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The narrow width of §(3105), as an uncharmed member of the 1" meson multiplet of
SU(4), is discussed in a purely algebraic manner without referring to quarks. A crucial

test of this assignment of (3105) is proposed.

One of the possible places to put the new reso-
nance' ¥(3105) is as the uncharmed vector meson
¢, belonging to the fifteen-plet and singlet repre-
sentation of SU(4) which contains p, K*, ¢, ¢, w,
D*, and F*.> A popular anticipation is that ¢, is
primarily a cc bound state and its decays into un-
charmed particles are suppressed in the same
way as the decays of ¢ ~ss into nonstrange me-
sons are suppressed. One may then explain the
narrow width of ¢, provided that the most threat-
ening decays such as ¢,~ DD and FF (D and F
are the 0™ counterparts of D* and F*) are ener-
getically forbidden.?

In this paper we demonstrate that one can en-
tirely replace the naive quark-model argument
by more powerful and precise sum rules which
exhibit a remarkable interplay of masses, SU(4)
mixing angles, and axial-vector matrix elements.
Our only theoretical ingredients are (i) asymp-
totic SU(4), (ii) a part of chiral SU(4)® SU(4) al-
gebra, and (iii) the usual simple mechanism of
symmetry breaking.

To cope with broken SU(4), for our asymptotic
SU(4) we assume that the annihilation operator
a (K, 1) of hadrons with physical SU(4) index a
and helicity A does transform linearly under
SU(4) but only in the limit kK~ <. Therefore, we
define SU(4) mixing parameters in our asymp-
totic limit.® For example, the annihilation op-
erators of ¢, ¢, and w must be related (at kK
-~ ) linearly to the hypothetical SU(4)-represent-
ation ag, a5, and g, as follows® a,(K) = ag,

+ 0y, +a'ag, a,(K)=Bagy +B,a,,+Bay, and g, (K)
=yag+v,a,5+v'a,. Interms of Euler angles 9, ¢,
and ¥, the coefficients « etc. can be expressed
as a=cos6, B=sinfcosy, y=sinésiny, o, =-sing
sing, B, =-sinycosy +cosfcosysing, and y,
=cosy cos@ +cosfsiny sing,

With the imposition of the commutation relation
(C.R) [V, V,]=if;,V, G,i,k=1,2,...,15), asymp-
totic SU(4) implies that all the matrix elements
of V,, but considered only for the states of had-

rons with infinite momentum, can take exact
SU(4) values with the prescribed® modification by
SU(4) mixing.

Next, thanks to the C.R. [V;, A4,] =if, ;,4,, and
asymptotic SU(4), we find that “the axial-vector
matrix elements, (B.(k, \)IA,|By (K, \)) with K
— o can also be parametrized by the usual pre-
scription of exact SU4) plus mixing.”?

The usual assumption of SU(4) breaking (i.e.,
Xos Ag, and A,;) can be expressed by the presence
of the exotic C.R.’s of the form [V, V] =0 (V,
=dV,/dt), where a,p stands for such combina-
tions as K° K% K° D% K° F*; F~,D"; etc. In-
serting these C.R.’s between the single vector*
meson states (with K~ «) and realizing the C.R.’s,
the following exact mass constraints (p®=my,
etc.) are obtained:

OZZC/JZ + Bzwz +729002 - %(41(*2 _ p2), (1)
aXa(p2+BXBw2+yX7<p62=2K*2 - 03, (2)
@ Q%+ 2w +y 27 = 5 (DX K2 —go%),  (3)
K*® - p?=F* _D*, @

Here X,=a-V2 @, Xy=B-V2 B, and X =y
-V2 y,. Noting aX,+BXs+yX,=1, we obtain
from Eq. (2),

A2 2_ 2
aX,= <1 + (pcz — <P2> - <((z:2 _ (p2>ﬁXB, (5)
A2 @ - W
rX,=- <‘Pc2 _ (P2>+<<P02 _ ¢2>BXB, (6)
where

A%=@? - 2K 1 p2,

We now assume that the chiral SU(4)® SU(4)
breaking is also characterized by the presence
of the exotic C.R.’s of the form [V, A5] =0, where
@, fis the same as in the case of [V, V,]=0.
This includes the popular pure (4,4%)® (4%, 4)
breaking. We then study all the possible reali-
zations of these C.R.’s (in our asymptotic limit)
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among 1. Only three independent sum rules
emerge as constraints:

(¢® = p?)ad + (& = p?)BB+ (9,2 =p*yC=0, (T)

2 2 2 _ 2
A=_&<¢c_—w>3, c=£<_s<_¢__w_>3, (8)

X \p* = ¢* X, \¢. - ¢

Here A=(¢lA,-1p"(K)), B=(wlA-lp*(K)), and C
=(¢,lA,-lp" (k) with K~ «. By eliminating A, B,
and C from Egs. (7) and (8), we obtain one impor-
tant mass constraint which, when combined with
the mass relations, Eqgs. (1) and (2), enables us to
determine the mixing parameters completely.

