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The masses of the charmed spin-zero mesons are estimated using a phenomenological Lagrangian in which the
fields transform according to the representation (4, 4*) (4~, 4) of chiral SU(4) {3SU(4). One new parameter,
which is fixed by the mass of g", is required to predict the masses of the charmed spin-zero mesons. If
m(g") = 2.8 GeV, then m(F&) = 2.57 GeV, m(D~) = 2.64 GeV, m(Ds) = 2.99 GeV, and m(Fs) = 3.1 GeV are
predicted. An analysis of the radiative decays of vt" and Q(3.095) is given.

I. INTRODUCTION

Various theoretical considerations, ' and the dis-
covery of the new resonances, ' ha.ve suggested the
existence of an SU(4) symmetry group, badly brok-
en in nature, associated with the hadrons. If this
suggestion is correct, there must exist hadrons
with nonzero values of a new quantum number C
("charm"), which vanishes for the known hadrons.
Several authors have attempted to estimate the
masses of the charmed hadrons, both from lowest-
order SU(4)-symmetry-breaking formulas, "and
from explicit quark models of the hadrons. '~

In the present work I estimate the masses of the
charmed spin-zero mesons by assuming that these
transform according to the (4, 4*)6 (4*,4) repre-
sentation of the chiral group SU(4) 8 SU(4), and
that the masses can be obtained from a phenomeno-
logical Lagrangian which is both renormalizable
and SU(4) S SU(4) invariant, except for terms lin-
ear in the scalar fields ("o terms") which induce
the symmetry-breaking. Such a Lagrangian pro-
vides a remarkably accurate description of known
spin-zero mesons which transform according to
the (3, 3*)6(3*,3) representation of the familiar
chiral SU(3) 8 SU(3) subgroup, 's and it is not un-
reasonable to expect useful estimates for the
charmed mesons as well.

The Lagrangian contains but one parameter not
determined by the properties of the noncharmed
mesons —a parameter which measures the break-
ing of SU(4) relative to the breaking of SU(3).

This parameter is constrained by the require. -
ments that (i) the $(3.095) be stable against strong
decay into charmed meson pairs, and {ii) the new
I=O, Y=O, C =0 scalar (o") and pseudoscalar (t}")
mesons contained in (4, 4*)$(4*,4) have mass
large enough that the expected radiative decay
width of P(3.095) into t}"+y (or cr" +y) not exceed
about 10% of the experimental decay width.

The first constraint is enough to guarantee that
the lowest-lying charmed spin-zero meson is the

pseudoscalar meson F~ (in the terminology of Ref.
1), and the masses satisfy

m(F )&m(D )&m(D ) &m(F, ) .

This ordering differs from that predicted by the
standard first-order mass formulas" since the
Lagrangian model contains mass terms (at the
tree-approximation level) which are quadratic in
the SU(4)-breaking parameter, and these are not
negligible for the badly broken SU(4) which may
describe the hadrons.

If a. quark-loop model' is used to estimate the
decay rate for g- t}"+ y, then the second constraint
requires

m(tl") «2.8 GeV,

whence

m(F~) & 2.57 GeV,

m(Dr) «2.64 GeV,

m(Ds)» 2.99 GeV,

m(F, )» 3.1 GeV,

and it is not surprising that charmed spin-zero
mesons have not been seen to date. '

The g" is almost a pure c-c state, and, corre-
spondingly, the admixture of c-c in the g and g is
small enough that the radiative decays

0- t}(t}')+y

through c-c quarks are strongly suppressed.
The o" is predicted to have a large mass

(»5.7 GeV), but the admixture of c-c in o and tr'

is reasonably large (about 5% in amplitude); the
decay modes

t} rr(tr')+ y-
should be significant, perhaps of the order of a
few keV partial width.

The SU{3)SSU(3) Lagrangian model is reviewed
in Sec. II, and the extension to SU(4) @SU(4) is de-
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scribed in Sec. III. Section IV is devoted to the
quark-model analysis of the radiative decays, and
some concluding remarks are given in Sec. V.

