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A phenomenological analysis is carried out to show that the narrow resonances at 3095 and 3685 MeV
probably carry a new quantum number which forbids them to decay into ordinary hadrons by strong and
medium-strong interactions. It is also shown that the radiative decay modes of these particles are considerably
suppressed relative to that of ordinary hadrons. Production in hadronic collisions and photoproduction of
these particles are analyzed in this framework. It is suggested that no resonance carrying the same new
quantum number can exist with a mass below 2.5 GeV and that the 4.1-GeV resonance can only decay into
3095-MeV and 3685-MeV particles with a width of less than 1 MeV. It is shown, moreover, that the
assignment of the ordinary SU(3) quantum numbers of w(783) to these states, besides the new quantum number,

is favored by experiments.

1. INTRODUCTION

The recent exciting discovery' of two very nar-
row resonances $(3095) and ¢’ (3685) has given
rise to a number of speculations concerning the
nature of these particles. Subsequently, the decay
modes of these particles® and the photoproduction
of the 3095-MeV particle® have been observed.
Since the 3095-MeV resonance is photoproduced
with a large cross section, one can conclude it
is a hadron. Whether the existence of these par-
ticles could be explained by various models so
far advanced, suchasthe charm scheme,* color
Han-Nambu model,® or something else, is dif-
ficult to tell at present because of the lack of
more detailed experimental data concerning the
properties of these resonances; in particular for
the Han-Nambu model, one would expect that
these resonances decay mainly into ordinary had-
rons accompanied by the emission of a photon with
a considerable rate. While this question will be
eventually settled in the near future, one can at
present carry out a phenomenological analysis
to help to clarify the situation.

The purpose of this paper is to show that all the
characteristics and the decay modes of these two
narrow resonances point to the existence of a new
quantum number X of unknown origin which for-
bids them to decay into ordinary hadrons. The
strength of the X-conserving reactions is, how-
ever, suppressed relative to ordinary strong
interaction. Using this fact we then show that
the radiative modes y -nmy and ¥ -7y are sup-
pressed.

The paper is organized as follows: In Sec. II
we begin with the analysis of the production of
these particles at SLAC. The results show that
these particles couple to the virtual photon almost
like other well-known vector mesons. We then
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give an analysis of the decay of the second par-
ticle y’. Its large width compared to the first

one and its substantial cascade decay mode into
the first one with the emission of two pions allow
us to infer that there must exist a new quantum
number X which distinguishes these two particles
from ordinary hadrons and that the smallness of
the decay width of these two particles into ordinary
hadrons can only be attributed to the violation of
the new quantum number by interactions other
than usual strong interactions. This hypothesis
will be used in Sec. III to carry out calculations
for other possible decay modes of  and ¥’ as well
as their production in hadron and photon collisions
with matter. For the radiative decay modes of

Y, using vector-meson dominance, it is shown
that the processes y-nmy and ¥ -1y are much
suppressed relative to the radiative rates of
ordinary vector mesons. Because of the small
widths of these particles ¢ and ¢’, it is shown

that new particles, be they pseudoscalar or vec-
tor mesons, which have the new quantum number,
cannot exist below 2.5 GeV. The last section
(Sec. IV) is devoted to a discussion of assigning
ordinary SU(3) quantum numbers to (3.1) and
¥'(3.7) besides the new quantum number X. It

is shown that the assignment of the SU(3) quantum
numbers of w(783) to ¢(3.1) and ¥’(3.7) seems to
be favored by experiments.

II. EVIDENCE FOR A NEW QUANTUM NUMBER

As a basis for the following analysis, we shall
summarize here the main characteristics of the
two narrow resonances''? 3 and ¥’. The numerical
results obtained below eventually will have to be
corrected in accordance with the final experi-
mental data.
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For the ¢
JP =1,
my, =3095+ 10 MeV,
I'y—-e'e”)=5.2+1.3 keV,
T, ()=T7%19 keV.
For the ¢’
JP=1"
my=3685 MeV,
Iy’ —e*e™)=2.2£0.5 keV,
200 <T',, (') <800 keV,
Ty ~y7*77)=(0.31£0.04)T (),
I'(y' -y +anything) = (0.54+ 0.08)T", ().

