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ABSTRACT 

The properties of the new particles are reviewed in the context of the 
behavior of ‘electron-positron annihilation into hadrons. The phenomenology 
of $(3100) and Q’(3700) decays is discussed in some detail with emphasis on 
what the decays allow us to infer about the resonances, and on the difficul- 
ties which the observation and, more critically, the nonobservation of cer- 
tain modes causes possible theories. 

INTRODUCTION 

On November 17, 1974, many newspapers carried an Associated Press 
story which began: ,. 

“STANFORD, CALIF. (AP)-Stanford University announced 
Saturday the discovery of a new kind of elementary particle- 
a basic constituent of all matter-with novel and not yet 
understood properties. 

“The announcement said the same discovery was made 
independently at opposite ends of the country by scientific 
teams at the Stanford Linear Accelerator Center and the 
Brookhaven National Laboratory in New York. The announce- 
ment was made simultaneously by both laboratories. 

“But the scientists said, ‘The discovery is abstract. We 
don’t know what it means. 1 It 

It is now almost exactly eight months since the discovery1 of the first of the 
new particles, $(3100), and while the discovery may not be so abstract, we 
certainly are still searching for its full meaning. 

As we know, a second narrow resonance $‘(3700) was found2 less than 
two weeks later. In data published3 at the beginning of this year, there is 
evidence for another, much broader state +‘(4100), together with a step in 
R, the ratio of the total cross section for electron-positron annihilation into 
hadrons to that for muon pairs. A great deal of data has been accumulated 
on the Zc, and $’ in the interim and many of their properties and decay modes 
have been established. Perhaps more importantly, the past few months 
have seen rather restrictive limits put on possible decays which were ex- 
pected to be present in many theories of the new resonances. 

*Work supported by the U. S. Energy Research and Development 
Administration. 

(Invited talk presented at the VI International Conference on High 
Energy Physics and Nuclear Structure, Santa Fe, New Mexico, 
June 9-13, 1975.) 
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As we shall see, there is considerable evidence that the +‘s are 
hadrons . The major open questions revolve around exactly what is the new 
quantum number(s) associated directly or indirectly with the new particles. 
Most importantly, if there is at least one new additive quantum number and 
associated new quark(s), with the e’s being bound states of a new quark and 
antiquark, the continued absence of evidence either for other expected new 
quark-new antiquark states or for particles containing only one new quark 
(and therefore the new quantum number) is becoming more and more of a 
puzzle. But before treating these questions, let us set the stage for the 
whole discussion by considering briefly the behavior of the total cross sec- 
tion for electron-positron annihilation into hadrons. 

ELECTRON-POSITRON ANNIHILATION INTO HADRONS 

The total cross section for electron-positron annihilation through one 
photon into hadrons has a simple theoretical interpretation when divided by 
the (theoretical) cross section for electron-positron annihilation through one 
photon into muon pairs . If the annihilation into hadrons is viewed as occur- 
ring via the creation of fermion-antifermion pairs, followed by their rear- 
rangement into the more familiar hadrons which one actually finds in the 
final state, then 

aT (e+e- - hadrons) 
R= 

v(e+e- - Pt-) 
(1) 

is the sum of the squares of the charges of the operative fundamental fermi- 
ons making up the hadrons found in the final state. 
charged Gell-Mann-Zweig quarks, 4g 5 one expects 

With three fractionally 

while if each quark comes in three colors, 

Rx3 

The published data 3,6,7 on R are summarized in Fig. 1. After the p, 
o, and $ resonances, R see 

P 
to settle on a value between 2 and 3 for 

center-of -mass energies, Q s 3.6 GeV. Following the rapid rise in the 
4-GeV region (and possible broad resonance at = 4.1 GeV), Fig. 1 and more 
recent results3,9, IO show that R lies between 5 and 6 up to avalue of @ of 
7.4 GeV. 