II. SU(3) SU(3) LAGRANGIAN MODEL

Many authors have discussed phenomenological
Lagrangian models for spin-zero mesons which
transform according to the (3, 3*)$(3*,3) repre-
sentation of the chiral SU(3) 8 SU(3) group. "' "
It is to be hoped that phenomenological Lagrangian
can ultimately be derived from a fundamental
Lagrangian which includes quarks and other "ele-
mentary" constituents of the hadrons, but for the
present, I can only assume thai the phenomenologi-
cal Lagrangian has some general properties which
may, or may not, be consequences of the funda-
mental Lagrangian.

In particular, I assume that the phenomenologi-
cal Lagrangian is (i) renormalizable, and (ii) in-
variant under chiral SU(3) SSU(3) except for terms
linear in the scalar fields ("g terms") which break
the symmetry in such a way that partial current
conservation conditions are satisf ied. Assump-
tion (i) can be restated as an assumption that the
phenomenological Lagrangian contains no terms of
canonical dimension greater than 4, so that the
breaking of scale invariance is mild. "

Then the Lagrangian has the general form

L = —,
' Tr[8 Mfa M —p,,'MtM —X(MtM)']

——,'X'[Tr(MtM)] ——', v 3 g(detlVI+ detMt)

+ t."Oo' + c'so0 8

and the particle masses are expressed in terms of
fo,f~ and the coupling constants in the Lagrangian.

The coefficients of the a terms can also be ex-
pressed in terms of f„f, and the physical particle
masses according to

VP c,+c,=(v 2f, +f,)w,

2v2 c,-c,=(2W2f, -f,)SC,

C8-f~K,

(3a)

(3b)

(3c)

where the particle symbol here denotes its mass
squared. Elimination of c, and c, leads to the gen-
eral mass relation

K- w 3f8
~ —w 2v 2f, -f, ' (4)

Thus, if m„m~, and the decay-constant ratio
FE/F, are known, then f,/fo, c,/co, and m„' are
uniquely predicted, and some typical results are
shown in Table I.

Note that c,/c, =- v 2 as in the model of Gell-
Mann, Oakes, and Renner" [the Lagrangian is
approximately SU(2) SSU(2) invariant], while

i f,/f, i
is relatively small [the vacuum is approxi-

mately SU(3) invariant].
Evidently Fw/F, c 1.30 is required to have the ~

mass above 1 GeV, which is reasonable both from
the analysis of K-meson decays, "and the experi-
mental data on K-w scattering" (although the ques-
tion of the interpretation of tree-approximation
masses for very broad resonances is far from set-
tled).

From the general mass formulas

where
SC- w--, yf, —2W2zf, (f, —W2f, ),
6- w =-', ~(W~f, +f,)'-Wa~(y, —W2f, ),

(5a)

(5b)
o"+sr" X,

is a 3 x 3 matrix, which contains the scalar fields
cr" and pseudoscalar fields w" (A = 0, 1, . . . , 8),
which transforms under the representation (3, 3*)
$(3*,3) oi chiral SU(3) SSU(3), and the X„are the
standard set of Hermitian 3 && 3 matrices propor-
tional to the generators of SU(3).

The linear terms break the symmetry, and the
scalar fields then acquire vacuum expectation
values

f~ = (vac
~

o"
i
vac) (A = 0, S) —.

q+r)' —2w =-2', (2v 2 f, -f, )

--'~2X(f. —~2f8) (5c)

(q- w)(7)' —w)
( ~ )

TABLE I. Ratio f8/fo of vacuum expectation values,
ratio & 8/&0 of symmetry-breaking parameters, and
K-meson mass m„(in GeV) corresponding to various
decay-constant ratios Fz/F~. Input masses are the
charge-weighted averages m~ = 0.138 05 GeV,
m+=0.49571 GeV.

