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1. Introduction.

A narrow resonance ¥ at a mass of 3.095 GeV and a total width
1) 2)
Ty = 69 KeV has been found recently by the BNL , SLAC ,
} 4 .
Frascati » and two Desy ) groups. A second narrow resonance with a

5)

mass of 3.684 GeV has also been observed by the SLAC and the

Desy 6) groups.

An interesting problem in connection with these new particles is

their relatively small total width. The value of the total width

of the Y (3095) and pfesumably also of the ¥(3684) is several
orders of magnitude smaller than what one expects of a heavy

strongly interacting meson. One of the possible ways to understand
the new resonances in the ete” system is their interpretation as
vector mesons composed predominantly of charmed quarks and antiquarks.
Then the basic symmetry of strong interactions becomes SU(4) instead
of SU(3), with the four quarks u, d, s and ¢ now belonging to the
fundamental four dimensional representation. The new fourth

quark ¢ has charge 2/3, isospin O and one unit of a new gquantum
number C called charm which is conserved in strong and electromagnetic
interactions. In such a scheme the narrow width of the ¥'s could be
naturally explained if the ¥ 's are rather pure ¢t states with
masses below the threshold for decay into charmed mesons or

baryons and which couple predominantly only to charmed particles.

in a previous paper 7), we studied the general framework for

SU(4) symmetry breaking. It was found that , if one places the

usual vector mesomns ( <, K* , ¢ ) together with the

!



¥(3.095) into an 1 ® 15 representation of SU(4), the
Y comes out as a rather pure cc state and the masses of charmed
vector mesons D™ and F¥® » which belong to a representafion 3 in

SU(3), are above 2 GeV 8).

In this paper we continue this analysis including pseudoscalar and
tensor meson multiplets. Then we consider the two-body decays of
Y (3.1) based on SU(4) invariant couplings. Here, similar to
SU(3), we assume, that the couplings deviate less from their
SU(4) symmetric vélues than the masses. This means that in a first
approximation, the breaking of SU(4) appears only through breaking
of masses in phase space factors.

In section 2 we present the masses and wave functions for the
mixed vector, pseudoscalar and tensor multiplets for several choices
concerning input masses. With these wave functions we calculate
two— body decays of the ¥(3.1) and some other vector mesons in
section 3 (strong decays) and section 4 (radiative decays).

In section 5 we draw our conclusions.

2. Masses and Wave Functions.

In this section we shall give the numerical results of our mixing

7)

analysis given in a previous paper . We start with the wvector
mesons @, K*, W, ¢, "V, ¥ and ¥ belonging to the representation
15 ® 1 of SU(4) and neglect electromagnetic mass splitting effects.

The mass matrix is diagonal except for the subspace spanned by ’G)8> ,

lwﬁ} and 'OJ°> , where |edg) and |(045) denote the 1sosca1ar wave-

functions belonglng to 15 . w1th SU(3)-octet and SU(3)- 51ng1et gquantum

numbers respectively, and ]GJO) denotes the wavefunction

belonging to ! ., The mass matrix



in this subspace ig given in egq. (3.1) of I, with the constraint
I (3.2). The eigenvalues are the physical masses of the W, ¢ and ¥

meson. The corresponding wave functions can be expressed either in the

basis {1“’0); I"’g) F} Iw;‘s)} :

vy = &S 1wy + &G 1wy + (G 1wg)

(V= "-’)d’JqP)

{(2.1)

or in the basis Uwc.),lw,,) ) |w¢>} corresponding to ideal mixing and

defined in I(3.11):

v = dW jwe> + o w,) + T )

c
(2.2)
(V‘-= w]&,'\f}) .
The coefficients appearing inm (2.1) and (2.2) are related by
= 4 4 A
da’ = E dp +' {3 dg + VZ o<l5" }
4 2 A
O(A = 7 Ko = |3 0(3 + Tz Xps
. 3 v (2.3}
Ke = J.‘L' %o 2 T
and , inversely, by
A a
1 2 .
g = 5 % ~15% ‘ (2.4

. A o, -
s = \F Xe + Tz
Since the quark content of the states (We>, |ws)y and e is

given by

e = & lui+dd > lws> = 1482, Nwep=leC) ) o



the content of usual (u,d), strange (s) and charmed (c) quarks of
V= @, Cb, ’V’ can be read off directly from the expansion (2.2).
The corresponding coefficients O(C;JJ O(CAV) and o{(cw essentially
determine also the decay properties of V if we assume
SU(4)~invariant three-body vertices.

In our numerical analysis we use the masses of e, K* , &0 ¢

and ¥ as input and consider only quadratic mass formulas. The
results, especially for the"off-diagonal” coefficients 0'((::) ,
0((:) , D((;) , oK (:) , L;) aud 0(6;} y which measure

the deviation from ideal mixing, turn out to depend very sensitively
on the input masses, particularly on the @-mass. Changing me
within one standard deviation (from 0.76 to 0.78 GeV) may result

(;), o(‘:}, o((:” and M?" by several orders of

in changes of &
magnitude. For the decay widths the changes are then even more
substantial. In order to reduce drastically the partial decay

widths of the 4 —meson, the mixing in (2.2) has to be nearly

ideal, i.e. lwlw lwe) , [d> x| d W) = [&¢>  This can

be achieved by lowering the ¢ ~mass. Thus, if one believes in

SU(4) symmetry of strong interactions, one might get the idea to

use the sensitive dependence of tﬁe SU(4) - predictions on the

¢ -mass as a way to fix me around 760 MeV. But because of
electromagnetic mass shifts, which have been neglected here and because
the P has a rather larger width, which makes the mass determination

uncertain, we shall not pursue this any further. At the moment

we shall study only the dependence of wave functions and decays

on this particular parameter.



