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Quark-antiquark annihilation processes in the colored quartet SU (4) X SU (3)’ model, which
proceed through (1,1) congregation of gluons——a singlet gluon filter——, are parametrized
in such a way as to give a unified description of mass formulas for 0-*, 1~ -and 2** meson
multiplets and suppression factors for production and decays which are mediated by the
singlet filters. ¢(J) (3105) will be discussed in the same context.

It is an obvious and appealing thought to consider the recently discovered
¢ (3105)F¥*k*>1 in the framework of the quartet-quark model proposed by Tarjanne
and Teplitz,? Maki,® Hara® and Bjorken and Glashow.® Denoting the four. quarks
by p,n,4, ¢ (charge 2/3, —1/3, —1/3, 2/3), ¢ would then be the ¢ member
of the 177 (J*°) 16-plet mesons. In view of the not so small partial width for

¢—3m, it is a crucial problem in the quartet model how to explain the small’

-hadronic decay width of ¢. In this note we will consider this problem and an
associated problem of the boson mass spectrum in the colored quartet model,
say, SU(4) XSU(3)’ scheme. Specifically, we will assume that underlying all
the strong interactions there is a single basic interaction of the quark with a set
of vector gluons, which are members of the (1,8), ie., SU(4) singlet and color
SU(3)’ octet. We will further assume that the color symmetry is exact so that
all the hadronic ground states are color singlets. The dynamics of non-Abelian
gauge fields are not yet well understood, and we propose a simple parametric
description of this general idea.

An effective Hamiltonian for a quark-antiquark (g-§) system in this model
may be written as

H=V4myUy+ Up) +mU+mU+S, ey

where m,, m,;, m, are p-(n-), A-, c-quark masses respectively. U,=[1(x)A(x)d’x
with A(x) denoting the A-quark field, and a similar definition for U,, U, and U..
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V is the ¢-g potential due to gluon exchanges which is supposed to be very large.
S comes from the ¢-g annihilation processes which occur only through 1,1)
congregation of gluons, which we call ‘singlet gluon filter’ ‘or simply ‘filter’, as
long as we consider only color-singlet bosons. Since the gluons are SU(4) singlet,
the V term in Eq. (1) alone would give a completely degenerate 16-plet U(4) repre-
sentation for the ¢-g systems. ~Thus, if V>me>m,, we will have a broken U(4)
mass spectrum in the absence of S. The filter term S, which breaks the so-called
Okubo-Zweig-Tizuka-Rosner rule,® must be very small, ie., m;>S for 17~ mesons
because the mass spectrum of the uncharmed nonet obeys the broken U(3) scheme
almost exactly. For 0~ mesons, on the other hand, the S term must be fairly
large because it is the only term that is responsible for the SU(3) mass scheme
for uncharmed mesons. The difference between the ‘two cases may be related to

the minimum number of gluons to make a filter (1, 1), which is two for C-parity . .

even 0”* mesons and three for C-parity odd 17~ mesons. However, we will not
be concerned with inner mechanism of the filters in this paper.

In order to obtain the mass formula and the’ mixing of g-g configurations,
we conveniently split the Hamiltonian (1) into three parts; Hy=V+ m,(U,+ U,
+U+U,), H= (m,—m,)U,+ (mi—m,) U, and H,=S. This is consistent with
the condition V»m,»>m,>S. H, would give a degenerate squared mass mg® for
all the 16 members of a meson multiplet. As a set of basic vectors {|a,>} we
choose |00 =[P —n7)/\/2, |00y =|pB +n7>/\/2, [$o>=|22> and.|¢s> =|cE>, where
we have listed only central states. A typical state |, represents not only. the
quark configuration, but also the wave function (the same for all the states)- by

its subscript 0. The squared mass operator corresponding to .S can be defined in
terms of {|a,>} by -

M =m* 2] 0) +] §oy +| dop} {nlv/Z +< o] + <l } - 4 @)

It should be noted that the filters are exact SU. (4) singlet, which is why. it is
convenient to define Mg’ in terms of {|ay)}. Adding H, to H,, the quark configu-
rations of the basic vectors {|a,>} do not change but the wave functions do. Hence,
the eigenstates and eigenvalues of the squared mass operator~M,*+ M, correspond-
ing to Hy+H, are given by |5>=|p, |B)=|wy, |§>(£|d>) and 1> (F ),
with the corresponding squared mass 2 m,2, m;® +m,* and m*+m,?, respectively.
We introduce the wave function renormalization