A. Production of ¥ and y' in e* e- colliding-beam
experiments at SLAC

We assume that the ¥ and ¥’ couple to the lep-
tons via a photon according to the usual one-pho-
ton-exchange diagram. Let the ¢y coupling con-
stant be f, ,; we have a coupling f, ,¥*4,. A
straightforward calculation gives

2

IF(y—e'e™)=T( ~u*u’)=§(&-§> ny (1)

My
and similar expressions for ¢’. From experi-
mental data, one gets f,,/m,?=2.7x1072=3.7a
and fy . /m*’ =1.1x1072=2.3a. These are to be
compared with f, ,/m.?=2.6a, f,./m=3.2a,
and f, ,/m,*="7.Ta, respectively, for the w, ¢,
and p resonances. It appears then that as far as
their couplings with leptons are concerned, the
new particles ¢ and ¢’ just behave as ordinary
vector mesons. The extraordinary behavior of
these particles with respect to other interactions
becomes clear in their decay modes into hadrons
as will be discussed below.

B. Decay modes of y and ¢’

For our purpose, we shall first consider the
cascade decay of ¢’.

1. ' = ynt 7

The general matrix element for thisprocessis
complicated and involves many amplitudes. Let
us for simplicity assume the 7" 7~ are in the
state, which is a good approximation here because
higher angular momentum states (D, G, ...) are
suppressed by the centrifugal barrier. The gen-
eral matrix element is

M=, () M*, (2)

where ¢ ,(y’) is the polarization vector of §’. On
general invariance grounds M* can be written as

ME =a(s, t,u)e"@)+b(s, t,u)e(@) p')p*
+C(S,l,u)(€(¢)'p1)p,“, (3)

where p’ and p are, respectively, the 4-momenta
of 4’ and . a, b, and c are, in general, functions
of the following variables:

§= (pl - p)z = (ql + qz)zy

t :(p’ - ql)z; (4)
u= (f), - qz)z)
with

s+t +u=my?®+2u2
v ’

where ¢, and g, are the 4-momenta of the two
pions of mass u. In general, there is no relation
between a, b, and ¢ unless we assume that ¢’

is itself a gauge particle. The experimental situ-
ation dealt with here does require such a con-
dition. This is because in the production by e*e~
collisions, ¢’ is coupled to a virtual photon; since
the hadronic electromagnetic current is conserved,
we must impose the condition

Pl IOMH = 0. (5)

This condition is automatically satisfied for an
effective ¢'¢mr coupling of the following form:

£1m:g5‘$FﬁuF5ru (6)

(Fuyy=0,¢,-9,0,, ¢, being the vector-meson
fields), which is equivalent to assuming ¢ =0 and
imposing condition (5). This form is useful in
computing radiative decay rates of § as discussed
in the following sections. For this reason we
shall use this type of coupling to calculate .
One then obtains

M =b(s, £, u)[=p'- pe V) + @) p'p"]. (7
Because the interaction between ordinary had-
rons and ¢, as will be seen below, is suppressed,
we neglect final-state interactions between ¢ and

the two pions. Under this approximation 6 is a
function of a single variable s. With the 7 final-

state interaction taken into account by the usual
Omneés function,® b(s) is given by

O P CiP .
b(s)'be"p[ T e (8- = s—ie) ]’

(8)

where we have defined 5(4u2)=b and 6° is the S-
wave isospin-0 nm scattering phase shift. There
are experimental evidences for an S-wave 77

resonance at a mass m, of 700 MeV with a large
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width I'~500 MeV; therefore we shall approximate
the right-hand side of Eq. (8) by

...4[_1,
(me? —s)—zmel"(l 42 /s)V20(s — 412)

(9)

b(s)=b

The decay width is given by
T’ *¢ﬂ+"')
- = - M |2 4< - ">’
=3 2m,,,:§ jl ‘sz oy (P20
(10)
where the factor 3 comes from averaging of

polarization in the initial state. Using the ex-
pression for M* in Eq. (7), one gets

(90 =2 s o (1 53)

lb(s)l = (my® +my? = s)? <1+
(11)

From this expression it is clear that the pion

angular distribution as measured relative to the

¢ momentum in the c.m. system of the two pions

is isotropic. The angular integration is then triv-

ial and yields

1
12(647°) my,°

42\ V2
<J (225

x[(mwlz _mz_ s)2—4mwzs]1/215m 2.