The measured value of R below J- Q2 - 3.6 GeV is very suggestive of 
the theoretical prediction of 2 for colored quarks. Thus, below the Q'S, 
electron-positron annihilation, as well as many other parts of particle 
physics, is quite consistent with the three colored quark model predictions. 
It is also quite suggestive from Fig. 1 to associate the p, w, and $, which 
are quark-antiquark bound states of the three Gell-Mann-Zweig quarks, with 
the R value of 2 to 3 until @ nears 4 GeV. Very similarly, the $(3100), 
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Fig. 1. R = aT(e+e- - hadrons)/@(e+e- --+p’) from 
measurements at Orsay, 6 Frascati, 7 and SLAC. 3 

$‘(3700), and possible #“(4100) would be associated with the jump in R to a 
value of 5 to 6. If the step in R is taken as the physical threshold for the 
production of hadrons containing new quarks, with a corresponding change in 
the sum of the squares of the quark charges, the $1~ are then to be regarded 
as the corresponding bound states of new quarks and new antiquarks. As 
such, the q’s are hadrons containing a “hidden quantum number” character- 
izing the new quarks. While this picture is at least suggestive, we shall see 
shortly independent evidence that the qls are hadrons. 

THE $(3100) 

As shown in Fig. 2, the cross sections for electron-positron annihila- 
tion into hadrons, p$-, and efe- all have large enhancements just below 
3100 MeV. With the new calibration of the SPEAR storage ring, the mass of 
the resonance11 is 3095 f 4 MeV. Various properties of the resonance now 
can be determined from examination of the data11 in Fig.“2. 

JPC 

There is an interference of about three standard deviation significance 
between the resonantiamplitude and the quantum electrodynamic amplitude 
in e+e’ - p+p’. As seen in Fig. 3a, it is destructive below the resonant 
energy. 

The observation of an interference and the symmetry of the detector 
with respect to space and charge demands P = C = -1 for the resonance. 
There is no evidence for a charge asymmetry in et-e- - p$‘ (Fig. 3b), so 
the data are consistent with there being a single eigenstate of C and P. 



-4- 

I ‘*’ ’ I ’ ’ ’ ’ ’ ’ ’ 
200 - e+e-- e+e- lcos 81 I 0.6 

(c) 
Fig. 2. The cross section for (a) yj 100 
e+e’ + hadrons, (b) e+e- - p+p-, + 
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of-mass energy. The latter two 
cross sections are integrated 20 +L’ “““’ 

over the range lcos 0 I 5 0.6.11 
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Fig. 3. (a) The ratio of p’p’ to 
e+e- yield vs. center -of -mass 
energy. (b) The front-back asym- 
metry of j.4 pairs vs. center-of- 
mass energy.ll ENERGY EC.,.(GeV) >.,,c, 



I 
-5 - 

I l Data I 
30 

-2 
c 
I) 
-5 20 

bc: 
I u-0 

0 Data-QED 

IO 

(a) j 

Fig. 4. (a) The angular distribution 
in e+e- - e+e’ 

~ ,o- g--;+@-p - 

2 
at the $. Also shown - 

is the result of subtracting QED.ll 4 bs 
(b) The angular distribution in (5) - 

e+e- - p+p- at the $. The solid 0 I I I I I I I 
curves are l+ cos2 8. -0.8 -0.4 0 0.4 0.8 

cas 8 11,111 

Furthermore, as the quantum electrodynamic amplitude for e+e- - pL+p- has 
only helicity il parts, for an interference to exist Jf 0. The sign of the 
interference and/or the form of the angular distribution on resonance then 
excludes’l everything except J= 1. As seen in Fig. 4, the l+ cos2 8 angular 
distribution expected for J= 1 is consistent with the data for both e+e- - pLf~ 
and es-e- - e4e- (after subtraction of the quantum electrodynamic cross 
section). 

Widths 

With the establishment of J= 1, the width for 
lar channel, i, can be obtained by integrating the 
tion of that channel over the resonance, 

J c(e+e’ 
Res 

$ decay into some particu- 
cross section for produc- 

reeri ‘:. - r total * 
(4) 

Assuming that Itotal = Ice + rpcl + rhadrons, the data in Fig. 2 will on inte- 

gration give us separately ree, I?)+, rhadrons and rtotal. Where they are 

comparable, the data from DESY, l2 Frascati13 and SLAC” are in agree- 
ment on the resulting widths. 