Z=(F1do> and Zy=<{Plgnd, | ©)

where Z;<1 and Z,<{1. Finally we switch-on the interaction S, which couples the
eigenvectors |&) of M2+ M, The total mass operator for w, ¢, ¢ space is given
by }

me+2m  2Zum,’ V2Zym
M= ?Z1msz mozi‘{‘ mi+Zimg ZZymy® . “@
V2Zym,’ Z\Zym me + myt+ Ztm 2
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The parameters m,” and- m,® can be determined from
2__ 2 2 __ 2 2 -
mi=m,’, m’®=2(mgi—m,?). (5)

This amounts to using the broken U(3) (or SU(3)) scheme. Since moiLm,’, m’,
the off-diagonal elements can be neglected as far as the mass spectrum is concerned.

Thus
m,E=mg’+2mg, m,, =me+mi+ZPm?, mi=md+mi+ Z m. (6)

From Egs. (5) and (6), we can in principle determine the values of m,’, m’, m;
and Z2 However, this is not a practical way, because m,® and Z; are extremely
sensitive to the values of m,> and mg**. Instead, using

—Zimp— (2—ZF) my *Z—K””ZJ‘)’”" )

we determine m,® as a function of Z, near 1. (We take the K,* mass, i.e., mg**
=0.803.) Then from Egs. (5) and (6) we determine m,*=m,” and m,". For
Z,=1~0.8 the values of m? m,® and m,> are quite stable: m,>=0.442~0.451,
m,=0.582~0.577 and m,>=0.016~0.018. We find below that the value of m,
in this range is compatible with I'(¢-—>37). In the last equation of (6), we can
safely neglect Z,2m?, and we obtain m,°=9.05. The state vectors can be obtained
readily neglecting terms involving m,’. For example,

2Z.ms |~ ~ ZZoms |
gy = Y22 i gy — D G
my My — My

169 = V2B 5y . BT 1B ®
2 2
The value of m,® can be tested by evaluating I'(¢—>3m). The 37 decay of ¢ and
¢ mesons can occur only through filters, while decays. like w—>37 and p—>K K-
occur without going through filters. The coupling of the filter with hadrons
(8m) must somehow be suppressed strongly in the case of ¢, because otherwise
I'(¢p—37) would be too large. In order to estimate such rates we make a postu-
late stating that the interaction between a filter and hadrons can occur only through
q-g resonant states. According to this vector-dominance-like postulate, ¢(¢)—3%
‘occurs like @(¢) —filters>w—3n. Since the same filter process gives rise to the

~

. mixing of @, ¢ and ¢ configurations, we have ‘only to know the @ content of
#(p) to calculate I (¢—37) (I"(¢p—37)). Hence we have I'(¢—37) =P (@/0)
-I'(#—3%), where P(®/¢) is the fraction of & in ¢ and from Eq. (8) is given
by P(3/4) = (/2 Zms?/m,")®%. Using the vector-dominance-model we estimate
T (3(1019) »3x) ~200 MeV,  which gives P(#/$)~3X107%  Another estimate
of P(®/¢) is given by the ratio of production cross section of ¢ to that of w in
hadron-hadron collisions, where ¢ or ¢ will be produced only through filters.
According to a- 7mp collision data by Ayres et al.,” P(@/¢) =(3.5+1.0) X107°. On
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the other hand, our formula gives P(&/4) =(2.8~2.0) X10™® for Z;=1~0.8 in
good agreement with the decay and the production data.

I'(¢—37m) can be treated similarly, and we obtain I ($—3n) = (Z;m,*/ Z,m,?)?
- (ky/ks)*¢ I'(¢—37). The first factor is equal to P(&/¢)/P(&/$) according to

Eq. (8). %, and k, are decay momentum of ¢ and @, respectively. & is an ex-

pected, but unknown suppression factor representing high momentum cutoff. In-
serting all the known numbers and putting Z;~1, we find I (p—3m). = Z,2¢ X 450
keV. An idea about the magnitude of Z, may be obtained by using the non-
relativistic positronium wave functions for [¢oy and |, which gives Z, =8(m,m,)**
X (my+m.)'. If we set m,/me~m,/m,, we have Zy~0.5. An experimental esti-
mate of Z, may be made from the production cross section of ¢, which is ~107%
cm’ according to the Brookhaven group.” Neglecting kinematical differences we
expect that ¢(¢)/0(w) =P(3/)) = (/2Z:m*/my?)2~0.8 X 107°Z,> according to Eq.
(8). Using an experimental value of ¢ (0) =0.16 mb at p,=10 GeV/c in pp colli-
sion by Almedia et al.® as a guide, we can make a rough estimate that 6(¢)~
Z2X107% cm?®. Thus we obtain Z*>107", which leads to a reasonable value of
I'(y—3m) with & of the order of a few terths. .