We are now in a position to compare our sum
rules with the naive quark model. Let us impose
upon our above sum rules the “ideal” nonet mass
constraints, p®=w? and A%=0, i.e., ¢?-K*?
=K** —p%, These constraints are actually well
satisfied experimentally. With p?=w?, Eqgs. (7)
and (8) are satisfied by Xz=0, i.e., B=V2 8,
which also implies A=0 and C=0. With partial
‘conservation of axial-vector current (PCAC),
A=C=0 is equivalent to the vanishing of the ¢
-~ p7 and @_,—~ p7 couplings. Next, with A%=0,
Egs. (5) and (6) imply that eX,=1 and rX,=0.
We obtain y =0, which implies that =0, since
X, =0 is definitely incompatible with the 1" mass
relation. Then Eq. (2) becomes an identity and
the use of Eq. (1) finally leads to sing=v% and
sing =3. We call these angles “ideal” and denote
them by 6;, ¢;, and ¥, (sing, =+, sing, =3, and
P, =0).

Correspondence to the naive quark picture is
as follows: Note that ¢g=6"2(uii+dd — 2s53),
©15 127V 2(yig +dd + s5 - 3¢C), and @,=3(ui+dd
+85+cc). The first rotation by the angle ¢,
brings ¢, to the pure cc state, while the sub-
sequent rotation by 6, brings ¢, and ¢, to the
pure s5 and 3(u%+dd) states, respectively. This
configuration may be called “ideal,” which, in
our language, corresponds to the statement p?
=w? A%=0, g,,=0, and 8g,on=0.

In our purely algebraic approach the degree of
deviation of any fifteen-plet and singlet mesons
of arbitrary J¥¢ belonging to the same excitation
S (Pgy Py Wy Ppgs « - 5 F*) from the “ideal” struc-
ture can be measured by the deviations from our
“ideal” constraints,® p*=w>? and ¢,> - K=K ?
—p 2. The strong point of our sum rules i in
that we need not be confined to the simple “ideal”
case. For example, it is of great interest to
study whether our sum rules can accomodate the
fifteen-plet and singlet 0™ mesons whose struc-
ture is known to be far from “ideal.”
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For the fifteen-plet and singlet 17, the real
mixing parameters (¢, 6, §) deviate only slightly
from the ideal ones (¢,, 6;, ;). Therefore, to a
good approximation, we obtain from Eqs. (7) and

@)

(BEBEL o

Combining Egs. (9) and (6) we obtain for y

- ‘2—1/2 A2 ’_l wz__pz 902—0)2
Y=\ 3 9002—(.02 2\¢? - p? (pcz_wz

~1,0%10"% rad. (10)

The value of y is indeed very small, but its value
is sensitive to the mass of the p and K*, Even
the electromagnetic correction to the masses is
important. We have used p=0.765 and K*=0,894
GeV. Since vy is, at any rate, small, the values
of 6 and ¢ can be evaluated reasonably well from
Eqgs. (1) and (2) using the masses of 1”~. We ob-
tain §=40° and ¢ ~27°, compared with the “ideal”
values of 6, ~35° and ¢, =30°,

We now estimate the ¢, decays. The dominant
hadronic decays will presumably proceed through
the two-body decays involving resonances. The
use of our result about parametrization of matrix
elements® and PCAC with Jr=fy=f, prescribes an
unambiguous angular-momentum barrier factor.*
Constraints from the exotic C.R., [Vyo, 4,-] =0,
help to reduce the unknown amplitude. ¢, —~ Br
is related to w— Br. We obtain

(@~ Br) 3 (0 —p®\ [ % = w?\*/ p o \°
T~ w”)—2<¢2 —p2> (%2— w2> <75;L> - 4D

Here we have used K** — p? =K ;** — B? obtained
from [Vyo, A,-] =0 and we have neglected K ,-K ,
mixing.® Only pion PCAC is involved. We pre-
dict that I'(¢,~ Br)~13 keV. [However, this
estimate is very sensitive to the p mass, since in
the “ideal” limit I'(¢,)=0.] We thus expect that
¢, =~ Br— wnr is certainly an observable mode of
¢, decay, though it is forbidden in the “ideal”
limit.