In table 1-3 we have summarized our numerical results. Since they do
not depend sensitively on the other input masses Myw » Mo, My
and M, we held them fixed and allowed only My LO take on different
values. The implications for the strong and radiative decay modes are
consiedered in the following sections. Before we come to this we discuss
the mass splitting of the other meson sixteenplets : pseudo-scalar
mesons { T, K,?Z,’Y(’, ‘f}, D, ¥ ) and tensor mesons

(Ay, K¥, ¥, D, )

For all these multiple;s neither the analogous states to the 54

(Ve , V@.) , nor the mesons with charm (D, F or D** , F** )

have been discovered yet. Therefore predictions of the corresponding
spectra are not possible with our five parameter mass matrix I(3.1)
together with I (3.2). We need an additional assumption concerming

the parameters m, m ,m. and A. As in section 4 of I we fix

2’0

the ratio of the contributions due to FIS and F8 in the mass formula.

>

There we kept ® the same for the coupling of the 15-plet to the

singlet as inside the fifteenplet. It seems natural to take &« equal

to the value as determined from the vector meson fifteenplet, also for

all other meson fifteenplets. Actually for the vector, pseudoscalar

and tensor mesons the parameter m, = L K¥- o ) = 1’-—(}(—- ) = -"—(K**-uA )
1% S G 3 2

has roughly the same value. Therefore our fixing of & amounts to fix

the parameter m, (see I (3.6)). With m, and m, equal for these meson

fifteenplets we just keep the splitting of the SU(4) fifteenplets

constant and vary only the contribution of the SU{(4) invariant term

in I (2.12) given by m. As was already emphasized in paper I the input

masses of the vector multiplet are such that the eigenfunctions

deviate only very little from ideal mixing.



As was already mentioned these deviations in the wave functions
depend very sensitively on the input masses. For the vector -mesons
we show in table 1 two versions: version ! corresponding to an
input f-mass ms,u—;- (lmg,_ + 'mg, } = 0.7674GeV. as given in the
data card listings of ref. 9 » and version 2 with an input
mass Mly= 0.76009 GeV. This value was chosen to obtain for the L'

a small enough admixture of the usual quarks u,d,s. Together with
the coefficients &g, &, and &, of the eigenfunctions we have
exhibited in table 1 also the other input mass values and the
results for LI and Moy - As to be expected the output values

of LI and m,p‘change only very little for the two versions 1 and 2.

. L, ¥ v
The important quantities for the decay of the ¥ are &y and X .
(¥ v . .

We see that X, and &, are already small in version 1, of the order
of 2%Z. They change by two orders of magnitude if we go from version |
to version 2. Likewise this also reduces the &, for w and ¢ by

the same amount. On the other hand the coefficient o((:is not
changed appreciably, so that the decay of the @ in nonstrange
mesons is not effected by reducing the cc content of the VW s

(® (%)
although o(d' and X . are reduced somewhat so that w and @ are more
ideally mixed in version 2 than in version 1. We notice that o((:.J and
(S . .

O(Sr (likewise o{:)and “iﬁ) go through zero if «mp changes from 0.767

to 0.760, To study the dependence of these two coefficients in the
. e . o v .
vielnity of this zero we have plotted D(r and &, as a function of m

(4

in fig. 1. The input masses are the same as in table 1. We remark

iy .
(:) and &, vanish near 'mr = (.760, so that

that both coefficients &
the coupling of ¥ to nonstrange and to strange particles is reduced

L ‘s .
by the same amount. 0(5, 1s rather unsensitive to the variation of m?

in this limited range.



The mass spectra and the wave functions of the pseudo-

scalar mesons are given in table 2a and 2b, also for

two values of ¢ , one corresponding to "= 0.7674 (version 1)

and one to 'm?= 0.76009 (version 2). Unfortunately we have two
candidates for the $SU(3) - partne-r of the 12 particle: the "Z' (0.9576)
and the E{1.416). Up to now”it is not excluded that qz' has spin —parity
2, so that bolth assignments have to be discussed . In table 2a
the spectrum and the wave functions with "l' are shown. We see that
with this input ", -121 -and 'Vi, deviate appreciably from ideal mixing.
In particular %' has a large ¢ component (roughly 252).The 0
partner of the ¥, called ‘V} has a mass around 2.7 GeV and also has a
rather large admixture of noncharmed quarks, so that ‘V/P should

be a broad resonance compared to Y(3.1). 1f we transform the
coefficients in table 2a according to (2.4) into D(o , 0(8 and 0(45, it
turns out that "Zla 7  and V‘i, are predominantly [w,> , l@wgd

and [w, b respectively. The large cc content of the ’)ZI(O.958) will have
important consequences for the radiative decay of the Y as will

be shown in section 4.

The result for the other assignment E (1.416) as partner of the %

is given in table 2b. With this choice the mass of the Vl’, is

much higher (around 3.0 GeV) and the admixture of noncharmed quarks
in "tg, is small, around 4%. Similarly the ¢C content of E andqz is now
also much smaller. We notice that the D and F masses are the same in
table 2a and pable 2b. They depend only on the parameters m, and o,
which remain unchanged if 'pz' is replaced by E.

Finally the spectrum and wave functions of the tensor mesons are given

in table 3. The mass of "P.r is near 3.8 GeV. The wave functions of



f, £’ and Y, are near to ideal mixing. The cc content of f -
and £' and the admixture of noncharmed quarks in ¥, are

around 27. In both cases, for the pseudoscalar and tensor
mesons a change of ¢ corresponding to version | and 2 in
choosing the ¢-mass has little influence on the spectra and
wavefunctions. & , which a priori can be different for the
different multiplets (vector, pseudoscalar, tensor) must be varied
over a wider réngé in order to see an effect on the spectrum.
This is shown in fig., 2, where the masses of the new particles
are plotted as a function of & . From this figure further
interesting conclusions can be drawn. For example, to have
charmed pseudoscalar particles with masses below 2.0 GeV,

the 0( parameter for pseudoscalars must be below 17. In thi‘s
case*’cethreshold for production of DD and FF would be low
enough to account for the rise in 0-;:ot (e+e—-+ hadrons)

around 4.1 GeV. 0)

Another interesting aspect is the mass
of the "P.r . For &« > 20 the ’5"(3.7) cannot decay radiatively

into V’I"

3. Strong Decays.

In our scheme the observed ¥(3095) resonance is a member of a
15 @ ] representation of SU(4). In such a symmetry scheme

the couplings of the ¥ to other particles in SU(4) multiplets



are determined. It is of interest to see whether these symmetry
relations between coupling constants are compatible with the

known partial decay widths of the other members of the wvector meson
multiplet and the small decay width of the ¥(3095). o begin

with we consider only the decays V —* PP and V— VP,

where V and P are vector and pseudoscalar mesons, respectively.