L@ —yr*n7) =

A numerical integration gives

Dy ~37*17)=0.15x1073| b2, (12)

At present no value for the total width of ¢’ is
given but probably it is much larger than that of
Y, of the order 600-800 keV. Therefore, we shall
assume I'(y’ =" 77)=~200 keV. Defining | b|
= gyyrn/m¥Y, we have

Zwona/4m=20. (13)

It matters little whether we use the coupling -
given by Eq. (6) or an effective interaction which
does not satisfy explicitly the current-conserva-
tion condition, for example, a coupling of the
form g¢ - $zp“zp"‘, since terms which involve
b(s) in Eq. (3), being proportional to the small
Y recoil momentum, contribute little compared

_ 18
" 1206407 ),

2%! mﬂl
(my® + my® = s)? )
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with the @ terms. [In fact, the matrix element
without the & term gives a factor (1+E2%/2m,?)
instead of (1+my%/2E?); as E ~m, these two ex-
pressions are almost the same.] To find how
much the rate given above depends on 77 inter-
action, let us put 6°=0 in Eq. (8); one then de-
duces the same value for gy ... As one can
see, the rate is not affected by the nr final-state
interaction since the two pions do not have enough
energy to be in the € resonance region. It is
difficult to compare the coupling constant g gy«
obtained above with the usual strong-interaction
coupling constant encountered, for example, in
p’ =pmn. In the latter case one gets gy ,qn.° /47
=~800 for a partial width of 200 MeV if only the

S wave is involved and no final-state interaction
is taken into account. The 77 final-state inter-
action as dominated by the € resonance will en-
hance the matrix element and hence reduce the
effective coupling constant. Using the enhance-
ment factor given by Eq. (9), one gets gy ,nr>/47
=500. Thus it appears that the coupling constant
gy ynn>/4m is suppressed relative to gy o s>/47
by a factor of 30-50. More or less the same
conclusion holds if the matrix element contains
a zero.” For a detailed analysis of the shape of
the two-pion spectrum we refer to a separate

paper.”
2, Yy~ wrr

This decay process looks similar to ' =ymn
except that only ordinary hadrons are observed
in the final state. It is because of the total decay
rate of ¥ into hadrons and of this decay rate that
the extraordinary behavior of y becomes evident.
Since ¢, as ¥’ in the case of y’ —ynm, is produced
in e*e~ collisions through its interaction with a
virtual photon, we must consider ¥ as a gauge
particle which subsequently decays into hadrons.
Assuming an explicitly gauge-invariant effective
Lagrangian similar to that given in Eq. (6),

£, =g $FL,FL,
we have for the matrix element
M=b(s, ¢, u)[(€*+ €)(p*" p*) = (€* p*)(e* p*)].
It is assumed here for simplicity that the two

pions are in a relative S state. The partial rate,
with 77 final-state interaction taken into account

(6")

in the same way as in the case §’ —yum, is given
by
(M =m)2
f ds (1—4}12/8)1/2X[(M2-m2—8)2—4m28]1/2
2
(m€2_4“2)2 (S—Mz—mz)z [ 2m2M 2 :I
14
% (me? = s)2+ (1= 4p?/s)mT 2 2 1+ (s =M2 —m?)2)’ (14)
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where M, m, and 4 are the masses of §, w, and
7, respectively. A numerical calculation gives

'=0.53x1073] b|2. (15)

Using the preliminary data for T'(y —wn’ 77) =1 keV
(see Ref. 8) with the dimensionless effective
coupling constant g, .., defined as | | m,2, one
deduces

Gournt/4T=1.3X1072, (16)
v

It is clear from comparing Eq. (13) and Eq. (16)
that the decay modes y’ -y 7m and y =w77 are com-
pletely different in nature. It is natural then to
assign a new quantum number to ¥ and ¢’ and
to assume that it is conserved by strong and semi-
strong interactions. A typical order of magnitude
of the strength of the violation of this selection
rule is given by

gwwwwz/gw’UJWTrZNIO-s-

Whether the conservation of this new quantum
number is violated by electromagnetic interaction
or by some new interaction of unknown origin®
remains to be seen. In the following we shall
examine the consequences of this hypothesis by
carrying out a calculation for other decay modes
and the production process of  and ', using
conventional dispersion relation techniques. We
shall denote the new quantum number by X.

