. It has the
same flavor content as Kn, [7, is shorthand for s5,

FIG. 6. The cryptoexotic nonet (3® 3) and its recou-
pling to flavor decay channels. Q@ mesons are labeled
by the names of a magically mixed pseudoscalar nonet—
no prejudice regarding spin for the Q@ mesons is im-
plied.
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V. THE 0° CRYPTOEXOTIC NONET

The most striking feature of the spectra of the
preceding section is the low-mass nonet of 0*
mesons. This multiplet is light for the same rea-
son that the pseudoscalar Q@ mesons and spin-

3 @° baryons are light: attractive gluon-magnetic
interactions. Since these states are predicted to
lie well within the mass range covered by good
phase-shift analyses of 7, KK, and 7K scattering
they should already be known. In this section we
construct a case that these Q?@? states are none

° o9 °
E,,,,(3_6)=1r7r Cx(;@)’%Kﬂ*"\—/—g K'r]o
E x(36)=7K C,(38)=mn,
E(KK)|(3_)=(KK)I:I C°(__6_)=-2I—1r1r+£27’°770
(c) Y
C5%(36)
3
C**(38) = g,

FIG. 7. The exotic and cryptoexotic 36-plet (6 ®6) and
its recouplings to flavor decay channels. For c_lari_ty
the weight diagram is divided in three according to the
number of hidden s§ pairs [(a) none; (b) one; (c) two].
As in Fig. 6 no prejudice regarding the spin of the QQ
mesons is implied by the notation.

other than the best-known scalar mesons. We first
review the qualitative features of the 0* mesons and
simple attempts to classify them as Q@ P-wave
states. Then we turn to our Q"’éz nonet and com-
pare its features with the physical states.

A. The 0° mesons in the Q0 quark model

Not much is known about the 0* mesons. It has
taken a long time to establish their resonant

Y Y
Cy(18)  E, (18)
. ® '+ @® .
c,(18) csue)
o o . ® A
- T -l csug) 1 Iy
Cg(18) czu8)

o-I+ o e-i+ o

-2 0 E kxr(18)

R s R Bve- S
Epx(18)= 7K Cr(18)= \/?KK+\/2—775"
E(riye (18) = (RK)F™° CS5(18)= —= B -
(&kRye (18 '8 ﬁnsno 7
CK(L_)=—%KW+£;170K C318)=+ R

L |
C"(L)-ﬁnoﬂ_ﬁ”"

I 3
C;(L)=§WOK—L;KW

Y
2 E(m*’([)
Y
o | ecy (i8) o | eC3(i8)
Cn(18) cS(i8) 3 (i8)
- T I3 - I3
Ck(8) £, z(1®
. ®-+ ® .
(B)=wK S(B)= —- KK+ —1
E,z(i8)=7K C,,(I_)-ﬁKK+\/§nsvr

(18)= (KK)'™° cS(iB) = — + K

Ekxyo(18)= 18 -fnsno -\/EKK
— 3 0

Cr(iB)= Y2 n R+ g R CHIB) = + 7K
B = | |

C"“—)_ﬁnoﬂ*ﬁﬂﬁ
. |

CuliB)= X3 K + 5 moK

FIG. 8. The exotic and cryptoexotic 18 and 18-plets
(6®3 and 3®8) and their recoupling to flavor decay
channels. —Again the weight diagrams are divided in two
according to the number of hidden s5 pairs. As in Figs.
6 and 7, no prejudice regarding the spin of the Q@
mesons should be inferred from the notation. As de-
scribed in Ref. 16 most states in these multiplets mix
to give eigenstates of G parity or SU(3) parity. The
states which do not mix are the exotics and Cf( (18) and
CA(TP).
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TABLE I. The predicted masses of @2Q@% 0" mesons
listed according to their SU(3) multiplet [see Eqgs.
(4.1)—4.3)] and name (see Figs. 6-8). Masses are
quoted to the nearest 50 MeV.

SU(3) multiplet State Mass (MeV)

9 c? 650
Cy 900

cs,cs 1100

36 E..,C,,C* 1150
E.x,Cx 1350

E(ot,CS,C8 1550

cs 1750

css 1950

9% ct 1450
Cg 1600

cs,cs 1800

36* E..,C.,C° 1800
E. g, Cx 1950

Ei1,CS,C° 2100

Cs 2200

css 2350

parameters!” and quite a bit of controversy re-
mains.!®?° We will allow for some controversy
by constructing alternative quark models. We
note the following properties.