{a) V — PP

The SU(4) invariant coupling HVPP has the following form

Hv?? = ?vrp j(a,bc VZ(Pb ‘é—ﬁ Pf—) , o (3.1)

where a,b,c = 1,2,...,15 and the fabc are the usual structure

constants of SU(4), which can be found for example in ref. 11.
The connection of the fields V & and Eb with the physical particles

is exhibited in appendix A. Substituting these relations in

(3.1) gives us the following SU(4) invariant VPP couplings:
Hype = ﬁv?!’{[‘iﬁx&a_ﬁﬁ +HK'Z K +£ﬂ)*£a"£ﬂ-§,b
P} >
it KK iR TR YK
ri(m,-1im,) KK + he.]
+£V§[-7<f51‘7< + ?"“457‘1-"]&)”# (3-2)
[R5 g2 Q% - LR TR KL
+i(ne-vin)5r T 0% + he.]
+[‘7VZ(F+5-’1(‘ Tt Ne) — gt o+ K)ﬁf- +h.c.:l
SR (BF . FF) W

pi(KF R TR |,
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where

K0T X=(5), oo ). 8 ()

Ko D
In (3.2) the vector mesons Wy, w, and W, denote the idea.lly
mixed meson fields (2.5). We see that &), couples only to the
charmed mesons D and F, so that w, is stable against decay
into pseudoscalar mesons since with our mass values for D and F
these decays are not possible energetically. The same is true
for the decay of D¥ and F¥*. Only through the small mixing of
Wy and Wy in Y (see table la,b) the physical ¥ (3095) can
decay into uncharmed mesons K+K— and K"Ea. The decay rate for

¥V -> KK is obtained from the general formula

2 3
2 v,
r(\/—é ?,,+Pz> = 3 Tt ,yp;:‘: ) (3.3)

where piis the center-of-mass momentum of the P] meson. With (3.2),
(3.3) and the expansion coefficients from tables la,b it is
straight-forward to calculate the decay rates for ¢ > J"Cjt 5
K¥5 K It , ®-> KK and ¥ KK . The first decay was

used to determine the overall coupling constant and the following two
decays are given to check the consistency of (3.3) and the mixing
of the ¢ . The result for the two @-masses is shown in table 4
together with known experimental data. We see that (3.2) and (3.3)
give the correct relation between ¢ —> LI, K* > KT

and ¢ > KK if compared with the experimental results.

The decay rate for ¥ —» KK seems to be larger by a factor

2)

of 10 than the known upper limit ! of 0.124 KeV. On the other

hand we can expect that the coupling constant relations (3.2)



_.]l.-

are distorted by symmetry breaking effects, which could account for

this disagreement.

We notice from (3.2) that the decays ® - KK and ¥ - KK

are proportional to the square of g , given in (2.4). Therefore
from P("f’—-; K‘i() < 0.124 KeV we get the following upper
limit for !o(gﬂl < 0.00051 . In version 2

(me = 0.76009 GeV ) the partial decay width for L= KK is
3 eV, much below the experimental upper limit. This value is of
the same order as the nﬁmber one expects for Y o — k'K via

a virtual photon.

{(b) VvV —> VP,

The coupling of two vector mesons and one pseudoscalar meson is
more involved since now the symmetric coupling dabc occurs.

Then also the singlet field couples, contrary to the previcus case
(3.1) where it did not appear due to the antisymmetric nature of the

VPP coupling. We have now four independent SU(4) invariant couplings:

a b
HVVP = ?vvp 6x2/&9 Agoe P70 Va 9 V\f

7 ! (3.4)
- AV 1] (A
Hwo = Gvvo € " Ay pe Y, 0 Va AVs (3.5)
— WA MV Qa .
Hov? = Zgow € dpoe T 00 w,a 9/,,_\/5 k (3-6)

_ Ay
1L71(}00 - ?‘000 e* Aooo ’70 99\'—“702 a/“- oo . (3.7)
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1 . .
As usual dbbc = fg é;c and Ciabc are the symmetric coefficients
defined by 1
= 4
[Fa,,:‘:b]+ - L,Jﬂb:ﬂ-"" dabc?c. (3.8)
and a,b,c = 1,2, ...., 15. With only SU(4) symmetry the four

coupling constants appearing in (3.4) to (3.7) are independent.

In the following we shall assume that

Eovp = (3.9)

2000 &ywo T Byyp

so that all four couplings have the form (3.4) with a,b,c going
from 0,1, .... 15.

In the following we shall refer to the relations (3.9) as the
ideal mixing assumption for the VVP-coupling.

The relations between coupling constants following from (3.4)
are again conveniently written in terms of the ideally mixed
fields Wy ,Wy and o, instead of cu, , Wg and Loy -

The result is:

15
Hyvs = Fov MY > A ate ?aax V: ‘gu«V:

a,,b,c =0

2
J

= %ng""f‘“”{zif.axa Gligy + l'ax%:f%’aﬁx:

+ R axi)ffo}ui)‘h [7(*“23;(%:' a,w?v (3-10)
+E Ko 8 mm W K2 W(@ey+ B wy) + hec. ]
+[2720. 8] 9.7, + 2 9' 3,35, 7

+ 8Y3, 8% 0. (0py+ E wgy) + hec. ]



_]3....

+ﬁ[]‘"3x_ y aﬂj(:(-'*" ¥ axq::+a (w/sv 1+ wcv) + hc]
+{76 [ax K’;faﬁK: + axrsf- :F,H-"'a Wy af*wAv]
+9. 20,97 0, 9% + ATF AT + 2,0 dtey |

0[50 + AKF ALK 0, 850,95 + 2 weBucory | }

»

1f we relax the constraint (3.9) we have additional terms which are
written down in appendix B.
We now apply (3.10) to various decay modes using the general formula

for the decay width of V4= Vo + 2 !