The widths for these channels, as well as widths (or upper limits) for 
decay into various specific final states are given in Table I. 
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Table I Decay modes and widths for the +(3100) 

Mode Width Reference 

+- 
ee 

P+P- 

hadTOll 

7-v 

lr+i 

K+K- 

Ks% 
Rr 

w 

4Tr* 

67r* 

=P 

4n*n0including wrr+n- andpmm 

6~~7~' including wnmm 

87r*r" 

KRn 

K"Ro*(890)+RoKo*(890) 

K+R-*(890)+R-K+*(890) 

K”Ro**(14zo)+RoKo**(14~o) 

K+it-**(142o)+K-K+**(l420) 

K&r 

K"*(890)Ro**(1420)+~o*(890)Ko**(1420) 

K"*(890)ito*(890)+~o*(890)Ko*(890) 

K"**(1420)i?o**(1420)+Ro**(1420)Ko**(1420) 

KRmrr 

K+K-4r: 

11+ 

4.8 f 0.6 keV 

4.8 i0.6 keV 69 f 15 keV 

59 f 14 keV 

(0.035 r = .17 keV 
PP 

< 0.0046 l- 
PP 

= .022 keV 

< 0.0084 r 
w 

= .040 keV 

c 0.0002 rhadrom = .012 keV 

< 0.005 rhadrons = 0.3keV 

O.lkeV< r< 2keV 

(.004i.001) rtotal 
t.004 f .002) rtotal 
t.013 i.003) rtotal 
l.04 * .oi) rtotal 
(. 029 f .007) rtotal 
(. 009 f .003) rtotal 

(.0024 f .0005) rtotal 

(. 0031 f .0007) rtotal 
< .ooi9 rtotal 
c .ooi9 rtotal 

(:0037 i .ooio) rtotal 
< .0006 rtotal 
< .0018 rtotal 

t.003 f .ooq rtotal 
seen 

I 

(.036+ .Ol)r,+= .17* .05 keV 

(.0021i.004) rtotal = .15 i.03 keV 

(.0016 f .0008)rtotal 

(.0037 * .0019) JYtotal for pp~', piin-, and @ix+ 

11 

11 

11 

14 

15 

15 

9,lO 

16 

14 

9,10,17 

9,10,17 

9,10,17 

9,10,17 

9,10,17 

9,10,17 

9.10 

9,lO 

9,lO 

9,lO 

9,lO 

9,lO 

9,lO 

17 

9,lO 

17 

15 

9,lO 

9,lO 

9,lO 

17 
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One Photon Intermediate State Phenomenology 

Just as for any other vector meson, one may define a photon-vector 
meson coupling. If eM$/f$ enters the amplitude at the r-$ vertex, then 

The leptonic width in Table I translates into 

,g,, = 11 , 

(5) 

(6) 

a value comparable to that6 for the p (= 2.5), w (- 19)) and $ (* 11). 

Moreover, the existence of $ -, y 4 e+e- implies the existence of 
$--r- hadrons with a width I 

rtzCi - Y- hadrons) = R Fee 

= 12 f 2 keV . (7) 

In particular, the decays Z/ -. 47f and $ - 6ti are compatible with proceed- 
ing via the one photon intermediate state, since the ratios 47f/r/.+p’ and 
67$/~+~- are the same on and off the resonance within errors. If $ + - 7r 7T- 
also occurs via one photon, the upper bound15 on the width in Table I gives a 
bound on the pion form factor at the qmass: 

IFrr((3. 1 GeV)2)12 < 0.02 . (8) 

This bound is now sufficiently tight that it is comparable to what would be ex- 
pected using a monopole form factor to extrapolate F.(Q2) from the Q2 -N 1 
GeV2 region. 

Direct Decay Phenomenology 

Since rhadrons is much larger than Eq. (7), there must exist other 
ladronic decays. In particular, the decays of the zc) into: 37r, 57r, and ‘7n occur 
at rates much too large to be corn 

9 10,17p 
atible with proceeding-through a single 

photon intermediate state. 3 By definition, these are then “direct 
decays. ” They are characterized by G=-1. Since C=-1, we have I=0 or 2. 
The choice of I= 0 then follows from the existence of direct decays like Ax, 
pp, KK*(890) or from the ratio of r+p’:n’p+:7Pp” in the 37r decays.g,lO, 17 