In the tree approximation the weak decay con-
stants oi w, K, ~ are expressed in terms off„f,
according to

C 8/Co

mK

(GeV)

F,= (Mf, +f,)/M,
Fw= (2Mf, f,)/M3, -
F„=Wf, /2,

(2a)

(2b)

(2c)

1.24
1.26
1.28
1.30
1.32

—0.1950
—0.2089
—0.2225
—0.2357
-0.2486

—1.286
—1.288
—1.289
—1.291
—1.293

1.091
1.057
1.027
1.001
0.978
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it is clear that in addition to Er/E„one further
parameter must be specified in order to determine
m, , m„, m,„and the pseudoscalar mixing angle.

In Table II are four sets of input parameters and
corresponding calculated quantities. The following
remarks are in order:

1. Insisting, as in solution C, that m„= 0.5488
QeV leads to rather poor results for the calculated
masses. On the other hand, allowing the q mass
to vary by 1/p leads to reasonable predictions for
the remaining masses.

2. Solution 8 shows the effect of using m' and K'
masses as input, rather than charge-weighted
averages. The effect is to drive g and q' masses
closer to their experimental values, but such a
refinement is probably too subtle to include in a
model in which electromagnetic interactions are
ignored.

3. The pseudoscalar mixing angle is nearly zero,
in agreement with analyses of radiative decay
modes of pseudoscalar and vector mesons. '"
Note that the mass formulas include terms quad-
ratic in the SU(3)-symmetry-breaking parameter
f, . While these terms are small, so is the pseu-
doscalar mixing of octet and singlet, and I thus
prefer the smaller mixing angle deduced here to
the value 10' inferred from lowest-order quadratic
mass formulas. "

4. There is not much to choose between solutions
A and D; solution A seems to be a slightly better
over-all fit to the masses, and will be used in the
subsequent discussion.

To compute the masses of the I=0, F =0 scalar
mesons cr and o' requires additional input, since
the parameters p,,' and X' of Lagrangian (1) appear
only in the combination

Pz = Po +4& (fo +f8 )

outside the o-g' mass matrix. Also, as remarked

TABLE II. Solutions to the mass relations for vari-
ous input parameters (the input parameters are under-
lined). 0~ is the pseudoscalar mixing angle, & and g are
coupling constants in the Lagrangian, and fo is the vacu-
um expectation value of the scalar field 0 . Mass units
are GeV.

above, the interpretation of tree approximation
masses for broad resonances such as 0 and 0' is a
theoretical question of some importance which
has not been definitely answered. Nonetheless, I
show in Table III the tree approximation masses
for 0 and 0', and the scalar mixing angle Os, for
three values of the parameter p,,', with the re-
maining parameters taken from solution A of Table
G. The masses are not unreasonable.

III. SU(4)(3 SU(4) LAGRANGIAN MODEL

+doa' +d80' +d15+

where now

(8)

M= 0 +in

is a 4 && 4 matrix, which contains the scalar fields
o" and pseudoscalar fields z" (A =0, 1, . . . , 15),
and the X„are the standard set of Hermitian 4 & 4
matrices'*' proportional to the generators of
SU(4).

Again the linear terms break the symmetry, and
the scalar fields acquire vacuum expectation values

k„= (vac
~

o "~vac) (A = 0, 8, 15) .
If the scalar fields

o =—-'(v 3 o'+ o")
o, -=—,'(o'-W3 o") (9b)

are introduced, then o, is equivalent to the scalar
field o' of the SU(3) && SU(3) Lagrangian, while o,

The extension of the phenomenological Lagrang-
ian (1) to include a set of spin-zero fields which
transform according to the representation (4, 4*)
$(4*,4) of chiral SU(4) 18ISU(4) is straightfor-
ward, "'"and if the Lagrangian is to be renormal-
izable and admit partial current conservation, it
must have the structure

I = —,
' Tr[S Mrs, M —p, 'MrM —X(MtM)']

——', V[Tr(MrM)]' —-', v 3 y(detM+ detM )