2

I'(Vi= Vo +P) = 13 —M ‘F (3.11)
where p is the center-of-mass momentum of the P meson. The
kinematically allowed decays are ¢ = ¢ T, ¥>¢T, Y K¥ -’Z,
Yown , Y=oy | Y ¢uy and Vs $ml.
All these decays can occur only via mixing. In particular P PJ'C
and Yo ¢TI  are proportional to the corresponding (D<g—)2'
whereas WY —> K*K is proportional to (O((W—J-I/Z 0(,4‘#)) and
Vs wn is ~ (xPaPaP @ o & @ )
The results are in table 5a,b again for version 1 and 2 concerning
the input of the ¢ — mass and also changing 47’ ~—> E (which
means to use table 2b for the pseudoscalar wavefunctions). In version
1 the partial decay widths of the Y for both, »7’ and E choice,
come out much too large. Im particular F(‘P—a( 7T ) is near
50 MeV which is three orders of ma.gnitude larger than the total

width of the ¥ and presumably a factor 105 toolarge compared to the



measured [ (¥ - g?J'C) RV We consider it unreasonable to -
account for such a large discrepancy by symmetry violations

of the coupling constants. One way to overcome this discrepancy

in our model is to reduce the admixture of noncharmed quarks in 'S")
in particular to reduce O(irj. In the last section we have seen

that this can be achieved by changing mg O 0.76009 GeV (version 2).
Indeed the results for this version come out satisfactory

(see table 5a,b) . r’('{’-—;gﬂf) is now 1.73 eV. There is a little
difference between the choices oz/ versus E in both versions.

All other decay channels of the VP-type are very small in version 2.
In particular for VY — K*X a very strong cancellation occurs.
As a general conclusion of the decays V —»VP we note that version 2,
which corresponds to m ¢ = 0.76009 GeV is clearly preferred

over vérsion 1 , which corresponds to a larger @-mass.

The two-body decays of the vector mesons considered so far should
serve as examples what can be expected for the decay width of ¥ into
particular channels. There are many more decay channels which could
be considered along similar lines, if the multiplets involved have
been calculated. Good candidates would be the scalar mesons 07
(5, k , & , e, ¥, , Ds, £, ) or the axial vector mesons related

to Al or B. The spectra and wave functions have not been calculated

yet. But we have computed the tensor meson multiplet A K**, £, £' and

2,

1@ in section 2. With this we can compute the decay width for ¥- K*** K.

{(c) V—=>TP

The SU(4) structure of the VIP vertex is identical to the VPP



and is given by the antisymmetric coupling (3.1). To determine the

coupling constant we use the known decay A; —>§’+J'[O. Other known

. . +
decays, which we use for a consistency check are T — {‘L K* )
R*EF 5w K and K¥** 5 K¥t |° They are calculated from

the formula

2%
C(T>v+?P) = %;‘;: 0° (3.12)

Then Y- K¥** K~ is obtained from
%Z mﬂ. 5
— TV P b
F(v ! ) 127 m: ,p
pA

if the decay Az—> ¢ L is used for normalization. The results

are presented in table 6 for the two ¢-mass versions.

We see that in version | the decay ¥ — K*** K~ is rather

large. But for the smaller ¢-mass it becomes negligible. All
other decays are in agreement with the experimental data, showing
that the breaking of the coupling constants inside the SU(3)

octuplet is small.

The calculation of the ¥ decay is particularly simple if no
mixing for the final state particles occurs and the final state
couples only to . and not to w, . As we have seen this situation
occurs for VY- g+ JL™ . The partial width for this decay channel
was directly proportional to (o((;))z times the w@® coupling constant

squared. Similarly for ¥ P the decay width is:
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%o wmi rams (ol P
— 4 _ dwpp 2 My P (__;r__ (3.14)
r‘(‘{”—ﬁ'p}?) T a3 m.;: P o(g_m ‘

The coupling constant is fairly known from low-energy proton—proton
scattering analysis with one-boson-exchange potentials , from
L 1 ,

which one obtains ?"‘JFP !’fT[ = 40 4). With this we calculate
the decay width for ¥ — ‘F‘P , in version 1, r(‘]"-—‘ ﬁ’}o) = 6,85 MeV
and, in version 2, [(¥ ?‘P) = 3.8 eV. The result in version 2

. X 130 12)
agreees fairly well with the experimental result f‘H’-—)FP) = (4801 ?'O) eV .

0.00012.

It

. ¥ )
The experimental value 180 eV corresponds to lo(c-/o{(:.’ l
In the same way one can calculate r‘("}’-* 3" 1) from I ( gt~ GOTE"')

according to

' (M \2 2
F(w’-»s*ur)-—-(a(r) o P(otswmt) 312
o« /) o My

The result is [ {¥- B+JT') = 49.4 KeV for version 1| and
344 eV in version 2. The input is [ (B'~ @ T*) = 120 Mev 9,
In (3.19) Py is the center-of-mass momentum in the decay Y 8T

and p_ is the momentum in the decay B - & .

4, Radiative Decays.

In this section we calculate the radiative decays of the vector

the
mesons V —» P¥ anthwo—photon decay of the pseudoscalar mesons,

P- 2% . The radiative decay of the ¥ is particularly interesting,
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since the photon has also a cC component and as we have seen

the pseudoscalar mesons % and 'VQE) have appreciable ¢T admixture
too, so that W PY for these mesons might be large. To deduce
the SU(4) relations for the matrix elements of the electromagnetic
current between the V- and P-states, we first use U- and W-spin
invariance. As was shown 1in I the electromagnetic current J is
an U- and W-spin scalar. From this the following relations are

obtained for <Pl J| v}:
(T TIety =<KFITIKY = KDITID**) = LFHTIF*),

CROITIRROY = & (3¢l TIag) = <TONTIe>)

(1 T1D*> = £ (i T10g) + h<ppl Tw,ed - 34To1 71973 )

(sl Ty = <ol Tws) = —E— (<0119 = <Ml T wg ),
(4.1)

(el TNy = sl Teog) = % <Usl31§°> = ?ig<“°‘ﬂ W) =

4 .
T <<"Ys|3’lwg> + 2<N5| T w5y ~ 3<TOIT ?o>> )

fl

1317 = B <mal T w5d = = VF <ol TN

(T T @,) = V3 <Ml T wod = =2 <0l Tl wod |

2

These relations are valid for any power of J. Therefore they are
also correct including higher orders of electromagnetic interactions.
Two more relations are derived from the property that J is a linear

combination of an isoscalar and an isovector term, i.e.