(a) The S*(993) is a narrow resonance which
couples more strongly to KK than to nn'®:

M(S*)=993.2+4.4 MeV,
T'(S*)=40.4+£7.4 MeV ,

Sx
1.3< 8k <25,
Le g

(b) The €(700) is a very broad resonance which
couples weakly if at all to KK?:

M(€)=660x100 MeV ,
T'(e) =640+ 140 MeV .

(c) The 6(976) is a narrow isospin-1 resonance
coupling to both nm and KK:

M(5)=976.4+5.4 MeV ,
T'(6)=46.9+11.2 MeV.

(d) The « is a very broad and poorly known reso-
nance in Km scattering:

M(k)~ 1300 MeV .

JAFFE 15

TABLE II. Predicted masses of Q2Q2 1* mesons list-
ed according to their SU(3) multiplet [see Eqs. (4.1)—
(4.3)] and name (see Figs. 6~8). Masses are quoted to
the nearest 50 MeV.

SU(3) multiplet State Mass (MeV)

9 c? 1200
Cx 1400

cs,cs 1600

18 C, 1250
Erg, G 1450

Eiw)0,C3,C° 1650

Ccy 1850

36 E..,C,C° 1450
Epx,Cx 1600

Eggyt,C8,C8 1800

Cy 1950

css 2150

18% Cy 1650
E x,Cx 1800

E(giy0,C5,CS 1950

cs 2100

Conventional quark models'® assign these mesons
to a nonet with L =1. This raises severe prob-
lems. Since the S* and 6 are nearly degenerate
one might assume (in analogy to the p-w-¢ sys-
tem) that the 0* mesons are magically mixed:

1 _ —
75 (u@ +dd) ,

€=S3.

S*=

TABLE III. Predicted masses of @%@2 2" mesons list-
ed according to their SU(3) multiplet [see Eqgs. (4.1)—
(4.3)] and name (see Figs. 6-8). Masses are quoted to
the nearest 50 MeV.

SU(3) multiplet State Mass (MeV)

9 c? 1650

Cy 1800

cs, Gy 1950

36 E .,C.,C° 1650
E_x,Cx 1800

E(KK) 1,(,\;,09 1950

cs 2100

css 2250
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TABLE IV. Recoupling coefficients for @2Q2 0* me-
sons into two Q@ mesons. P and V are color-singlet
pseudoscalar and vector Q@ mesons; P and V are
color octets of the same.

PP vwo PP v
|9,0%) 0.743 0.328 -0.432 —0.393
|36,0%) —0.644 0.269 -0.322 —0.639
|9*,0%) 0.178 —0.556 0.479 —0.655
[36%,0%) 0.041 0.715 0.692 —0.089

This fails because (in decreasing order of severity)

1. € couples to 77 not KK ,

2. S* couples strongly to KK and only weakly to
T,

3. M(e)<M(S*) in contrast to our expectation in
a quark model,

4. M(x) (though poorly known) is too large,

5. very large spin-orbit forces are necessary
to split the 0* L =1 states so far from the 2* L =1
states.

Alternatively, one may abandon the assumption
that the S* and € mix magically, and adjust their
mixing to obtain the observed decay couplings.
But then

1’. the S* (mostly s5)-6 degeneracy is acci-
dental,

2’. the € [mostly (& +dd)]-6 splitting is un-
accounted for,

3’. the large violation of the OZI rule (magic
mixing) is unaccounted for,

and 4 and 5 remain.
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Finally, one can ignore the €(700) entirely and
find instead a broad 0* 77 resonance near 1200
MeV, which is not the €’(1240) that goes along
with the €(700).!" If magic mixing is still main-
tained this cures problems 3, 4, and perhaps 5
but does not address problems 1 and 2. If magic
mixing is abandoned in this scheme the mass
splittings and degeneracies again become acci-
dental. Furthermore the €(700) effect is left out
in the cold.

In all the 0* nonet is not very attractive from the
viewpoint of the Q@ L =1 assignment. The elegance
of the quark model has always been its simplicity—
consider for example the 17 or 2* mesons. We
turn now to a simple explanation of the 0* pheno-
menology.

B. The 0" mesons as Q207 states

The lowest nonet of Q?@? states are natural
candidates for the observed 0* mesons. The quark
content of the nonet is shown in Fig. 9. The ob-
ject with no strange quarks, C°(9,0"). is predicted
to have a mass of 650 MeV. The degenerate iso-
singlet, C*(9,0%), and isotriplet, C?(9,0%, are
predicted to have a mass of 1100 Me¥V. We pro-
pose the following identifications:

€('700) = c"(g, 0*) = uitdd ,

$%(993) = C5(9, 0°) = le' SSQuT+dd) |

6(976) = C;(9,0%) =udss, ete. |
K(?)=C,(9,0") =usdd , etc.