Solution

W~
mg
EE/E
m$
Nl q
Pl ql

Og

Afo
x f0

A

0.138 05
0.495 71
1.28
0.969
0.5435
0.967

-2.08'
0.126

-0.366

B

0.13500
0.497 70
1.28
0.969
0.5448
0.962

—2.50
0.132

-0.361

0.13805
0.495 71
1,30
0.984
0.5488
1.020
0,60'
0.090

-0.415

0.13805
0.495 71
1.30
0.950
0.5438
0.958

-1.56'
0.113

—0.358

0.0 -0.1 -0.2

KPg Q

Bl ~t

6s

0.685
1 ~ 175

30.9'

0.751
1.219

37.1'

0.799
1.270

42.9'

TABLE III. Tree-approximation masses (in GeV), and
scalar mixing angle Os, for three values of the parameter
po (in GeV ) in the Lagrangian (1). Other parameters
are taken from solution A of Table II.
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corresponds to a pure e-c quark-model state. Let

h, =—(vac ~o, ~vac) = —,'(v 3 ho+a„), (10a)

h, -=(vac
~
o,

~

vac) = —,'(h, —v 3 h») . (lob)

but the remaining masses must be determined
from the explicit formulas

D ~ w=—a(ho —vYh„)

Then h, (=f0) and h, (=f,), as well as the coupling
constants in the invariant part of the Lagrangian,
are determined from the SU(3) SSU(3) analysis;
the only new parameter introduced is the ratio
h, /h„or, equivalently, h»/h, .

The coefficients of the 0 terms are expressed in
terms of the h„and the physical particle masses
according to

+ b(Wh, +h„- 2Wh, ),
F, sr=—a,(h, &3h—„+v6h, )

+b(vYho+h„+ vugh, ),
D, —5=a(svsh, -h„+2V2h, )/VY

—b(v 3 h, +h„—2Wh, ),
F,—~ = a(3&a, h„W-h, )/W-s

(18b)

(18c)

Mad, +d, + Md, =(Mh, +h»+ Mh, )~, (»a)
Mdo+ Md„—d, = (v 6 ho+ Mh„—h, )K, (11b) where

—b(Vsh, +a„+vYh, ), (18d)

8=As

corresponding to (3a)-(3c), and

Md, d„-Md, —=(MSh, h„-M—h,)F,

(11c) a =- W~(2vYh„+h, )/v 3,
b = q(2 vugh„+ h, )/2vY .

The charmed-meson decay constants are given
in terms of the vacuum expectation values by

Md, Wd„+—d, = (Mh, —Mh„+h, )D„,

2 Wd„+d, = (2Mh„+h, )D, ,

Md„- d, =(Mh„- h, )F, ,

(12b)

(13a)

(lsb)

F(D ) =(vugh -Wh„+h, )/2v3,

F(F,) =(Wah, -h„-&h,)/W,
F(D, ) =(2Wh„+h, )/2W,
F(F,) =(Wh„-h, )/vY.

(19a)

(19b)

(19c)

(19d)
from which can be derived the general mass rela-
tions

K- p 3hs
v —m 2Mh, —hs

'

corresponding to (4), and

Fp-Dp 3~8
F~- v v 6ho —v 2h„+h, '

DJ,- D~ 2(Mh, +hs)
Dp w2v2 -h„+h, '

Es —Ds»s
F~ —v 2v2h„+h, '

(15a)

(15b)

Fz D~ Fs Ds K (16)

but here the terms which are quadratic in h»/h,
are certainly not negligible.