LT Tle*D> = KT T1p°> = --<’73] :r}ws> (4.2)
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A further relation can be obtained from the general structure
of the matrix elements of J, given in I(4.5):

W2-T2% - 3fe Q (4.3)

Because of charge conjugation invariance only the first two

terms in (4.3) contribute te V=P + ¥

From (4.3) we pget an additional relation

<-Doljlb*0> = lf <D+’J} D*+> (4.4)

This way all matrix elements <P | J] V} with P and V belonging
to the fifteenplet are expressed by < T?| J] f°> .

To calculate all V — P+ ¥ transition matrix elements
including singlet -fifteenplet mixing we need further relations
for (’70'7}0)0> s <4fo}7]?a> and <T["’]:T/&)o>.
Formulas which relate these matrix elements to {7} 7] JO")
cannot be deduced from the general properties of J, as U~ and

W-spin and I-spin decomposition. But we know from I(4.1) that

~ 004 Ao, [/,Z vz 4.5
J el + 5 Wy 3 Yy + T4, (4.5)
Then we can express the matrix elements of J by matrix elements
of FG) &g,y and &), . For the latter we can use our

relations for the VVP couplings, considered in section 3. Then

from SU(4) invariance and ideal mixing considered there we have:



Hel T[goy = KT T[@e> = FLWITIP°S | e

H

(ol Tlwody = LTAT[ %>

This way all matrix elements £ P | J] V) are expressible by Lmelzleey

The radiative Wwidths are calculated from the general formula

P
1 3
M(v—Ps¥) = % ﬁ%__t 0, (4.7

where p is the center—of-mass momentum of the P meson.
The results are shown in table 7a,b again for the two ¢-mass
versions | and 2 and with /7' or E . The decay widths are

9). We see that with

normalized to M —> To+Y) = 870 keV
’}Z/ (0.9576) the radiative partial decay widths of VY are
rather large, up to 4.6 MeV for Y '7"3" 0f course, we must
expect some breaking effects of the coupling constants. For
example , if we modify the general formulas by the factor
('m,,,/fmq,)z; the width for Yo 4;'3” is reduced toc 295 KeV.
The same reductions occur for Yo 423” and ¥ > V.

In case the ’Pg‘l is a 0 particle and belongs to the same

SU(4) multiplet as 70 K, 7 we miust conclude that an
appreciable fraction of the ¥ decay goes into 47’7" and ‘/’r?"
A further test for the mixing of % and 47f in this context are
the decays ?0—-7 '7'[ 2 42’—9 f"?f’ and 47’—9 w 7

The corresponding widths have in both versioms 1 and 2 the
values 55 KeV, 105 KeV and 12 KeV,respectively-

Unfortunately only an upper limit for r(ﬁ’—b oY) L AFY KeV 1is
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knowng). It seems that the known experimental upper limit

for P{‘¥-**Q X') around | KeV is already in disagreement
with our value even if the SU(4) breaking factor (Wnu,/wnwy)z
is included. The situation is much improved with the E assignment
as partner of ﬂz (see table 7b}. Here %k-+’7 ¥ comes out
around 3 KeV which is in fair agreement with the experimental
upper limit if breaking effects are included. ¥-» E¥P is still
larger. 1?—&’#%'?’ 1s much reduced because less phase space

is available with 4¢LV@ 2 3.0 GeV. So also in this version

an appreciable fraction of the V’decay should go into hadrons
and one single photon.

We also considered the two-photon decay of the pseudoscalar
mesons 4 —» -?,T, 42’—-) 2% and ’U’P - 2% on one side,
and %~ 2%, E-» 2% and 'Wz - 27 for the other
assignment, As input we use the known width for T %-» 2% .
P('}I"—bzﬁ") =+# eV 9), According to U- and W-spin invariance

we have the following relations:

2T M) = V3 <2¥in,d =—V§£ 2| M (4.8)

Using the representation (4.5) for the electromagnetic current
and the relations (4.1), (4.2) and (4.6) for the Pl D
matrix elements we obtain one further relation for the SU(4)

singlet component '70 :

5V2
<2rlfqa> = ——3—3 2} Tey (4.9)
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With these relations we calculated the decay widths as exhibited
in table 8, again for the two choices of the Q-mass, which
differ only very little. We see that in both assignments)q?land E,
the values for P(”'[—V Z.T) are in good agreement with a

5)

new experimental value . Up to this point all our

calculations for radiative decays, VP¥ and B> 27 are
based on full SU(4) symmetric couplings. This is equivalent to

the assumption that the VVP couplings are in their SU(4) symmetric
form as in (3.10) and the coupling of the photon to the vector
mesons ?o, AN & and ¥ is given by (4.5).

From the experimental measured leptonic decays of these vector

mesons we know that the V- couplings deviate from

their SU(4) symmetric values:

N T Y 4.V, 22
fg ’ AR fé ’ }‘P - /’ 5 —3' i -'3— . 3 ) (4.10)
where Jf;: is defined as usual <Tl\/> = e fyn:' f;i , From

the known experimental leptonic decay widths [ P(g-p ete™) = 6.45

KeV Mw-ete) = 0.76 KeV, [(dere) = 4.3% KeV  ang

-y g) A%
T'(‘F-'e e) = 4.8 Kev ] we have instead of (4.10):

~A -t -4 e (4.11)
J(f’ P few P T T T A: 034 - 040 : 043

To see the influence of the symmetry violations implied by

(4.11) we recalculated the decays V = P ¥~  with the usual
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vector deminance model . The results are alsoc shown in table 7a
and 7b. We see that the radiative rates are reduced, the
reduction factors are 0.68 for qb decays and 0.20 for 'y’decays.
With this reduction the radiative decays of the ¥ in the
version, where the E is the partner of the 42 » are consistent

. . . . p 31.12)
with the known experimental information on -;ql and that

the total width of the W is only 69 KeV.]3)

5. Conclusions

In this paper we tried to understand the extreme smallness of the
two—body decays of the new % (3.1) resonance in the framework

of broken SU(4) with SU(4) invariant three-meson couplings.