The same mass formula can be applied to the pseudoscalar 16-plet. It should
be noted that if H,+ H, were diagonalized first (V>S>m,, m,), then we would
have broken SU(4) scheme. A U(4) type scheme was used by Maki et al.” and
it was found there that with Zy=27Z,=1, charmed meson masses came out too low.
The difficulty can be avoided if E(1420) is chosen as the ninth member of the

multiplet instead of %’(958). In this note, we will take conventionally %’ as the
member. Instead of Eq. (6) we have

my*=m,;’=0.018, ‘m>=2(mz — m,?) =0.46 . (9)

To determine the mass of predominant ¢z configuration, we must know the value of
m,’. One way to evaluate it will be to assume that the ratio my?/m,* is common for
both 177 and 0~* multiplets. In U (4) or SU(4) scheme this is justified group-
theoretically, but one can certainly doubt its validity when the charmed quark
mass is so large. This assumption gives m,°=9;29. With this large value of
m,®, the mass operator (4) practically decouples for @-@ sector and J sector. (We
will keep these notations just to indicate the ¢g configuration.) Diagonalizing the
mass operator and using the mass of 7 and 7’ as input, we obtain m,:=0.28 and
Z;=0.78, which are insensitive to the value of Z,. Note that the value of m,?
is by a factor 10 larger than the corresponding value for 17~ mesons. The mass

of 77",\ the counterpart of ¢, is given by m, =3.05~3.1 for Zy=0~1. The state
vectors are given by

[7)=0.97|8> + 0.23]0) —0.02Z,| 3> ,
|7”>=0.97]|0> —0.23|8> —0.05Z,| > ,
[9”>=1>+ Z.[0.04]B) + 0.03| 3], | 10
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where
|6>=%[¢2|w>+1¢>1 and |§>=%[|w>—dzl$>].

The mixing angle is —13°. The mass formula for the 2** multiplet can be treated
exactly as in the case of 17~ mesons. We determine the parameters as m,*=0.63,
m;=—0.05 and m02=7ﬁ24,=1.70 for Z,=1~0.8. Again assuming that m,’/m,
is common for all the 16-plets, we obtain m,”’=12.8, which determines the mass
of the J=2 counterpart of ¢, say f”, as 3.8.

The radiative decay of ¢ can be evaluated in terms of I'(¢—77), using the
¢ component in 7 and 7’ given in Eq. (10).

— P(‘Z/ﬂ) <_k¢;>s‘(ﬂ>2 _ 2<m>.>2

I (Q—97) 4v——P($/77_)' WA I'(¢—yr) =2, - xX20keV

The factor (m,/m.)® appears assuming that the decay is due to the magnetic
dipole transition. Similarly, I'(¢—%'1) =Z(m:/m,)*X130keV. Taking (m,
/m)2~1/10 and Z2<<0.5,  these decay rates are quite reasonable. I'(Y—7"7)
should be small because of the small Q value.
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Note added:
We chose w-like wave functions |an to define the singlet projection operator (2). However,
there are no apriori reasons for such a particular choice. We should write instead of (2),

ME=m (v 2@y +16>+18) (V2 @ +<B1+<ID,

where the wave functions |&@ represents an average spatial state into which S projects. The matrix
elements of M2 involve now three parameters Z,=<{&|@), Z;=<¢|¢) and Z;=<J|¢), which are all
not greater than 1. Z, can be absorbed into mJ, so that

mi=miZ,.
Thus, instead of Eq. (8), we have
ZI=<$I$>/Zu > ZZ:(‘ZI@/ZD -
Now Z; and Z; are completely arbitrary parameters which should be determined from experimental
data. The analysis made in this paper shows that both Z; and Z. are less than 1, indicating that
the state |@) is in fact close to |ao).
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