There is one general linear mass relation be-
tween the charmed-meson squared masses,

Ds+D~- Fs —E~= m'+ 6 —K —K,

Since h, /h, & 0 from the SU(3) analysis, and the
charmed-meson masses must lie above the ~
mass, it is evident that h»/ho&0, andthecharmed-
meson masses are ordered according to

&D &Ds&Fs

as noted in the Introduction. By contrast, the usu-
al first-order ma, ss formulas" give

n, = k(n' ~n"-) (20)

These amplitudes are small, comparable to the
admixture of states other than c-c in $(3.095),
which is about 1% in amplitude. The effect of the
mixing on the masses of q and q' is small (less

In the absence of observed charmed mesons,
the only input to determine the parameter h»/h,
is the requirement thai the new I=O, Y'=0, C=O
scalar (o") and pseudoscalar (q") mesons contained
in the 4 x 4 matrix M have mass large enough that
g(3.095) does not decay into q" +y (or o" +y) with
a width greater than about 10-15%of the experi-
mental hadronic decay width of 60 keV. It is also
necessary that g" and 0" be relatively pure c-c
states in order that the c-c content of g, g', o.,
and cr' be small enough to suppress strong decays
of $(3.095) into these mesons and other hadrons or
photons.

jt turns out (see Sec. IV below) that these con-
straints are reasonably well satisfied if rn„„~2.8
GeV, corresponding to

a„/h, -1.0.
The actual charmed-meson masses and weak de-
cay constants predicted for some plausible values
of the g" mass are shown in Table IV, along with
the amplitudes (q, ~q), (q, ~ri') for the q and q' to be
in the g-c quark-model state
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TABLE IV. Charmed-meson masses (in GeV) and decay-constant ratios predicted for sev-
eral values of the SU(4)-symmetry-breaking parameter &f5/~ p corresponding to the indicated
values of the ti" mass. Also shown are amplitudes (ti~ Iti) and (ti~ Iti') of the c-c quark-mod-
el state in g(548) and g'(958). SU(3) parameters are taken from solution A of Table I.

sf 5/ap —1.019 -1.054 —1.062 —1,113

m(n")
m(F~)
m(D~)
m(D, )

m(F~)
+(F~)/F
F(D~)/F',
F(Dg) /E~
F(F,)/F,
(n. In)
(n. I

~i')

2.800
2.572
2.639
2.992
3.105
4.765
4.485
3.485
3.205

—0.0034
-0.0162

3.000
2.769
2.838
3.191
3.303
5.059
4.779
3.779
3.499

—0.0028
—0.0129

3.050
2.818
2.888
3.241
3.353
5.132
4.852
3.852
3.572

—0.0026
—0.0122

3.400
3.164
3.237
3.589
3.700
5.644
5.364
4.364
4.084

—0.0019
-0.0086

than 1 MeV for t)', less than 0.1 MeV for tl).
It is pertinent to note that once the g" mass is

constrained, the predictions of the charmed-mes-
on masses do not vary by more than 5-10 MeV as
the input pa, rameters to the SU(3) Lagrangian are
varied over a reasonable range. Thus the un-
certainty in the predicted masses from this source
is less than neglected effects due to electromag-
netism (or hadronic corrections to the tree approx-
imation), which must already be -1% in the SU(3)
model.

The analysis of the 3 &&3 mass matrix for the
I=O, F =0, C=O scalar mesons involves the addi-
tional parameter required in the SU(3) sector. For
illustration, suppose the solution of Table III cor-
responding to the parameter p,,' of the SU(3) La-
grangian equal to -0.1 GeV' is used. Then the
masses of the scalar mesons and the mixing amp-
litudes (o,

~
o) and (o,

~

o') of the c-c quark-model
states in the o and o' are shown in Table V (for
each of the possible t)" masses of Table IV).

The o" mass is quite large (it remains above 5

GeV for any reasonable choice of input), but the
masses of o and o' are lowered by 40-50 MeV due
to mixing with cr„' the mixing amplitudes are not
quite large enough to be excluded by present ex-
perimental data. A careful search for the radia-
tive decay modes

g-ti's y and g-ltZ'y

certainly negative, so that the normal vacuum of
the phenomenological SU(4) Lagrangian is unstable,
and the SU(4) & SU(4) symmetry would be spontan-
eously broken even in the absence of the o terms.