We saw that the wave functions of those vector mesons, which are
mixtures of SU(4) singlet and 15-plet, depend very sensitively on
the input masses, particularly the ¢-mass. With the breaking
parameter  as obtained for the vector mesons, the spectre of
pseudoscalar and tensor mesons were determined.

The tensor mesons come out near to ideal mixing and'V%, the tensor
analog of the ¥, has a mass around 3.8 GeV, above the mass of

the ¥ (3.7). With the pseudoscalar mesons there is a problem,
since two candidates are available as partners of the N, the
4@’(0.958) and the E (1.416). In the GZ,version the 1ﬂP ’

the pseudoscalar analog of the Y , has a mass around 2.7 GeV

and the wave functions are far from being ideally mixed. This

has the consequence that the radiative decays Y>PY¥ (P- 1]'421, l.Pr)
come out rather large, inconsistent with the experimentally known
total width of the W . Thereforewith the assumptions concerning

symmetry breéking made in this work a model based on charm and
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with the 42/(0.958) as a member of the pseudoscalar multiplet

is in trouble. In the same model with E (1.416) belonging to the
pseudoscalar multiplet the radiative widths of Y>PY¥ (P=%,E, V)
come out much smaller. not incemsistent with presently available
bounds for qy_),% ¥ and with the total width of the v

The width for ¥ - EY is presumably still to¢large.

Regarding the strong decays the g-mass can be chosen within
reasonable 1imits in such a way that the admixture of noncharmed
quarks in the ¥ is of the order of 10—4. This is sufficient

to reduce the strong two~body decays of the Y to a level

consistent with available experimental data.
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Appendix A

Here we give the connection between the physical fields and the

fields transforming irreducibly under SU(4). For definiteness

let us consider the pseudoscalar mesons first.

In terms of the quark fields GI:'=(u,d, s,c) and the antiquark

fields i{ = (q,“")* =(d, d, s, ¢) we define sixteen meson

fields '] by

P»?_ = %L‘T,jf (44 =42,3,4),

(A.1)

Since the Plj 's define an hermitian 4x4 - matrix (P)lj, we may

FaY
expand P in terms of a complete set of sixteen hermitian

4bx4-matrices ?\o) 7\4_, NN ')\45. according to

15
. 4 <
?3=7—;Z ’Pq.(goc)j«.

a=0

‘ 1" s 2 " = 4 2 . .
The "coefficients Pw ESP(TAO\-) are the fields used in

(3-1) and (3.4) - (3.7) to define the corresponding couplings.

The matrices 2‘% have the following properties:

A= A, (a=0,4,...,15)

= A4,2,..., 145

8] [~}
SP/I\“z {zVE a=o
SPC%L%) = 2044 (2,6= 0,4, .., 45)
415

[%2“,—%;‘5]_ =) "'j(a,bc %nc (a1b= 0,1, ... 45)

c=o

(A.2)

(A.3)

(A.4)

(A.5)

(A.6)



..25_.

49

[£0..4%], = > {dape 12 (4,6=0,4,..,45) (A.T)
C=0

where the representation independent constants fab (with fabo =)

are completely antisymmetric and the d 's (with d - CY )
abce abo ﬁ- ab

are completely symmetric in all their indices. Explicit values

of f and dabc

. 1
abe can be found, for example, in ref. ! ). A

convenient realization {choice) of the matrices Aa'(with Ao-:- -‘/i:?—:ﬂ)’

to which we adhere in this paper, was given in ref. 16).

From the above relations and with the charge assignment

(2/3, - 1/3, -1/3, 2/3) for the quarks (u, d, s, c), we obtain:
Tt=ud = Py = g(B-1%R),

T~ - d® = PY% = FH(B+iF),

me = H(un-dd) = HF(P-P2%)=T,,

K¥ = u%s = P = 5£(F-+Ps),

= Trig_‘f?wif’;)J

£ (B - B,

Ke=asd = PPo = E(F+iB),

% (Py-1 Pl

p° = cu =Py = F(F+iBw),

D" = dE = P%,

i

oy
Q
i
S
hNE
il
A
I\
[1s)
1]

O
[
i)
S
0ol
i
[av]
Y
3
i

ff‘z(?»fd"’; 42,), (A.8)
PY, = ';_5:(?44'{'4’-?42,),
Fo=aZ =Py = B (Ba-cBy),
713:(?43*“4:?@):

4 — —_ -
V.G_(uu+o{d,—z/szs) - Z(2+2%,-27%) = B

>
+
i
a
|
H

"

+
i
0

5 = PY,

1}

~%
og
1}

p)

~

-,

T
]

i/, = T Y= A /1
H@Lﬂ%+dd+44'3co)~m(?4+?22+1’33-3?"4) = :P45_ ,

—
()
H

%(i’.i‘f’dﬁz +AA -}-C,E':) = é<?44+?1'2.’- ?33 +.'?‘f#> = 'PO
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Instead of the fields ’73)4245 and ’}za we can equivalently

use the fields 4zo-,’)2,3 and Ozc defined by

B(W e dd) = (P P%) = AR 5P+ AR, |

-~
q
1}

V3

= CE = ?""= "‘2"—?45'*' %?o

~%
e
\

Since P, = Ma for a = 8,15,0, these relations give e, ’}Z,;,’)Zc

in terms of 0?3’ 0245 , 020 . The invers relations are:
- A4 -
Tz = % %o~ V27,
- L 1 V3
745“'/5026“"@424"1,7&)

4
720"‘?3"%0“"%"24‘*%"&

(A.10)

Finally, we note that the meson fields (A.1) do not transform
irreducibly under SU(4); but rather decompose into a singlet and

a fifteenplet, according to the identity
;o R ey NS
?1,3_ = ‘f,'(ﬂ, @K)a‘J -f(q/ "L}__/:‘(qzk@k)éw}> . (.11

The mixing of the singlet ( ’70 = P, = %%iék ) and the

fifteenplet (P],P C ey PIS) implied by (A.11) is known as ideal

2!
mixing, and *)Za.., ')ZA,QZC - as the ideally mixed fields.
All relations obtained so far are valid for any meson multiplet.