The solution of the S*-€ puzzle is immediate.
The €(700) falls apart into 77. Since the state is
well above threshold the € is very broad. The

TABLE V. Recoupling coefficients for Q2Q2 1* mesons into two @@ mesons. P and V are
color-singlet pseudoscalar and vector @@ mesons; P and V are color octets of the same.

1 1 1 1
—_— (V- - Pe Je P __ Pe —_ D —_ — 4
Vv o vV Pl HUeb-pV)  FVEPY)  Z (VP-PV)
19,1%) 0 0 —ig 0 (2172 0
N 2 1/2 _1_
|36,1%) 0 0 %) 0 7 0
+) _1_ 1_ 2
|18, 1%) 0 -7 i -3 0 -3
J— 1 1
+ = — 2
|18, 1%) 0 e 0 Y 0 :
1 1
* 1+ —_ 2 -
|18, 1) & 0 0 0 V2
_— 1 1
* 1t — _2 —
| T8*, 1*) = 0 0 : 0 =5
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S$*(993) is naturally degenerate with the 6(976) and
falls apart into KK. The $*(993) would be very
broad into KK were it not so close to threshold.
The decay S* - 77 requires OZI-rule violation of
the type discussed in Sec. III. Thus the $*(993) is
narrow and couples predominantly to KK.

The couplings of 5(976) to KK and nm are de-
termined by SU(3) and the n-7’ mixing angle. If
the 7 is pure octet we predict

g_"&']_ _ ( E >1/ 2
8xx '

The & coupling to 7n is reduced as the s§ content
of the 7 is reduced. If 7 is pure octet we predict
the width of 6 into 77 to be larger than observed.
Of course the 7 is not pure octet. We shall param-
etrize the 6 — 77 width in terms of an n-7’ mixing
angle 6, (n=mngcosf, +n,sind,) which may be com-
pared with n-;7' mixing determined from other
processes. We require a larger value of 9, than
obtained from a quadratic Gell-Mann-Okubo
relation.??

We predict the k state to have mass 900 MeV.
It should be extremely broad into 7K. The
present high mass of the « is in apparent conflict
with this assignment.

The recoupling tables introduced in the last
section allow us to predict the decay couplings of
the 0* mesons in terms of two parameters: one
overall constant, g, (§,=0.74g,, where g, is the
fundamental coupling introduced in Sec. III); and
the n-n’ mixing angle 6,. For the present we
ignore OZI-rule violation. The decay couplings
are given in Table VII. The actual widths are
strongly influenced by phase space which is not
included in Table VII.

The Q°Q@” assignment is in qualitative agree-
ment with all features of the 0" nonet except for
the x mass.

C. Another 0" nonet

Another obvious feature of our assignment is the
need for a second 0* nonet to incorporate the con-
ventional Q@ 0* states. These will presumably lie
near the 2* states [naive bag-model estimates
predict M(0*) > M(2*)] and should form a rather
ordinary multiplet, i.e., magically mixed with a
¢-like state lying higher. Tentatively we associ-
ate the €’(1240) of Ref. 17 and the 6’ (1255) of
Ref. 8 with this nonet. A ¢ analog remains to be
discovered. It should be approximately as mass-
ive as the f’ and couple predominantly to KK.

Finally we return to the isospin-3 7K S-wave.
We are led to predict a broad resonance in the
region of about 900 MeV followed by a narrower
state (Q@) at about 1300 MeV. We suggest this as
a possibility in future phase-shift analyses.
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TABLE VI. Recoupling coefficients for Q2Q2 2* me-
sons into two Q@ mesons. V and V are color-singlet
and -octet Q@ vector mesons, respectively.