With the assignment G= -1 and I = 0 for direct decays, it is possible to 
calculate or estimate some of the final states which involve multineutrals 
using measured widths. For example, one can show that18 3 l-9 

0 $ r(4,f$) = r(5T) Pa) 



-8- 

; I’(67r*7r”) 5 J?(77r) 5 3r(6n*rr”) (9b) 

r(NRn) = 6r@p7T") 

r(KFCn) = 3r(iZoK+a-) 

=3r(K,K+n-+KsK-l;+) 

Out of all hadronic decays involving the $(3100), 20% occur through the one 
photon intermediate state. Of the direct decays, we may use the observed 
widths in Table I together with Eqs. (9) and statistical models of the charge 
distribution in high multiplicity states to estimate that 20% to 30% of the 
hadronic modes consist of odd numbers of pions. The inclusive kaon spec- 
trum together with the observed decays into particular channels indicates 
that another 20% to 30% of the hadronic decays involve KE+n+s. With an- 
other 5% to 10% of the decays of the form m+nn’s, we have accounted for 
65% to 90% of the hadronic $(3100) decays. We still have the possibility of 
decays involving n’s and those with a photon + hadrons, both of which are 
certainly there, at some level, inasmuch as n+ and ny are seen. There is 
not a clear gap between the total hadronic width and the combined width for 
decays of the +(3100) which one can reconstruct completely or can reasonably 
estimate on the basis of what is seen. 

SU(3) I 

If the Z/J acts in its direct decays like ihohas I= 0, it could be an SU(3) 
singlet or the eighth component of an octet. By studying its decay modes, it 
is possible to decide if it acts like a singlet or octet or some mixture of the 
two like the w and @. 

First consider the decay JI - Ml+M2, where Ml and M2 are mesons 
belonging to octets with the same ?YZ, the SU(3) generalization of charge con- 
jugation. G$? is the same as ordinary charge conjugation, C, for a singlet 
and is defined for an octet as equal to C of its third or eighth component. An 
example of a decay into two octets with the same ‘% is $ - pseudoscalar + 
sseudoscalar, the relative widths for which are collected in Table II assum- 
ing SU(3) invariance and the two possible assignments21 for the Z+!J in its 
direct decays or its decay through a photon. 

We note that for an SU(3) singlet all decays into two pseudoscalars are 
forbidden, but that for the eighth comzent of an octet (or any mixture of an 
octet and singlet) $ /- rs7r- but + -c K+K- and KSKL at equal rates. Since, 
as shown in the table, the second order electromagnetic decay into KSKL is 
forbidden by SU(3), the observation of Z./J - KSKL, or lack of it, reflects most 
sharply on the SU(3) assignment of the $in its direct decays. 

With appropriate substitutions, Table II is applicable to decays into 
pseudoscalar + tensor, vector + vector, tensor -t- tensor, etc. Thus the 
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Table II Relative rates22 for zj decays into two 
pseudoscalar mesons assuming SU(3) invari- 
ance and the final state being an SU(3) singlet, 
an eighth component of an octet, or a combina- 
tion of the third and eighth components of an 
octet characteristic of the photon. 

Mode SU(3) Assignment 

1 8 tt Y f? 

7r+*- 0 0 1 

T07r0 0 0 0 
", 

K+K- 0 1 1 

KSKL 0 1 0 

- ‘1/T 0 0 0 

upper limits in Table I on decays into KSKL, KK**(1420), K* (890) K*(890), and 
K**(1420) K**(1420) all point to the $(3100) being an SU(3) singlet. The ab- 
sence of any particular decay may always be attributable to a quirk of the 
dynamics. But the systematic lack of observation of decay modes prohibited 
for an SU(3) singlet, while at the same or higher decay rate level several 
modes allowed for a singlet are seen, is a fairly strong indication both that 
SU(3) is operative and that the $(3100) is a singlet. 

Second, consider the decay of the ZJ into two meson octets which have 
opposite values of %Y. Table III gives the relative intensities for the decay 
into a pseudoscalar meson + vector meson, which is a particular example of 
such a decay, under the assumption of different SU(3) assignments for the Q!J 
or for decay through a photon. This table also can be easily transcribed to 
decays into a vector meson + tensor meson, vector meson + scalar meson, 
etc. 