Thus, for the vector and tensor meson multiplets we have only to make

the following formal substitutions:

(JL’K'“ZM,}Z”—)D’F; 020) - (9, K*, w8>w45>®*3 :F*; wO) (A.12)

#x A
‘*)(A-?-’K ’C‘)T‘?)c‘}'l"‘fs‘ﬂ3 )T )'C‘-JTO
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Appendix B

In this appendix we give the explicit expressions of the couplings

appearing in (3.4) - (3.6):

H, o = Grer XA {ﬁ.ax?’z w39+ : ,m,)
v izt + Ttz o
H{¥'20. X087 + BN, 01 o7
+ K71, (- 75 0n s W) + he |
H8'20,95 8.8 + 2 Fo, K0 Fr

v

- Dty Dy % (- V_wgﬁv— m + he. ] (3.1)
o etour-v, 703, (2w +[Eoy,) +he]
7?9[ % rr 0 - %nyf?ﬂ(ﬁﬁax 845, 97

_F'B B 0T + 004 9 (- rw8v+‘f_ W, ) ]

e[ Fapo0g  Faxtan -t

57 9T 4 L0, 00 %,

- V%;:)x(l%sa 2%,605;v J }

)
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4 2x A
vao - E%WO e /}?0 { axa'af*?’

+ xt *
+ 29, K3 o Ky + 20,97 0.9; (5.2)
+ zax:j—';* a/L :F’;- + ax wsx ?ﬁwsv

+ O Wysy O 3, }

)

_ HA v -
o = e € 3,00, 7235
+[?<*a XY+ 9t5, 9% + 775, TX

Sy udy 3/4, v + I’!C:I (B.3)

+ Vs Qugy + s E/A%sv }
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Table and Figure Captions:

Table !: Predicted masses of charmed vector mesons B and F* and wave
functions for mixed states w,d, P . Concerning the input
masses we have, wherever required, averaged over 4the masses of
particles in an isospin multiplet. (1) and (2) denote two versions
concerning the input mass Mg - o, and o, are the corresponding

breaking parameters as defined in T (3.6). All masses are in GeV.

Table 2a: The same as table 1 for pseudoscalar mesons with input

T, K, n and 4'(/’(0.958) and of,; and &, respectively.

Table 2?b: The same as table 2a with E (1.416) instead of 02’(0.958)
as input.

Table 3: The same as table 1 for temsor mesons with input AZ’ K**,

£, £ and o and X, respectively.

Table 4: Predictions of the decay width for vV KTk for the
two g-mass versions. The other decays K¥t» R¥T? and ¢~ k"
are to check SU(3) breaking and the wave functions of the ¢,

The decay width ?o-—) TR serves as normalization input.

Table 5a: Predictions of the decay widths for Y — VP with

ﬂz’ (0.958) as partner of m, normalized to the width of ¢ ?+ xZ-.
Table 5b: Same as table 5a with oz'replaced by E.

Table 6: Prediction of the decay width for ¥-» K*** K™ normalized



to the decay width of A2+ —» g"‘ T°. The other channels are to

check SU(3) breaking.

Table 7a: Radiative decay widths W PY¥ with 42’(0.958)

as partner of # and with (w- 7°¥) used as input.

Table 7b: Radiative decay widths W - P¥ with E(1.416) as

partner of 2 and with (e TCo ¥) used as input.

Table 8: Two-photon decay widths of ’}Z . 42" and ")"_.P,and ’)Z )
E and ¥p based on wave functions in table 2a and table 2b,

respectively. As input we used l"('n:°—>zr) = 7.71 eV.

P d Y

- % as a function of the

Fig. 1: Mixing parameters &
¢-mass in the vicinity of m? = 0.76 GeV. The arrow denotes

the Q-mass chosen in version 2.

Fig. 2: Pseudoscalar, vector and tensor meson masses for charmed
mesons D and F and new mesons ¥ as a function of mass breaking
parameter X . QPE is the new I = 0 pseudoscalar state together

. i . -
with M.M , whereas QIDI.E 1s the compagnon of % and E. Otherwise

notations of particles as in tables 1-3.



Table |
1)
mw = 0-7827, m¢ = 1.0197, ml\y = 3.095 . TU.K* = 0,.89435
mg = 0.7674
g = 21.42010, mp, = 2.218 mex= 2-265
0(0: oy X
! 0.99747 -0.06646 ~-0.02507
¢ | 0.06590 0.99758 -0.02228
Y1 0.02649 0.02057 0.99944
2)
Mg, = 0.7827, mg = 1.0197, m,y = 3.095, m,,= 0.89435
me = 0.76009
Xy = 21.17838, m = 2.255 M= 2304
Q./o- (Xé O‘C
w | 0.99836 ~0.05727 -0.00008
& 0.05727 0.99836 0.00004
Y | 0.00007 ~0.00005 1.00000

B b lar L
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Table 2a

1)

My = 0.13803, m.K = 0.4957, m,2= 0.5488, m,z’=0.9576

X4 = 21.42010

In,\},f = 2.744, my = 2.162, my, = 2.213

L Ky - 8

n! 0.67672 0.69468 0.24386
n 0.71016 -0.70328 -0.03269
% -0.19421 ~-0.15106 0.96926