¢~ KK, K**(1420)K, K K, and K ;K are re-
lated to K*—Kn, K**~K*71, K,~K*r, and K,
- K*n, respectively,® through the small angle y.
For example, we obtain a relation, &'l4, ¢ (K))
= = (&) 2 (KA MK for K=w. ¢ = pr, on,
wn, and K*K are related to ¢~ pw, neglecting
small 7-n'-n, mixing. Since I'(¢— p7) is not
well known, we choose to predict I'(¢— p7) from
(¢, = pm). We subtract from I'(¢, = all) all the
partial rates of main modes of ¢, decays other




VOLUME 34, NUMBER 17

PHYSICAL REVIEW LETTERS

28 AprIL 1975

TABLE I. The predicted partial rates of main had-
ronic decays of ¢.. These rates are quite sensitive to
the choice of the masses of p, K*, w, and ¢. T'(¢.
—K 4(1240)K) must await the determination of I'(A4,
—pm. I(¢,—Bm and I'(¢, —~KgK) are sensitive also
to the mass of Kz. The mass of Kz is determined from
our relation K *? —p?=Kg> — B?, neglecting K ,—Kp mix-
ing.

Decay mode of ¢, Predicted partial width

Br 13 keV

KgK 35 keV

KK 10 keV

K**K 2.8 keV

K 4(1240K 3.5X1074T (K ,—~K*)
on 0.01(¢,—pm

wn 0.1(¢, —pm
KK 0.4T (¢, —pm)

pm 0.7T(¢—>pm

than the ¢, - pm, ¢n, wn, and K*K. Using asymp-
totic SU(4) and the C. R. [V, V,/(x)] =i f,,V,*(x),
we predict” that I'(¢, ~ee +[ij.) ~3 keV. The rate
of the most important photon decay ¢, —~ 71,y has
been estimated® to be ~9 keV.

All the partial rates of hadronic ¢, decays dis-
cussed above become zero in our ideal limit
(p?2=w? and A%=0). Since the real situation is
close to the ideal limit, these particular rates
are sensitive to the actual input values of A% and
p? - w? Our crude estimate shown in Table I
should not be taken too seriously. A slight change
in the relevant masses of p, K*, w, and ¢ can,
for example, reduce the numbers listed by a
factor 10, Therefore, even the neglected SU(2)-
breaking effect may play a role for these rates.

We note, however, that the ratio, I'(¢,~ p7)/
(@~ pm) =0.8(¢* - w?)(¢,.* - w*)2(p, ) (p,)"°
~0,7, is not small, although I'(¢ ~ p7) and
I'(¢— pm) are zero in the ideal limit. If we
choose,® rather arbitrarily, I'(¢,~ all) =100 keV,
we obtain I'(¢,—~ pm)< 30 keV which predicts I'(¢
-~ p7n)<40 keV. This implies that ¢~ p7 can at
most be only 10% of the ¢— 37 decay listed in the
compilation,® barring a possible large effect of
SU(2) breaking.

Our crude estimate of the ratio (¢ IA,-l7*7°)/
(wlA,-Im*71°) is of the order y/a =10, which will
yield a negligibly small rate for the direct ¢,

- 37 decay.
If ¢~ p7 is the main cause of ¢— 37 decay, we

think that the assignment of $(3105) to ¢, is in
serious trouble, unless mixing between our 17
and the neglected higher-lying 1" meson plays a
role. On the other hand, if the ¢— 37 is not dom-
inated by ¢— pm, the assignment $(3105) =g, is
indeed very compelling! We urge the experimen-
talists to settle this question.

Finally, our mixing angles and mass relations,
Egs. (3) and (4), predict the masses of the charmed
1" meson masses at D*=2.32 and F*=2.36 GeV.
For baryons the SU(4) mass relations obtained
from [I./'a, VB] =0 should hold in a mass-squared
form.%''® In our scheme there is, at present, no
serious argument against (but also no compelling
argument for) assigning the other new resonance
$(3695) to the ¢, counterpart of p’(1600).
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