Since KOK*O/E-K** is not -4 (and np/r”po is not “3) from the data in 
Table I, the observed decays of the $(3100) into a pseudoscalar meson -I- 
vector meson cannot be occurring through a one photon intermediate state. 
Taking them as direct decays, hqwever, and comparing the preliminary 
decay width for K°K*(890)” or K R*(890)’ (which are compatible with being 
equal) with that for nope from Table I g’ Ives results more compatible with the 
zj being the eighth component of an octet than a singlet. 23 One should be 
aware that the comparison of the rp and KK* decay rates involves rather 
different detection efficiences and corresponding corrections in going from 
the raw data to the numbers in Table I. If the il, is a singlet, it is difficult 
to see why SU(3) should be broken so strongly (by 50% or more in the ampli- 
tude). This is especially so when the zc) doesn’t have any observed direct 
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Table III Relative rates22 for + decays into a pseudo- 
scalar meson + vector meson assuming SU(3) invari- 
ance and the final state being an SU(3) singlet, an 
eighth component of an octet, or a combination of the 
third and eighth corn onents of an octet characteristic 
of a photon. ~8 N 1 3 &- w f m $ and n8 are the 
eighth members of the vector and pseudoscalar octets, 
respectively. 

Mode SU(3) Assignment 

1 

K+if*- = z-K*+ 1 

K”E*’ = K°K*’ 1 

n8V8 1 

q8P 0 

$V8 0 

8 II II Y 

1 1 

l/4 1 

l/4 4 

1 1 

0 3 

0 3 

decays into two mesons with the same value of 59, which are forbidden for 
a singlet, but does have sizable pseudoscalar + vector and vector + tensor 
decays, which are allowed for a singlet. 

For decays into baryon-antibaryon, clear tests of the SU(3) character of 
the Z/J are more difficult to find since an SU(3) octet has two possible COU- 

plings to BE, as indicated in Table IV. 

The absence of AZ O + a o at six times the rate of Ax can be used to 
eliminate the possibility of an important contribution from an intermediate 
photon. The relative rates for p@ versus ~7i given in Table I are consistent 
with those expected for an SU(3) singlet, especially if corrected for phase 
space, 24 but a particular choice of F/D can accomplish the same result. 
Some observations on SU(3) and the decay of the $ into rOr and 7-y will be 
deferred until we discuss $‘(3700) - n$(3100). 

The SU(3) character of $ decays is of some importance, both for spe- 
cific theoretical schemes, such as charm23 where the $ is an SU(3) singlet 26 

and more generally for understanding the electromagnetic current which 
until last year was consistent with only containing SU(3) octet pieces. For if 
SU(3) is conserved in the r-$ coupling and in + - hadrons, then an SU(3) 
singlet character of the final hadron stZCimplies an SU(3) singlet part of the 
electromagnetic current. Note that the weak link in this chain of argument 
may be # - hadrons, for the narrow width for direct decays indicates that 
something in this coupling is not typical of most strong interactions. It is 
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Table IV Relative rates for zj decays into baryon t- anti- 
baryon assuming SU(3) invariance and the final state 
being an SU(3) singlet, an eighth component of an octet 
(with antisymmetric and symmetric couplings F and D, 
respectively), or a combination of the third and eighth 
components of an octet characteristic of a photon (with 
antisymmetric and symmetric couplings F 1 and D* , 
respectively). 

Mode SU(3) Assignment 

1 8 11 I? Y m 

.’ nii 1 1 1 

z”.Eo 1 1 1 

z+i? 1 c 1 (1+3 Fr,‘D’)2 

2-i= 1 1 (1- 3 Fr/D’)2 

PP 

nii 

1 

1 

1 

1 

($+gJ 

(1+3 Fr/D’)2 

4 

4 

(;+g) (1- 3 F’/D’)2 

iiz” 0 0 -3 

even possible that the decay mechanism acts as a l’filter” between the SU(3) 
properties of the z$ and the final state, allowing mostly the singlet component 
to be carried to the hadrons. But if the electromagnetic current does have a 
singlet component, then independent of particular theoretical schemes such 
as charm or color, we will have added a new piece to the electromagnetic 
current of hadrons for the first time in twenty years. 