IV. QUARK MODEL AND RADIATIVE DECAY MODES

The fundamental theory from which the pheno-
menological Lagrangians discussed above may
ultimately be derived is not yet known, but it is
difficult to imagine such a theory without quarks"
in one form or another. What is less clear is the
role of the low-lying meson states —are they sim-
ple composite objects made up of quark and anti-
quark, "or a,re they funda, menta. l fields" which
themselves play an essential role in the unified
gauge theory of elementary particle interactions
which is now under construction?

I have no answer to this question —it may be un-
answerable in principle" —but I find it reasonable
to describe the interaction of the quarks with the

TABLE V. Masses of ther=0, ~=0, &=0 scalar
mesons (0, 0', fT") in GeV, corresponding to each of the
solutions in Table IV, when the parameter pp of the SU(3)
Lagrangian is fixed at -0.1 GeV . Also shown are the
amplitudes (o~ Io) and (a~ Io') of the low-mass scalar
mesons, and the parameter pp (in GeV ) of the SU(4)
Lagrangian.

mould be revealing.
Note that the parameter p, o' of the SU(4) Lagran-

gian is not the same as the parameter p.,' of the
SU(3) Lagrangian; the iwo are related by

po'[SU(4)] = po'[SU(3)] —4X'h,'. (21)

The sign of ito'[SU(3)] is not definitely determined,
although it is probably negative; iso'[SU(4)] is

ma

(o. Io)

qp'[SU(4) l

0.692
1.175
5.74

—0.054
—0.055
—4.97

0.691
1.175
6.16

-0.051
—0.051
-5.71

0.691
1.175
6.26

-0.050
—0.050
-5.91

0.689
1.175
6.99

—0.045
—0.045
—7.35

~f 5/~p 1.019 —1 .054 —1.062 —1.113
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low-mass spin-zero fields by a Lagrangian

L, q
= G Q q(a+i''sv )A.~q,

A

(22)

iative decays of $(3.095) into qy and q y, if it is
assumed that g is a pure c-c state. The amplitude
for (,-q,y is given by

which is invariant under the chiral group corre-
sponding to the number of "flavors" of quark ("col-
or" is not relevant to the present discussion).

If the chiral symmetry of the quark Lagrangian
is broken only through the o terms (which is im-
plicit in the point of view of models such as those
of Ref. 23), then the masses of the quarks are due
entirely to the vacuum expectation values of the
scalar fields in L„,. The ratio of strange-quark
mass to nonstrange-quark mass is then given by

m, Wf, —2f,
m„vlf, +f, (23)

and of charmed-quark mass to nonstrange-quark
mass by

m, Whp —3h„
m„Wh, +I „+WI, ' (24)

An alternative interpretation"'" is that the o

terms are themselves directly proportional to the
quark-mass terms; the quark-mass ratios are then
given by Eq. (23) with f„replaced by c„, and Eq.
(24) with h„replaced by d„.

In the SU(3) model Eq. (23) gives

m, /m„= 1.56 (25)

for Er/E, = 1.28, which is in good agreement with the
analysis of De Rujula, Georgi, and Glashow, "and
of Chase and the present author. " For the alter-
native interpretation, E~/Jl, = 1.28 corresponds to
m, /m„= 30.

In the SU(4) model the charmed-quark mass de-
pends on k»/h, ; the mass ratios deduced from
Eq. (24) for the solutions considered in Sec. VII
are shown in Table VI, along with the predictions
for the radiative decay rates discussed below. For
alternative interpretation, m, /m„ranges from
1150 to 1800.