III. CONSEQUENCES OF THE EXISTENCE OF
A NEW QUANTUM NUMBER

A. Possible decay modes of  and /'
1L y'=yn

Among the X-conserving decay modes of ¥,
there is a possibility that ¢’ might decay into ¥
and 7, if ¥’ and ¢ have isospin I =0. Assume that
Y’ is coupled to ¢ and 7 in a way similar to the
coupling of 7° to wp, i.e., a coupling of the form

i—-mng €uupa bl €y PhE]. 1)

The partial width of this mode is then given by

. - - 2) Qa
@ —yn) < yy mwlz (18)
with
0- [(mwlz - mlz _ mn2)2 - 4mw2mn2]1/2

2my,

Numerically one gets

T(y’ =yn) =190 (%{fi—) keV.

To have an idea of how much this contributes to

the y’ width we shall take gy, ,>/47=0.2-0.3,
which is smaller than g,,.%/47 by a factor of
30-50; one gets

T'(y' =yn) =30-65 keV. (19)

This represents a sizable contribution to the total
rate of y’. However, the detection of this mode
is rather difficult since % of the decays of n con-
sist of only neutrals. We may note that in the
simplest color scheme one usually considers this
decay forbidden. The study of the radiative decay
modes of § will show that this mode could be
suppressed relative to that of an ordinary vector
meson.

2. Radiative decays

Since the y and ¥’ are coupled to the photon in
a similar way as other vector mesons are, it is
natural to ask the following question: Is the par-
tial decay rate of ¥ and ¢’ into a photon and had-
rons a substantial fraction of the total rate? It
should be stressed that this question rises nat-
urally from our phenomenological analysis in-
dependently of any model. To answer this question
we shall use a vector-meson-dominance model
based on the dispersion-relation technique to esti-
mate'® the partial rates for y-ny, ¥-n'y, and
Y-y,

() y =ny. Consider the matrix element for the
decay y -=ny, where the outgoing photon is on the
mass shell, i.e.,

t=k?=(ky-k,>?=0.

We have
M=ebam, (20)
with
My, =(nlJ,(0)] )
=1€,,,0 €5 k0 RSF(L). (21)

In the spirit of dispersion relations, F(¢) is an
analytic continuation in the photon mass variable
s of the quantity F(s) defined by

M, (s)=(0|J,(0) ny)
i€y, o€l kY kS F(s) (22)
with
s=(ky+ k).

Assuming an unsubtracted dispersion relation for
F(s), one can express F(¢) in terms of the ab-
sorptive part of F(s),

1 [ Abs F(s)
F(t)= = L Abs L) 4, (23)
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where AbsF(s) is given by by a factor of 3 than the value given above unless
the interference effects are important in reducing
Abssu“(s)=Z_:(2n)4<0|JM(0)|n>(nl T| yn) the rate.
The above calculation shows that the radiative
x0*ky ~kn—=Fk,); (24) decay rate of ¢ into n or n’ and y is suppressed

relative to that of I'(w -7°y) because of a sup-
pression in the coupling constant gy y , (Or gyry o)
relative to the usual strong coupling constant

here T is the transition matrix for the scattering
process y+n—-n. Since the system 7y is charac-
terized by a quantum number X, it is clear that
only intermediate states which contain at least
one i} or ' contribute appreciably to the absorptive
part; all other states involving ordinary hadrons"
give a contribution suppressed by a factor of 30
(in amplitude). Thus we need to estimate only
the pole contributions of y and §’. In particular,
the matrix element due to the §’ pole, using Eq.
(17), is given by

Buwpr-

I};reliminary data'! from DESY and Frascati
indicate that the width for ¢ -7y is less than 1.7
keV, implying that the squared effective coupling
constant for ¢’ -yn is quite small, of the order
0.1, or that there might be a destructive inter-
ference between the contributions to the rate from
the ¢ and ¢’ poles.