Vv 1404

+ 2,1/2 _i

19,2*) %) NS
+ 1 2:1/2
|36,2%) 73 3)
Y
J
¢ ud
_1 1
2 2
—+ —+— T,
®ds eus
-1+
(a)
Y
|+
eus eds
+ +— I3
1 1
2 - 2
¢ ud
14
(b)
Y -
dsuu usdd
o I+ @

- - deslimlagy - -
duss 255 (uu-dd) gss
! @uadﬂ s

— (uu+dd)ss
v2

- - @ -+ - -

udd ! ¢ sduu

(c)

FIG. 9. The quark content of the cryptoexotic nonet.
(a) the 3 formed from two quarks; (b) the 3 formed from
two antiquarks; (c) the (magically mixed) nonet formed
from the direct product of (a) and (b).
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VI. OTHER EXOTIC AND CRYPTOEXOTIC MESONS

Meson states may be observed in phase shifts
obtained from Chew- Low-type analyses of meson-
nucleon scattering or as bumps in mass spectra.
Here we discuss the contribution of our Q%@?
mesons to both sorts of searches. After noting
some general principles we catalog the effects of
Q%Q* mesons on experimentally accessible chan-
nels.

A. General remarks
S-wave Q?Q@® mesons are either 0*, 1*, or 2*
states. Only 0* or 2* states could be observed
in formation experiments (we assume only 77,
nK, and KK phase shifts are accessible). For
reasons discussed in Sec. III the Q?@* 2* mesons
couple weakly to two pseudoscalars. On the other
hand it is apparent from the spectrum of Table IIT
and the recoupling coefficients of Table VI that

Q%Q@? 2* states couple strongly to two vector mesons

and are massive enoughto decay into them. Thus
all Q?Q?2* states would be weakly excited, broad,
and very inelastic in formation channels. Con-
sequently only Q*Q? 0* states can be seen in phase-
shift analyses.

According to Table IV the lighter @2Q? 0* state
with a given flavor content couples strongly to two
pseudoscalars. The heavier couples strongly to
two vectors. Consequently, the heavier 0% multi-
plets (9* and 36* will not be seen in phase-shift
analyses. The lighter will be seen but generally
will be broad because the (dominant) pseudoscalar
decay channels are open.

We are left with the 0" 9 and 36 as serious can-
didates for phase-shift analyses. The 9 was the
subject of the previous section; the 36 Wwill be
discussed below. -

Q°Q? resonances are generally so broad that
they would not show up as bumps in mass
spectra. An exception is the 6 which (in our
assignment) is narrower because the KK channel
is closed and because the 7 is deficient in s§
content inhibiting the 77 decay. We expect to see
bumps only if the Q?@? resonance is forced to be
narrow because of some phase-space or recoupling
inhibition. This will be true especially for 2*

states which decay preferentially into two (relatively

massive) vector mesons.

B. Phase-shift analyses

Only the lighter 0* 36-plet might be observed.
The states in this multiplet are predicted to range
in mass from 1150 to 1950 MeV. It is convenient
to enumerate the states by their flavor quantum
numbers.

TABLE VII. Couplings of 0* mesons in a Q%Q?% assign-

ment. g,=0.74 g, is the overall strength of dissociation
decays for this multiplet. 0, is the 7-7’ mixing angle
(0=0 implies 7 is pure octet).

Channel Coupling
) V3 _
€ —Tm —2-g0
€ —KK 04
€ —nn —;_Ocosz(()n—uo) b
Sk K 1 g

— KK E},O
S*—q7 0
* 1 T i
S*—nn 73 30 sin2(0,-0;)
6 — KK 1z

7280
1_ .

6 —1mn —ﬁgosm(()n—oo)
K —Km V2—3?0
K —Kn —%gfﬂcos(()n—()n)

2 These decays proceed by OZI-rule violation which is
ignored in this compendium.
bg,=are sin [(2/3)1/2] =54.7°.

(nm)'=2. The E,,(36,0%) state occurs at a mass of
1150 MeV. Its coupling to 77 is identical to the
coupling of €(700) to 77 [0.64 g, (see Tables IV
and VII and Figs. 6 and 7)]. Recent 77 phase shifts
show no sign of resonance structure up to about
1300 MeV assuming no inelasticity.* If our picture
is correct, the estimate of 1150 MeV must be
too low. If the E,, (36,0%) is heavier it is increas-
ing inelastic into pp and will be more difficult
to see above an inelastic background.

Given the enormous width of the E, (36, 0%)

[T'(e) is 640 MeV] it is not surprising that our
estimate of its mass should be in error. Never-
theless a very broad, somewhat inelastic 7* 7"
resonance should occur somewhere below, say,
2 GeV.

(7K)™=*? and (KK)"™'. The same remarks apply
to these channels asapply to (77)™*. Broad reso-
nances at masses 200 MeV (for 7K) and 400 MeV
(for KK) heavier than the (77)’*? resonance are
expected. Current phase-shift analyses are not
sufficiently accurate to look for these states.