The decay rate for g"- yy can be predicted using
the quark-loop model of Ref. 7, which gives results
equivalent to those of Adler for the decay w -yy.
In this model the ratio of decay amplitudes is giv-
en by

A(g, -q,y) 4 m„Z,
A((u-m'y) 3 m, Z„ (27)

V. CONCLUDING REMARKS

If the spectrum of the charmed spin-zero mesons
described here is qualitatively correct, it remains

TABLE VI. Quark-mass ratios and radiative decay
rates predicted by the analysis of Sec. IV, for the solu-
tions considered in Table IV. The absolute rate for

pp is based on a m pg rate of 7.40 eV predicted
in Hef. 7. The radiative decay rates of P (3.095) are
based on the assumption that g is a pure &-& state, and
that the renormalization factor discussed in the text is
equal to unity.

f5/@p —1 .019 1.054 —1,062 1 113

where Z„,Z~ are renormalization factors for the
coupling of the vector mesons to the appropriate
quark s.

There are two reasonable conjectures for the
ratio of the renormalization constants at this level
of approximation,

Z, /Z„= 1 or Z, /Z„=m, '/m„',

corresponding roughly to "mass-mixing" and "cur-
rent-mixing" models for the vector-meson mix-
ing." The question is somewhat more subtle than
implied by this remark, but a complete discussion
is beyond the scope of this work.

If the renormalization factor (Z~ /Z„)' ' is set
equal to unity, then the mass of the g" is con-
strained to be ~ 2.8 GeV in order that the predict-
ed decay rate I'(g- q"y) not be greater than a few
percent of the total g decay width"; for the altern-
ative value m&/m„of this factor, the correspond-
ing lower limit on m„„ is -3.0 GeV.

The radiative decay rates of g into qy and q'y
due to the c-c mixing in q and g are also shown in
Table VI (for renormalization factor equal to un-
ity). These rates are sufficiently small that ad-
mixtures in the P of states other than c-c are like-
ly to give significant (perhaps even the dominant)
contributions to these decay rates.

A(q"-yy) 4W m„
A(w'-yy) 3 m,

(26)

for a pure c-c g". The corresponding decay rates
for g"- yy, including the small corrections due to
the admixture of states other than c-c in q", are
shown in Table VI.

If the vector mesons (p, &u, P, g) interact with the
quarks via an SU(4)-invariant minimal coupling,
the model of Ref. 7 allows a prediction of the rad-

m~/m„

F(g" yy) (keV)

10 F(y- nV
r(q-~v

10, rg -n
F(m xy)

7.97 8.56 8.70 9.73

4.59 4.76 4 ~ 80 5.13

2.02 1.14 1.00 0.41

3.68 2.03 1.76 0.70

-1.708 -1.713 —1.714 -1,719
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to explain the broad enhancement" in the e'-8
cross section between 4.0 and 4.2 GeV, whose
width, compared to that of P(3.1) and $(3.'I),
strongly suggests a new threshold between 3.7 and
4.0 GeV. Two possible explanations are the fol-
lowing:

1. There is a threshold for the production of
charmed particles, which are not spin-zero mes-
ons, but vector mesons (or perhaps even baryons).
Note that the mechanism responsible for the en-
hancement of the nonleptonic decay modes of the
X meson need not be operative for vector mesons. "

2. The enhancement is related to the p.-e an-
omaly. "

A further test of the model, apart from the ob-
vious particle searches, is the measurement of
the branching ratio for the decay modes

c(o-')+ r

as mentioned above. If the intrinsic matrix ele-

ment for this decay mode is comparable to that
for g-q(g') +y, then the larger c-c admixture in
e(o') given in Table V leads to an estimated partial
width of a few keV for these decay modes. "

An outstanding theoretical problem is the de-
rivation of the phenomenological Lagrangians
from a fundamental Lagrangian containing element-
ary constituents such as quarks. I have in this
work assumed that the phenomenological Lagran-
gian is renormalizable and group-invariant apart
from the cr terms. While these are plausible as-
sumptions, it would be reassuring to see them de-
rived in some model. It is also relevant to note
that the assumptions could not be retained (and be
consistent with the experimental mass spectrum)
if the chiral group were larger than SU(4) ISSU(4),
since the term proportional to det. M+ detM' is not
consistent with renormalizability if the meson ma-
trix M is larger than 4 &&4, but the term is neces-
sary to give the correct q-q' mass matrix [see
Eg. (6)].
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