(iz) y -wmy. The gauge-invariant amplitude for

< & ’xén(fz !2, €0y ol el RERS. (25) this decay mode can be written as
My \my nvp yRuRy R
. . . . M=(ky k)b (s,t,u)[e,,-e -—W—Y——Y—l"——],
This matrix element contributes to the partial vy 4 kyk,
rate an amount (27)
, 2 2 3 2\ 3 s - .
T(-1y)= _1_ (gg ) fzzﬂ mz 1- m_u_z_ ) which fol.lows from the \{ector meso.n dor'nmance
24\ 4n my my, my hypothesis and an effective Lagrangian given by
(26) Eq. (6) for the y’ynm coupling. It is to be noted

here that for a general coupling between the
Y'ymm the calculation of the radiative rate for

Taking gy > =0.3 as discussed above and with p—mmy is made difficult and model-dependent since
fyw obtained from Eq. (1) we obtain 8 keV for only a part of the y’ymm coupling which satisfies
the contribution of the §’ to the rate of y -ny. the gauge condition effectively contributes to the
Equation (26) may be used also to estimate the radiative rate. [This can easily be seen by adding
3’ pole contribution to the decay rate I'(y =n'y); to the right-hand side of (7) a term c(s, ¢, u)p}
one obtains a similar result when g, and which does not contribute to the amplitude ¥ -nmy
Zuy e are the same order of magnitude. The for the photon on the mass shell.] b,(s,t,u) is
contribution of the ¥ pole to the rate is more the form factor for the ywmy vertex and s,?,u are
difficult to estimate as one does not have a model- the usual kinematical variables defined in the
independent way to relate the coupling constant same way as in Eq. (4). When the 77 S-wave
Syyn to measurable quantities. If one assumes interaction is taken into account b,(s, ¢, u) has
a value for the coupling constant g, , of the same the s dependence given by Eq. (8). With the ma-
order as gy, then the rate is somewhat larger trix element given by Eq. (27) one finds

J
1 1 my2 S = 42 12
L(y-~mmy) = 12(647) Zmp? _Lz ds (“‘s—“) (my? = sP*| b, (s)?[2. (28)

In terms of the §’ pole dominance b, is given by

_ Ly (m® = 4u2)
by(s)=b (mwlg ) (s =m2) +im.T (1 — 4u2/s)V26(s - 4u2)’ (29)

with | | obtained from the decay rate I'(y’ —yum). (iii) Contributions of the y' and 3 poles to
A numerical calculation gives I'(n=2y). The role of the ¥ and §’ poles on the
- decay n -2y has beendiscussed by Krammer et al.*
-7t ~(, . 30
T@-m"m"y)>0.1 keV (30) Using the vector-meson-dominance model one
If there is no nr7 final-state interaction this rate can estimate various contributions to this rate.
is larger by a factor of 4 because of the fact that In particular, for the (¢, ¢) pole diagram, we

the emitted pions can carry large momenta. have
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Tooln~27) = = Soon —"—(1“’-)4 (31)

41 mg 8 \mg

Similarly, for the (¢'¢) pole which involves only
an X-conserving vertex,
8yuy J.(iu.)z(l_w_)z

FIPL" ( -’2’)/)_ 471' m,,,r 8 md,2 mwlz

(32)

Similar expressions are obtained for other pole
diagrams. From the experimental value of
T'(¢—-ny) one estimates g44,°/47=21. Using this
value in Eq. (31) we obtain

T 4o ~27)~130 eV,

which contributes already a substantial fraction
to I'(n =2vy), not to mention other important con-
tributions from the p and w poles. The contri-
bution to the rate from the (¥’, ¢) pole occurs
mainly through its interference with ordinary
vector-meson poles. One finds that this inter-
ference term contributes to the rate a small frac-
tion of the order 12 eV. In some models, for
example, in the Han-Nambu model discussed by
Krammer et al., the y’yn coupling usually van-
ishes unless one takes into account a small mix-
ing of the SU(3) singlet state into the n. If one
takes a mixing angle of 10 ° between 1 and 7’, then
the contribution from the interference term is
much more suppressed, being of the order 2 eV.
Thus, in general it is not possible to obtain a
good upper limit for I'(y =ny) from I'(n—=2y) with-
out going into details of specific arguments based
on symmetry.

3. Rare decay modes

(i) y—~pp. Preliminary data indicate that the
production cross section of pp pairs at the § res-
onance corresponds to a partial rate for this mode
T'(y=pp)==0.06 keV.® Assuming that the ¢ decays
into pp via one-photon exchange, one has

_ _ole’e”~y~pp)
T olete -y~eteT)

2 \V2 2.2
(-2 ) (e 225 1607), 9
; ‘

where the electron mass has been neglected and
Gy and G, are respectively the proton electric
and magnetic Sachs form factors. Assuming a
scaling relation for these form factors in the
timelike region [i.e., G,(s)=2.79Gg(s)], we obtain

¥ =6.4| Gg(s)I?, s=m,>.