(mm)¥=°. The 36-plet contains only one state which
couples to this channel: C°(36). This state
couples strongly to nm and nn’. Most of the 77
isoscalar strength was used up in the €(700).2
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C°(36) is therefore a broad state coupling primarily
to nn:

2
o
S — 2
2 =3 cos(6,- 6,),
Srr

which will be difficult to see in 77 scattering.

States like C*(36) and C*°(36) have the quantum
numbers of (77)7*° but do not couple to 77 without
OZI-rule violation. Like the S*(993) they manifest
themselves as a drop in 77 elasticity. Unlike the
S$*(993) they are very broad (way above KK or nn
threshold) and will be difficult to see in 77w scat-
tering.

So it goes with the rest of the 36-plet. The states
are heavy, broad, and usually inelastic. The
reader may construct a scenario for the channel of
his choice by combining the flavor recoupling of
Fig. 7, the color and spin recoupling of Table IV,
and the mass spectra of Table I. We turn now
to production experiments.

C. Mass spectra in production experiments

There are broad S-wave exotic and cryptoexotic
enhancements in all 0*, 1", and 2* channels. We
assume very broad states cannot be distinguished
from background in mass spectra. Here we
discuss only those states which by virtue of their
light mass might be inhibited in their dissociation
decays and be narrower than otherwise expected.
Sometimes a state may recouple with small ampli-
tude to an open channel but with large amplitude
to a closed or nearly closed channel. With our
present poor understanding of decay mechanisms
we cannot judge how narrow such states may be,
nevertheless we enumerate them below.

0" states. The excited nonet 9* lies close to
vector-vector decay thresholds; furthermore
these states do not recouple strongly to two
pseudoscalars. If their mass is not underestima-
ted and their coupling to pseudoscalars is indeed
suppressed we are led to expect relatively narrow
states: an isosinglet at about 1450 MeV coupling
to pp, an isovector at about 1800 MeV coupling
to p¢d and K*K*, an isosinglet also at 1800 MeV
coupling to K*K*, and a quartet of K-like states
at about 1600 MeV coupling to pK* and wK*. All
other 0* states (the 36 and 36*) are massive
enough to be broad.

1* states. The lightest 1* multiplet is a nonet
with the same flavor structure as the 0* nonet
discussed in the Sec. V. The lightest state is an
isosinglet 1* with mass about 1200 MeV coupling
strongly to p7. This broad enhancement has the
quantum numbers of the long-sought H (the iso-
scalar brother of the B) and is in a mass region
in which it might obscure the hunt for the H meson.
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The remaining members of this multiplet are
presently of little interest. The object with the
quantum numbers of the B couples to ¢m rather
than wm (a consequence of the hidden s3 pair) and
would not obscure the B.

The lightest 18 and I8 multiplets couple strongly
to vector-pseudoscalar channels—all of which are
open. Hence they are broad. These multiplets
contain states with the quantum numbers of the
A, and B mesons with masses estimated to be
about 1250 MeV.

The 36 of 1" mesons is also sufficiently heavy
to be very broad into vector-pseudoscalar chan-
nels, which are favored by the recoupling calcula-
tion. In contrast, the 18* and _1___§* multiplets, while
heavy, decay preferentially into two vector
mesons. The lightest such states are estimated to
lie at about 1650 MeV, somewhat above pp thres-
hold. If our estimates are slightly too high,
these states may be narrow enough to observe.

The 18* and 18* occur at the same mass as the
Q2Q% 27 states, and like the 2* states are charac-
terized by decay into two vectors. The 2* states
are a clearer case since they can dissociate only
into two vectors (the 1* 18* and T8* couple to vector-
pseudoscalar and may be very broad into those
channels) so we confine our (illustrative) remarks
to those channels.

2* states. The Q°Q* states all fall apart ex-
clusively into two vectors. Although we estimate
the states to be at least about 100 MeV above the
appropriate thresholds it is tantalizing to speculate
on the possibility that we have overestimated their
masses.

Supposing that these states are light enough to
be narrow, we would expect to observe them as
threshold enchancements in vector-vector chan-
nels. Good signatures are in the K*K* and K*K*
channels at an estimated mass of 1950 MeV (2m1,
=1880 MeV), and in the ¢¢ channel at an estimated
mass of 2250 MeV. ww and pp enhancements are
harder to pick up because of the difficulty of de-
tecting neutrals.

