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indicate that the enhancement above 33 for E= 6 GeV is
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scription of the high-energy end of Figs. 1(a) and 1(b)
is very crude.
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We propose assignment of the new ¥ particles in an SU(4) symmetry scheme,

incor-

porating SU(3) and a new additive quantum number, paracharge Z. Anomalous currents

are introduced to account for the production and decays of these particles.

Two more

rather broad resonances at around 4.3 and 5.0 (£0.2) GeV are expected in the e*e” anni-
hilation, one of which has recently been reported (at 4.15 GeV).

We describe in the present note a phenomeno-
logical scheme for the new narrow y pa.rticl'es1
at 3.105 and 3.695 GeV and the (possible) reso-
nance?® at 4.15 GeV. We shall regard them as had-
rons, The decay width of a typical hadron having
a mass of a few GeV is generally expected to be
quite sizable, unless forbidden by some selection
rule, We, therefore, introduce a new additive
quantum number, called® the “paracharge” Z.
While all the earlier known particles will be as-
sumed to have Z =0, the ¥(3.1) and the ¥(3.7) will
be assigned Z #0. Only strong interactions are
supposed to conserve Z. The observed small
width of the #(3.1) will thus be accounted for. The
strong decays ¥(3.7) - ¢(3.1) + hadrons (Z=0, e.g.,
27) are allowed by quantum numbers but are sup-
pressed for reasons to be discussed below.

The observation of the ¥(3.1) and the ¥(3.7) in
Bhabha scattering will be assumed to proceed di-
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rectly through the electromagnetic current (e *e”
—~virtual y - ¢ —~virtual y —e*e”). Thus the ¢ par-
ticles will be assumed to have J¥=1" and charge
conjugation C =— 1, This naturally leads us to
postulate new additional Z-changing anomalous
(nonminimal) pieces in the phenomenological kad-
vonic electromagnetic current (but not in the well-
established electromagnetic curvent of the charged
leptons).

We incorporate U(1), along with the convention-
al SU(3) into a larger SU(4) symmetry group of
strong interactions, regularly broken according
to the chain SU(4) DSU(3) ® U(1) ; DSU(2),® U(1)
®U(1),.

The %(3.1) has I=Y =0 and is the C =~ 1 mixture

of Z =+1 states of a near ideally mixed 15&1
multiplet containing the vector mesons of the p
family. A new vector state, the P, withI=Y =2
=0 and C=-1 is also expected in this family (ac-
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cording to the broken SU(4) mass formula) at
around 4.3 GeV. This is identified with the re-
cently discovered (possible) resonance? at 4.15
GeV. The (3.7) has the same quantum numbers
as the ¥(3.1), but belongs to another mixed 15&1
multiplet which contains the p’(1600 MeV). Cor-
respondingly, another state, the P’, with the
same quantum numbers as the P, is predicted in
the multiplet at around 5.0 GeV (from the evi-
dence of the P, this prediction may well be off
by =0.2 GeV). Observation of the P’ in e ‘e~ an-
nihilation is thus a crucial test of this scheme.

Emission of energetic photons (~1 GeV) and
final states of 7, 1, ¢, f/ among the decay prod-
ucts of the y particles are other prominent fea-
tures of our scheme. This helps in resolving the
so-called “energy crisis” in e ‘¢ ~ —hadrons.

The symmetry scheme.—We would like to ac-
commodate the lower-lying new particle ¢(3.1) in
the regular fifteen-dimensional representation of
SU(4) containing the SU(3) octet of vector mesons
of the p family. This requirement together with
the @ =Y =0, Z #0 assignment for the (3.1) unique-
ly specifies the expressions for @, I, Y, and Z
in terms of the generators of SU(4). We construct
physical representations by combining the basic
quartets £=(®,9, 1, x) transforming under the 4
representation and £ (which transforms under the
4%). Here (®,%, 1) is the conventional SU(3) trip-
let of quarks assigned Z =0, and x is a new para-
charged SU(3)-singlet quark with Z=1. The bar-
yons are constructed? as £¢® £ ® ¢ and the mesons
as £®Z%., For the quarks we must then make the
following assignments®: electric charge @ =diag(§,
- %’ - %’ - %)’ 13 =diag(+%’ - %y 07 0)9 hyperCharge

=2Q - 2I,=diag(3, §, - £, — 3) Z =diag(0, 0, 0, 1),
baryon number B =diag(3, 3, 3, 3)-

Note that @, Y, and Z are not traceless and
are thus not themselves among the generators of
SU(4). The three diagonal generators of SU(4) in
the basic representation are [in an obvious exten-
sion of the conventional SU(3) notation] F, =1,
= %)\3 =diag(+3,-3,0,0), Fy =(1/‘[3)>\8 = diag(s, 3,
-%,0), and Fy, =(V§r, =diag(f, §, §, — 3). The re-
maining twelve nondiagonal “shift” generators
may be constructed in the well-known manner,
We also introduce 1,=(1/v2)diag(1, 1,1,1). Then
the physical “charges” in terms of the generators
are (valid for all representations)

Q=F,+3F,+3F, - 4B

’

Y=F,+3F, . -iB, Z=3B-F,.