At present it is difficult to calculate » as one
does not have the form factor measured for time-
like transfer far above the pp threshold. One

experimental point near the threshold seems to
indicate that for s=4.5 GeV? the form factors do
not decrease as fast as the dipole form but seems
to behave like a single-pole fit. Using the usual
single-pole fit (o0 meson, etc.) for Gz, one gets

6.4

Y= mw = 0.027,
which is not far from the experimental value'®
of 0.01. A dipole form for Gz would give too
small a value for . In any case, because of the
lack of experimental data for the form factors in
the timelike region, it is not possible to rule out
a large contribution to I'(y =pp) from the one-
photon-exchange process. Another possibility is
a direct X-violating interaction between § and
pp. In this case the rate is given by

4m 2 V2
(4 ~pp) = 5 —'éfg— (1 - E-g—) : (34)

For I'(y ~pp)=0.06 keV, one gets g,,,2/47=8.10"5.
(it) y—~n"7". This decay mode has not been
seen. If the decay proceeds via one-photon ex-
change, a similar calculation gives an extremely
small rate corresponding to g(e*e” =y—-n1"7")=0.1
nb, assuming a timelike pion electromagnetic
form factor given by the p-dominance model. An
X-violating direct coupling of the form gy, €(¥)
* (pr+ —Pr-) gives a partial width

2
P ~1"17) = 1—2(%) g (35)
For example, a rate I'(¢ =7" 77)<1 keV implies

a suppression factor 2x107° for g,,,2 relative

to g,r.> Which would be explained by the fact that
it is an X-violating process and by the variation
of the ynm form factor.

It is clear that all the partial rates of ¥ dis-
cussed above amount to only a small fraction of
the total rate. The rest of the decay modes can
be due to other radiative decays and/or other
process involving a new interaction discussed in
a previous paper.®

4. Other possible decay modes of '

From preliminary data, it is known that the
cascade decay of §’ amounts to only 54% of its
total width. The remaining consists of the decay
into ordinary hadrons and the radiative modes,
i.e., the decay into hadrons accompanied by the
emission of a photon. From experimental data
we have

100 keV <T'(3’ =had) + T'(%’ ~had +v) < 400 keV.

Allowing a factor of 2 or 3 for the difference be-
tween the matrix elements for y —had and y’ —~had
(including the radiative modes with the emission
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of a photon) the width given above can be con-
sistent with only X-violating processes. It is
possible, however, that a good fraction of the
remaining width given above is due to X-con-
serving decay involving new particles with mass
between 3.1 GeV and 3.7 GeV.

Another problem related to the cascade decay
mode of ¥’ into ¢ plus anything is the observed
ratio of the partial rate for y’ -y +neutrals to
that of ' =y +all. If the two pions emitted in the
cascade mode of § are in isospin I =0 state, one
would have

L@ ~y+7°1°) =3T@ -+ 77). (36)
Experimentally,'* one has

T'(y’ =y +anything)
L@ =y+m77)

From Eq. (36) and Eq. (37) one deduces

=1.80+0.10. (37)

I'(y' =y +neutrals other than 7%~ T . (¥').

Among the cascade modes with the emission
of neutrals other than 7°7° a possible decay mode
is ¥’ -y +7n. However, as discussed previously,
the preliminary data'! from DESY and Frascati
indicate that it occurs with a quite small rate,
of the order 15 keV as inferred from the upper
limit on the rate of y -=ny. Allowing a reliability
of within a factor of 2 or 3 it is quite possible
that the decay ¢’ —¢ +n can account for all the
remaining partial width of ¥’ =y + neutrals other
than 7°7°,

B. Production of new particles

1. Production in hadronic collisions

The BNL experiment clearly indicates that the
Y is produced via an X-violating interaction of the
strength somewhat larger than that of second-
order electromagnetic effects. This is not sur-
prising, since the ¥ cannot be produced in pairs
with low incident proton energy. However, ac-
cording to the hypothesis of a new quantum num-
ber, if the energy of the beam is sufficiently high
(>35 GeV), the associated production of ¥ may be
possible and one would expect a large production
cross section. This could be the explanation for
the large cross section observed at Fermilab.3
It is, however, difficult to calculate the associated
production cross section with reliability.