Conclusions on the z/(3100) 

The z/(3100) has Jpc= l-’ and has both decays through one photon and 
direct decays into hadrons. There is strong evidence that it acts as a G= - , 
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I=0 object in its direct decays. There is also evidence, although somewhat 
contradictory, pointing to the direct decays being those of an SU(3) singlet. 
More than any evidence from photoproduction or its observation in hadronic 
collisions, this observance of strong interaction symmetries in the direct 
decays indicates the $(3100) is a hadron. Its small width is at least qualita- 
tively understood theoretically if it is a new quark-new antiquark bound 
state, since then the empirical rule 27 forbidding quarks and antiquarks in 
the same particle from annihilating each other in decay amplitudes would 
strongly suppress the probability that the new quark and new antiquark in the 
$ annihilate and form hadrons composed of Itold” quarks. 28 

THE +‘(3700) 

With the discovery of the first new particle, a careful scan for other 
such states was soon begun. This resulted quickly in the discovery2 of a 
second such state with a mass of 3684 f 5 MeV. 

JRC and Widths 

The properties of this state can be established in much the same way as 
for the Q(3100). Recently analyzed data’, lo 
detector establishes that Jpc= 

from the SLAC-LBL magnetic 
l’- for the $‘(3700) through observation of an 

interference of the resonant and quantum electrodynamic amplitudes in 
e+e- - /J+p-. The decay widths of the $’ are then obtained from Eq. (4): 
Dresent information is summarized in Table V. Extraction of a ‘y-e’ COU- 
&in from the leptonic width results 
in f f 

e 
,/47~ N 30. 

The observation2’ of this mode 
is shown in Fig. 5. The two pions 
are dominantly in an s-wave, iso- 
spin zero state, so that if this is an 
isospin conserving decay, the $’ has 
I=0 (and G= -) like the $. The 
mass spectrum of the two pions is 
strongly peaked (after phase space 
and detection efficiency are 

3 
ken 

out) toward the high end. 31, 3 
Several recent theoretical papers 
papers339 34y 35 have attempted to 
explain this peaking by invoking an 
Adler zero in the amplitude. While 
qualitatively in the right direction, 
it is not yet clear that this explana- 
tion, with a linear zero in the am- 
plitude, can be made to agree 
quantitatively with both the ob- 
served $’ - rm,6 and rr - 7r~ am- 
plitudes without moving the zero 
above 7r7r threshold. 

2000 

0 
2.8 2.9 3.0 3.1 3.2 3.3 

M,(GeV) ,..*.I 

Fig. 5. (a) The missing mass re- 
coiling against pairs of oppositely 
charged particles (assumed to be 
pions) in z/’ decay. (b) Subset of 
events in (a) for which energy and 
momentum are conygrved by the 
observed particles. 



Table V Decay modes and widths for the $‘(3700). 

Mode Width Reference 

e+e- = p+p- 

hadrons 

2.2 f 0.3 keV 

1 
225 f 56 keV 9,lO 

220 f 56 keV 

Zc, + anything t- 57 * . OS) rha&ons 29 

(* 32 * ’ 04) rhadrons 29 

t* O4 * *02) rha&.ons 9,lO 

XY-WY < .066 rhadronD 9,lO 

-Y+x 30,31 

for X narrow c 
00 

*‘p 

47rf7r0 

PP 

9,10,17 

9,lO 

This confirms that the $ and et have the same isospin and G parity. If 
the n were purely in an octet and the $I and @ were singlets, 36 the decay 
$’ - TJ$ would be forbidden in the limit of SU(3) invariance. With this in 
mind, the rate given in Table V is rather large, since compared to the s- 
wave decay $’ - n@ (which has no reason to be suppressed by SU(3)) the p- 
wave qt -. nz,6 mode has little phase space available. Conversely, if the ob- 
served +‘z/n coupling is coming purely from the sma1137 singlet piece of the 
physical n, then the $‘$n’ coupling must be quite strong. 