We combine the ¥(3.1) with the old U(3) nonet
(p, wg, B*, B¥) ®w, into a 15 @1 representation of
SU(4), thus forming a 16-plet of U(4). We identi-
fy the w, with the SU(4) singlet. The SU(3) ® U(1),
content of the 15-plet is as follows:

15-8(Z2=0)®3(Zz=-1) ®3%(Z=+1) ®1(Z=0).
The new SU(3) multiplets have the (I,Y, Z) con-

tents
(0%, 0%, I=3(Q=1,0), Y=1,
3(z=-1)~ =-1;
(S, I=0(Q=0), Y=0, Z=-1;

with 3*(Z = +1) containing the antiparticles (D°,
D"),S; and 1(Z=0)-P, (Q=1=Y=2=0).

The electromagnetic curvent.—Since it is the C
=-1 combination® $_.°=(S~-8)/V2 that is being
produced in the annihilation of e '~ via a virtual
(massive) photon, it is clear that the hadronic
electromagnetic current must be modified by the
addition of an anomalous piece that has AZ =11,
AI=0, AY=0, and C=~1. But the charge of the
conserved electromagnetic current is still given
by @=1, +3Y; and since @ represents a superse-
lection operator, the charge carried by the anom-
alous piece must vanish identically.

We postulate that this anomalous current trans-
forms as a member of a 15-plet ¢ '(x) (=1,...,
15) of SU(4). With the normal currents F (x) (z
=0,1,...,15), whose charges F; fffo‘d x are the
generators of U(4), our hadronic electromagnetic
current has the form,

JE() =5 3(0) + 45 ,7(x) 48 50

Y - 8, 2 15 1 B
FY=F24+3F 5_1F

o
where & f=(V2/3)F ° is the baryonic current.

The current §,°" has C =-—1, and contains in gen-
eral the components $,% i=0,3,8,14,15. The
piece § ,'* transforms hke the $.° and makes pos-
sible transitions with AZ =+1, AI=AY =0. The
strengths of the various pieces must, of course,
be fixed phenomenologically. A possible form for
g, in terms of the quark fields is

g, (%) = B(i/2M) 8, [ x)(X*/2) 0, &(x) ).

We shall also admit a corresponding addition of
anomalous pieces to the weak-interaction cur-
rents.

The breaking of SU(4) and mass formulas.—We
start with a degenerate U(4) 16-plet and calculate
the mass splittings taking into account the maxi-
mal (or ideal) mixing” of the neutral mesons wy,
P,, and w,. Describing the symmetry breakings
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U(4) - SU(3) by means of the effective Hamilton-
ian H=H,+ u,xx, and diagonalizing the mass-
squared matrix, we obtain, in terms of the phys-
ical orthonormal eigenstates w, P, and ¢, the
mass relation 2m ® =m >+ m’, with the quark
contents as follows: S~|\X), D*~|®YX), D°~I%NX),
P~lxX),.... We follow Okubo” and take w~(1/
V2)(IO® ) +19(01)) and @ ~|xx). Similarly, we form
another 15® 1 multiplet of the p’(1600 MeV) fami-
ly containing the S.°/ =4(3.7) and the P’.

.With mg=3.1 GeV, we obtain m 4.3 GeV.
With m g,=3.7 GeV, we get mp.=~5 GeV. It is to
be noted, of course, that ideal mixing is expect-
ed to be only approximate.

With the unfreezing of paracharge at the ener-
gies now available we expect enlargements of all
the well-known SU(3) multiplets. The baryons,
e.g., will be obtained as {®£{®&: 4 ®4®4=20¢
©20©20®4*, The octet baryons belong to 20
~8(Z=0)06(z=1)®3*(Z=1)®©3(Z =2), and the
decimet to 205~ 10(Z =0)®©6(Z =1) ®3(Z =2) ©1(Z
=3). The general mass formula (assuming that
the effective symmetry breaking transforms as
~F,,) in terms of the highest weight notation (p, q)
for SU(3) multiplets is M =M +M,Z + M| p? +q*
+pq +3(p +q) — Z%]. At this stage, of course, we
cannot use this formula for estimating the mass-
es of new particles like the pseudoscalar (PS) me-
sons Spg, etc.” If we use, for illustration only,
the spin—SU(4)-spin independence relation® mS)
= m*(Sps) =m )2~ m,*=0.57 GeV?, we obtain
m(Spg) 2.9 GeV.

Decays and e*e” annihilation.—It is important
to note that the Stanford Linear Accelerator Cen-
ter (SLAC) experimental setup detects only the
decay modes involving at least two charged parti-
cles. The modes in which all the detected decay
products are neutral are unknown. The partial
decay widths extracted from experiments are thus
to be taken only as lower bounds,

(a) ¥(3.1) decays: The ¥(3.1) (the S.°) cannot de-
cay through (Z-conserving) strong interactions
into the usual Z =0 hadrons. The narrow width
does not permit paracharged pseudoscalar me-
sons to be much lower in mass (see also the es-
timate above). The strong decays will be taken
then to be negligible.