Clearly we have only scratched the surface of
this spectroscopy. Without a guide from experi-
ment it is too early to enumerate the couplings
of the many heavy, broad Q@ states we have
found. At any event, the reader may reconstruct
the model’s predictions for the channel of his
choice by juggling the tabulated recoupling co-
efficients.

VII. CONCLUSIONS AND DISCUSSION

We have proposed a rather radical solution of
the @*Q® problem. The solution was not tailored
to the problem, rather it was forced on us by the
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structure of the effective Hamiltonian which suc-
cessfully describes Q@ and @® states. Fortunately
this picture of the Q*@* mesons has the virtue of
making rather concrete predictions, which may
be tested experimentally. In closing we wish first
to summarize the predictions and then to mention
some theoretical and phenomenological avenues
which might be explored in the future.

First we give the predictions:

I. The €,6,S*%,k are Q*Q* mesons.

1. The couplings of Table VII should roughly de-
scribe the decay couplings of these states. S-wave
phase space must be included before comparing
with actual decay processes. A more sophisticated
approach might be to use the couplings to Table
VII as input to some dynamical unitarization
scheme.

2. The €(700) coupling to KK and the $*(993)
coupling to 77 are small and consequences of OZI-
rule violation. They should be described by a
single mixing angle.

3. Either the 6 coupling to the mn is larger than
naively extracted from the mn-mass plot, or the
ss content of the 7 is less than the Gell-Mann-—
Okubo relation implies (see Ref. 22).

II. Theve is anothev entive nonet of 0* mesons
degenevate with the f,A,,K*(1420),f’.

These are the Q@ L =1 states. In particular,

1. the €’(1240) and 6’(1255) of Cason ef al.® are
the 0* analogs of the w-p or f-A, (they will be con-
ventional quark-model states), and

2. another 0* state coupling to KK will complete
the hypercharge zero sector of the nonet [it should
lie approximately beneath the 7’(1520)].

III. The Knl=3% S wave is not correctly intevpreted
at present.

There should be a very broad K7 enhancement
[analogous to the €(700)] at roughly 900 MeV. This
is the lowest Q?Q?® state. At approximately the mass
of the K*(1420) there should be a (conventional)
relatively narrow K7 S-wave resonance. This is
the strange member of the Q@ P-wave nonet.

The situation may look similar to the 77 system
where the phase grows slowly through the €
region until the narrow S* makes its appearance.

1V. There should be a very broad, probably in-
elastic resonance in the isospin 2, S wave of
T Scatteving, somewheve in the region below
2 GeV.

Since present analyses® show a negative phase
in the region less than 1300 MeV there is
presumably an inelastic background in this chan-
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nel. Finding a broad inelastic resonance over an
inelastic background will not be easy.

V. Theve may be less broad enhancements, pav-
ticularly with spin 1% ov 2* near vector-vector
thresholds.

Some of these states have exotic quantum num-
bers (p*p*, K*K*, etc.). We calculate their masses
to be sufficiently high to allow them to be broad
into vector-vector. If the masses are overestima-
ted the vector-vector decays may be inhibited by
phase space making the states less broad. A
particularly good candidate is the exotic K*K*I=1
resonance calculated to be at 1950 MeV.

VI. The predictions for Q°Q° vesonances in every
channnel of meson-meson scatteving.

These can be read off from the recoupling co-
efficients of Figs. 6-8 and Tables IV-VI and from
the spectra of Tables I-III.

Probably the most pressing phenomenological
problem is to obtain a firmer grasp on the manner
in which a @*Q® resonance appears in a (QQ) (Q®)
channel. If the €(700) and its brethren are any
indication, the effects may be quite subtle.!*2°
The zero-width approximation masses and coup-
lings we have calculated would be the input to
such a calculation. Similarly a study of the coup-
lings of @%@* mesons to better understood hadrons
would help to confirm the assignments made here.
We have in mind processes such as ¢’ - ¢e, pS*,
we, and wS*; €—~yy, etc. These questions will be
treated in later papers in this series.

It is interesting to apply these quark-bag-model
ideas to the Q*@ baryons. Baryon resonances are
better known than meson resonances in general
and there is less room to accommodate unusual
states at low masses. Preliminary calculations
give some cause for optimism: The lowest multi-
plet is not exotic (a nonet) and, like the 9 of Q*@?
mesons, many of the nonet members contain s3
pairs making them heavy and coupled to relatively
obscure channels. Progress in quark models is
slow. Thus, it is perhaps not surprising that the
Q'@ sector may remain refractory for some
time to come.
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