2)

my = 0.13803, m, = 0.4957 , m,lz = 0.5488 , m?,=0.9576

X, = 21.17838

mvr=2.729 . my = 2.150 , m = 2.202
OZ’ 0.67679 0.69467 0.24370
‘)z 0.71016 -0.70329 -0.03252
% | -0.193908 -0.15106 0.9631
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Table 2b
1)
my = 013803, m = 0.4957 , m, =0.5488 , m = 1.416
o, = 21.42010
m,q,r = 3.013, my = 2.162 , my = 2.213
Ko Xy e

E 0.74825 0.66206 -0.06240

n | -0.66246 0. 74908 0.00574

¥, | 0.03556 0.02379 0.99908

2)

My = 0.13803, m = 0.4957, m'l.= 0.5488 , mE=].l;16

o, = 21.17838

m, = 2.998, m_ = 2.150, m_ = 2.202

v D F
Xg s Xe

E 0.74819 0.66201 =0.04420

')’l -0.66245 0.74908 0.00591

"Pr 0.03702 0.02485 0.99901

A+
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Table 3
1)
mAZ = ]-3]00, mK** = ]-4200, m;, = 1.5161 . m} =1
&K, = 21.42010
moy = 3.830, mp,, =2.807 » Ty =2.860
K K g &
£ 0.99654 0.07672 -0.03201
Jt’ -0.07743 0.99677 -0.02141
’;i; 0.03027 0.02382 0.99926
2)
mA2'= 1.3100, Ty s = 1.4200, mf, =1.5161, my =1.2672
X, = 21.17838
My = 3.812, myp=2.795, Mowe = 2.848
oL Ky Xe
£ 0.99654 0.07672 -0.03194
F ~0.07743 0.99677 -0.02141
¥ 0.03020 0.02379 0.99926
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Table 4
vV — PP, Tv=p ) F(V»PIPZ) F(v-—»Ple)

(H (2) (exp)
Q° » W I- 150.4 MeV 150.4 MeV (150.4 © 2.9)MeV
K** o x* L0 14.8 KeV 14.8 KeV (16.6> 0.3) KeV
¢ - K*K” 1.73 MeV 1.76 MeV (1.94 £ 0.19) MeV
¥ -~ KYK~ 1.07 KeV 3 eV < 124 eV
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Table 5a

v, = VP r'(v] = V.P) F(V]—> V,P) r (V, = V,P)
(1) (2) (exp)

$ > ot - 223.0 KeV 223 KeV (223 ¥ 6) Rev

Y ot o 17.31 MeV 173 ev (138  85) ev

v K*YK 16.17 MeV < 1 eV

VY- oy’ 0.26 Mev 3.8eV

Y- wn 1,97 MeV 15 ev

'1{’ - ¢> ryL" 0.64 MeV 3.8 eV

"P-»dma 1.89 MeV 17 eV
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Table 5b

vV, - VP M (v, - VP M v, =, T, - v,p)
(N (2) (exp)

¢ ot 223 KeV 223 KeV (223 % 6)Kev

Yo ot T- 17.31 Mev 173 eV (138 + 85) eV

Y K*T K™ 16.17 MeV <1evV

Y >wE 0.98 MeV 12 eV

v > w 2.01 MeV 15 eV

Y- ¢ E 0.82 MeV 5 eV

V> by 1.93 MeV 17 eV
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Table 6
[ (1 = vp) (1 vp) - v

e (1 (2) (exp)

Al - ¢tm® 35.7 MeV 35.7 MeV (35.7 + 4.6) MeV
fla etk 1.17 MeV 1.17 Mev < 7 MeV
K***5 ¢"K°l  4.87 Mev 4.87 MeV (4.6 + 1.8) MeV
K™ wK* 5. 26 Mev 2.49 Mev (4.4 + 2.3) Mev
K**5K**n  8.79 Mev 8.79 MeV (14.8 + 2.8) Mev
Yo KK 95.3 KeV 280 eV
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Table 7a
Fvs2¥) v P Fvsp¥) 1))

v Ry (1 (2) (2), (VD) (exp)
W A°¥ 870 KeV 870 KeV 870 KeV (870 + 86) KeV
$o w°¥ 8.72 KeV 6.57 KeV 4.46 KeV < 14.7 KeV

Y- 0¥ 41.31 KeV <1 eV < 1 eV < 380 eV
w-n¥ 5.23 ReV 5.51 KeV 5.51 KeV| < 50 KeV

¢ 'Y 0.72 ReV 0.70 KeV 0.45 KeV

¢ - ?rl’o“' 176.52 KeV 175.70 KeV 119.2 KeV (125+ 43) KeV
Yo m ¥ 4.52 MeV 4.61 MeV 921 KeV

Y- 190.22 KeV 100.91 KeV 20.16 KeV (0.1 - 2.0) ReV
VoYY 0.97 MeV 1.09 MeV 217.8 KeV
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Table 7b
My = p¥) M py¥) Fv-a?r )y [Tw- p3)
Vo RY (1) (2) (2), (VD) (exp)
W > O 870 KeV 870 KeV 870 KeV |(870+ 86) KeV
¢ - oy 8.72 KeV 6.57 KeV 4.46 KeV < 14.7 KaeV
v oY 41.31 ReV < 1 eV < 0.2 KeV | <& 380 eV
o —» rrL‘d“ 4.4]1 KeV 4.62 ReV 4.62 KeV < 50 KeV
¢ =Y 199.59 KeV 197.93 KeV 134.33 ReV | (125 + 43)KeV
Y - Ef 101.73 KeV 101.28 KeV 20.24 KeV
Yo ¥ 3.86 KeV 3.34 KeV 0.67 KeV|{ (0.1 - 2.0)KeV
| VYT 14.90 KeV 24.80 KeV 4.96 KeV
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Table 8
Me - 2% M- 2¥) Pe-as2t)
P> 2% (1) (2) (exp)
n - 2% 0.324 KeV 0.324 KeV (0.374 + 0.060) KeV
> 27 10.10  KeV 10.10 KeV < 19 KeV
W 2% 133.0 KeV 128.8 KeV
n - 2% 0.284 KeV 0.284 KeV (0.374 + 0.060) KeV
E = 2% 19.48 KeV 19.39 KeV
"(I’f—a' 2% 327.6 KeV 323.7 KeV
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