2. Photoproduction

We have seen that the X-conserving interaction
(involved in the decay ¢’ ~ynm, for example) is
somewhat weaker than the small strong inter-

action, the factor of suppression being about 30-
50 in the squared coupling constant. Since the
J’s are coupled to the photon in the same way

as ordinary vector mesons are, one can estimate
the photoproduction cross section of ¢ and ¢’ by
dispersing in the photon mass, allowing only
intermediate states carrying the new quantum
number. The estimated cross section is found

to be!®

o(yN =y had) =~ <-}£J-2‘k> : o(yN - had)
(3

2
= 4—t)<£7w—$> o(VN = Vhad), (38)

where V is an ordinary vector meson. Assuming
o(VN-Vhad)=1-5 mb and using values of f,,
and f, , determined above, we obtain

o(yN—yphad) =10-50 nb,
o(yN =y’ had) =5-25 nb,

(39)

which seems to be in qualitative agreement with
the data from Fermilab.?

Using the experimental value for o(yp—~yp) and
assuming that y photoproduction is a diffractive
process, one deduces®

U\u( (lpp) z]_ mb
and

ouwp) _ 1
Gtot(¢p) 50

or equivalently

o(y + N=X +had) 50
o(y+N-=p+had) “

where X refers to particles with new quantum
number X. Physically this means a large pro-
duction cross section of new particles, of the
order of 1ub as compared with 120 ub for purely
hadronic production. This result is not excluded
by the Fermilab experiment since it is designed
to detect only the lepton pairs decays of vector
mesons.

The above conclusion should be taken with some
reservation because of the following reasons:

(i) The usual vector-meson-dominance model
must be modified because of the existence of
other vector mesons with the same quantum num-
ber, e.g., one must include the y’ pole contri-
bution to o(yp -y had). Then a large destructive
interference between the various contributions
may give an effective small photoproduction cross
section.

(ii) It is well known that the vector-meson-dom-
inance model works remarkably well for small
g% (as in the case of p, w, and ¢ photoproduction),
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while it fails badly in electroproduction at large
spacelike ¢2. Thus it is not surprising to see
that in the § photoproduction the vector-meson-
dominance model does not work since it involves
an extrapolation from a very large g2 =my? to
q%?=0.

C. Absence of other new narrow resonances below 2.5 GeV

It is evident that because of the narrow widths
of ¥ and ¥’, no particles ¢ carrying the same
new quantum number X as ¥ and ¢’ can be found
below 2.5 GeV. This is so because otherwise
¥ would decay to this resonance with the emission
of two pions or 1 by strong and medium strong
interactions (the lower the mass is, the better
the argument for the absence of this resonance).
Using the same coupling constant as that of
Y'yn (gyyn2/41=0.3), a 2.5-GeV Yy particle would
lead to T'(y’ =iy +1) =218 MeV instead of 140 keV
and I'(Y’ =Yy 7" 77)=3.5 MeV instead of 200 keV.
Similarly, T'(=y,7" 77)=~500 keV for a coupling
constant gy, y.°/47=20.

The above argument can be used to exclude the
existence of a family of new pseudoscalar mesons
carrying the X quantum number lying below 2.5
GeV. For example, a new particle 7nx(2.5 GeV)
having all the ordinary quantum numbers of 7
would make the decay §’ =1y +w possible with a
large width T'(y’ -1y + w)=~2 MeV, assuming a
coupling gy nxwz/4nm0.3.

D. Arguments against the assignment of a
new quantum number to "' (4.1 GeV)

After the discovery of the second narrow res-
onance ¢’ at 3.7 GeV, a broad enhancement of
the total cross section for e"e ~—hadrons at 4.1
GeV has also been found. The hadronic and lep-
tonic widths* for this vector meson y” (4.1) are
reported to be about 250 MeV and 4 keV, respec-
tively. The reasons for not assigning the new
quantum number X to this 4.1-GeV resonance
are the following:

(i) If ¥” (4.1) carried X as ¢ and §’, the dom-
inant decay modes of §” would be the cascade
modes into ¥ or ¢’ with the emission of ordinary
hadrons. In this case I'(¢” -—¢ +had) and
T'(y” =y’ +had) would be of the order of a hundred
MeV, typical of the usual strong-interaction decay
widths. This not only seems unreasonable since
the X-conserving interaction should be suppressed
relative to the usual strong interaction, but also
implies that the radiative widths of ¢ and ¥’ (de-
caying into ordinary hadrons with emission of a
photon) as calculated from the ¢” pole dominance
should be large, of the order I'(w -~ 7%y)~ 1 MeV
or larger, because of the large phase space, which
is excluded by experiments. More precisely, if

"~ (¥, ")+ 7° or n (depending on the isospin as-
signment for ¢”) is a dominant decay mode, then
I'(— 7°y) or T'(y~n+7y) would be of the order of
500 keV-1 MeV.

(ii) If the process ¢” -y +27m were a dominant
decay mode, say the partial width of the order
of 100-200 MeV, then the decay ¢ —7nmy could
occur through the y¢” coupling and its rate could
be calculated as above. Using the yy” coupling
determined from the ¢” leptonic width, a simple
calculation similar to that given in Sec. IIIA would
give I'(y =7my)=~10-40 keV, which seems to be
excluded by experiments.

From the above arguments, one can conclude
that ¢” is an ordinary vector meson and hence
only a very small fraction of ¢” of the order of
less than 1% will decay into ¢ (or ¢’) and ordinary
hadrons because the decay is then a X-violating
process.

IV. POSSIBLE RELATIONS WITH SYMMETRY SCHEME

From the analysis made in previous sections,
it is clear that there probably is a new quantum
number associated with ¢ and ¥’. We want now to
make this result more precise. Three basic facts
emerge from our analysis:

(i) ¥ and ¢’ have the same X quantum number.

(ii) ¥ and ¥’ couple to ordinary hadrons by X-
violating amplitude with a strength slightly
stronger than second-order electromagnetic
effects (new interaction?).

(iii) ¢ and ¢’ can couple bilinearly to ordinary
hadrons with a coupling constant smaller than
the usual strong interaction but much larger than
the X-violating amplitude.

These facts point out the possibility of classifying
the new particles and ordinary hadrons by two
quantum numbers (e.g., two quantum numbers
of the type given by the color scheme of Han and
Nambu), one with respect to the usual symmetry
group of ordinary hadrons, the other associated
with the new quantum number. In the following,
for simplicity we shall assume X to be a new
quantum number of multiplicative character. In
this case ordinary hadrons will be classified
according to the usual SU(3) scheme and all have
X =1, while ¢ and ¢’ have X =-1 and the appro-
priate SU(3) quantum numbers. We shall denote
such a particle by (e, b) where a refers to the
transformation property with respect to the ordi-
nary SU(3) family while b refers to the X family.
It is too premature to speculate on the nature
of the symmetry of the X family. We discuss
only consequences deduced from the assignment
of quantum numbers for the y and ¢y’ with respect
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to ordinary SU(3) symmetry. We tentatively
assign (w, X =-1) to the ¢ and ¢’
¥(3.1)=(w,X=-1),

V(3.7 =(w,X==1),

where w means that the particle behaves like the
physical w(783) with respect to SU(3).

The reason for classifying ¢ as w in SU(3) space
is that a large fraction of ¥ is found to decay
dominantly to an odd number of pions. If it turns
out experimentally that §’ prefers to decay to
an odd number of pions as does ¥, then our as-
signment for ¢’ is correct. But if it turns out
that the G-parity selection rules does not hold
with good accuracy for ¢’ (3.7) then the above
assignment may not be valid. We could try an-
other assignment (¢, X = — 1) for 3’ (3.7) since
experimentally the ¢ meson does not decay
strongly into 37 (this suppression is believed to
hold in general for the decay of ¢ into an odd
number of pions). However, this assignment

seems difficult to accept because it would imply
that a large number of KK events should be ob-
served in the X-violating decay of ’ which may
be in contradiction with experiment.

As a consequence of this assignment, the decay
Y’ -y is forbidden because of G-parity selection
rules while ¢’ =y77 and ¢’ -yn are allowed. In
order to avoid the problem associated with the
radiative decay widths of ¢ and ¢’ as discussed
above, the diagonal interaction yyn, ¢ym7, and
generally ¥ hadrons (and similar couplings for
') must be of comparable strengths with the
off-diagonal transition matrix elements ¢’y had-
rons.
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