The dominant decay modes of the (3.1) are
electromagnetic, The main two-body modes, us-
ing selection rules and the nonet Ansafz” for the
tensor mesons, will be S.°~n+y, n'+y, f'+y
(via the anomalous current); S.°—=Sps.%+y (via
the normal current). As an illustration consider
the decays of the type S.°~A +y, where A is a
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J¥=0" meson, The relevant matrix element is
(AlR) | ed ,T™(0)|S.% p, €)

GA(q2 = 0) €ngpoéyppko
m (4pokovz)1fz’

=€

where g=p ~k, and m is a mass parameter so
that G, is a dimensionless form factor. The de-
cay rate is accordingly

- 2]
I'(S.°~A +y)= N o 1 P ms.

For A =Spg,°% assuming m(Sps) 2.9 GeV, m =1
GeV (characteristic of the normal current), and
G ,%0) =1, we obtain

F(S-O”Sps.*o'l"}’) =20 keV.

For A=n(or n’), the decay is via the anomalous
curvent. Since the latter must have an identically
zero ‘“charge,” the effective current of the parti-
cles involved has the form 9,7, ,, with an anti-
symmetric T, , built out of the phenomenological
fields of the particles. Then the effective form
factor has the form G ,(¢*)=(8m/M)(q-p/mS)

XF ,(¢*). The factor ¢-p takes care of the require-
ment of the vanishing “charge,” and F,(¢°) is as-
sumed to be a relatively smooth function. Taking
M ~m ¢ (characteristic of anomalous currents)
and F,(0) ~1, we obtain I'(S_.°—~ my+ n’y) ~18082
keV. To make a very rough estimate of g we take
the anomalous current decay width I'(S_.®=¢ "¢ ")
to be of the order of B*(mg/m,) compared to the
typical normal-current decay width I'(p° —=¢ "¢ 7).
Thus B% =g, This gives I'(S.°~ny+n'y) ~45 keV.
In a similar way, we make the rough estimate

(S °—=f'+9) ~150 keV. All of these estimates
are very preliminary, especially since the rele-
vant form factors are unknown. Also the parame-
ters f and M may need revision in the future.

To estimate the electromagnetic decay width
for S.°~hadrons, we assume that the decay pro-
ceeds according to S_° —virtual y —hadrons. Then

I'(S.° ~hadrons) _ [U(e e~ hadrons):l
I(SL~u'u) L ole’e”=pu)

~

~3,
~3GeV

As for the modes S °~e*e” or u*u”, the partial
widths (assuming e-u universality) are deter-
mined by the Bhabha scattering cross section at
the ¢ (3.1) peak. Thus the total width of ¥(3.1) is
of the order of 200-250 keV, which (in view of
the uncertain parameters) is consistent with the
value of ofe ‘e - “charged” modes) at Vs =3.105
GeV as measured at SLAC.

(b) ¥(3.7) decays: The ¥(3.7) (the S_.°’) can de-
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cay strongly into the #(3.1) and pions. The most
prominent such mode ¥(3.7)~¥(3.1)+ 27 (all S
waves) will, however, suffer a sizable suppres-
sion® through the Adler zero due to the partial
conservation of axial-vector current. Other
strong modes could be (i) S'~Sps+n, Dps+K,
D,s+K, or (ii) S’=S+1n, D+K, D+K. By the
SU(4) symmetry the set (i) is related to p’—~nw
(only f coupling allowed) and the set (ii) to p’

- K*K (only d coupling). From the absence of
these p’ decay modes, we conclude that all these
modes are forbidden by SU(4).

We shall also have the electromagnetic modes
analogous to those for the ¥(3.1) as well as the
mode ¥(3.7)—~S,%3.1)+y. These radiative modes
together could well be comparable to the (sup-
pressed strong) mode ¥(3.7) - ¢(3.1) +27.

(c) P,P’ decays: The P (at 4.15 GeV) and the
P’ (expected at ~5 GeV) both have I=Y=Z=0.
These are expected to have large, typical strong-
interaction widths in the few-hundred MeV range,
since no selection rule will strictly forbid them.
The expected departures from ideal mixing (P
~ lxi)), even if small, can lead to sizable widths.

(d) e*e” —hadrons: Every one of the radiative
decay modes of each of the expected new particles
also implies (by crossing) a new channel in e*e”
annihilation. Thus a very large number of new
channels—about fifteen—open in the energy range
~3.5 to 4 GeV. It also turns out that the decays
of each of the relevant new particles are into a
high-energy (~1 GeV) photon plus hadrons and
that the final resulting hadrons (left after decays)
either are mostly neutral or are K mesons. Thus
the so-called “energy crisis”’® has a possible
resolution.

A detailed account of all aspects of our scheme
will be given elsewhere.
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