The strength of the $~‘$q coupling may be related to another possible dif- 
ficulty with the singlet assignment of the $ls. If the 77 were purely in an octet 
and the zj a singlet, 

r(G 0 '-7ry ZZ 
w4 -IVY) 

3 . (10) 

This is on the edge of being in disagreement with experiment (see Table I). 
However, a naive application of $’ vector dominance to the amplitude for 
$ - ny, together with the y-q’ and @‘z/v couplings extracted from Table V, 
yields a value38 for l?(zC, -L ny) which is in the range indicated by experiment 
in Table I. Thus, whether due to SU(3) breaking, the singlet component of 
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the physical 7, or an incorrect SU(3) assignment of the Z/J or Z/J’, the apparent 
experimental discrepancy with Eq. (10) and the relatively large $‘$n coupling 
are likely coupled theoretical problems. 33 

1 $ -YX--YYG 

Within the charmonium explanation26 of the new resonances as s-wave 
charmed quark-charmed antiquark bound states, one expects 4o 7 4 l p-wave 
bound states to lie between the z/ and $I. In addition, within any model that 
proposes new quarks to explain the rise in R and the new particles, one 
expects lSo pseudoscalar states to be nearby in mass to the 3S1 vector ($ and 
$‘) states. The ISo and 3PJ states (with J= 0, 1,2) have the appropriate 
quantum numbers to allow the decay z/$ --, yX, followed by X - y+!~ . 
charmonium calculations26p 40* 42 

Early 
predict a combined width of several hun- 

dred keV for $’ + y + 3PJ via electric dipole transitions, and then 3P J - yz,b 
being the overwhelmingly dominant decay of these p-wave states. 

3P 
The sum of all such gamma ray cascade decays passing through either 
or ‘S states may be bounded by looking at the mass squared distribution 

of the ne&als in $’ - $ + neutrals . 43 This follows since parity conservation 
demands that for a decay of the form $’ --, yX -c w, M& be symmetrical 
about the midpoint of its distribution. But the neutral mass spectrum in 
$’ - + + neutrals is strongly peapd toward high masses. 32 Thus the deple- 
tion of events below 1/2(M#t-Md gives a tight bound on the sum of all de- 
cays of the form $I -yX --c n/G . The limit in Table V obtained using this 
method is more than an order of magnitude below the naive theoretical 
expectations. Alternately, after v$ and 7r”ro$ events are subtracted from 
the neutrals spectrum, this provides a method of searching for such cascade 
decays with small branching ratios. 

l/J’ --c hadrons 

Motivated by the potential model calculations of quark-antiquark bound 
states, particularly those of the charmonium type, 26p 40’ 4l one might guess 
that the rates for $ or $’ decay into leptons and into hadrons are both propor- 
tional to the bound state waveqfqunction squared at the origin. In that case, 
one expects for direct decays 

r(G’ 
I?(+’ - ee) -+ hadrons) = I ($ - hadrons) I(+ - ee) 

= 22 keV , (11) 

i.e., direct decays of the z$’ are -10% of all the hadronic decays. The upper 
limits on 7~Op’, 4787r’ and pp in Table V are all consistent with Eq. (11) and 
indicate that the absolute value of the $’ width into these channels is less than 
that for the ti into the same channels. In other words, if the direct decavs 
of the $I have the same pattern as those of the #, the experimental results in 
Table V indicate awidth for $1 direct decays to hadrons less than 

WJ - hadrons)direct = 47 keV . 
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Decays of the $’ through one photon into hadrons are calculated to be 

rw - Y -+ hadrons) = R I’(q* - efe-) 

-6.6keV . (12) 

This is ~3% of the total width. 

Missing Decays of the $’ 

Totalling up the decays of the $’ which are observed or can be reason- 
ably estimated, we have from ~$1 - $ + anything, qt - hadrons (direct de- 
cays), and Z/J’ - y - hadrons a sum of -70% of Ftotal. What are the roughly 
30% of $’ decays which contain multihadrons and trigger the detectors but 
have not been completely reconstructed or reasonably accounted for ? Can 
there be other narrow states, X , into which the +’ decays, such that there 
are two or more neutrals in the resulting final state? 

If X has C=+ and either I=.0 or 1, Q1 - yX and one faces the bounds on 
the gamma ray decays of the $‘, independent of whether the state X decays 
into at least one neutral in most of its decays, If X has C = - and I= 0, then 
one has z#’ --) n”noXo but also et --, r+rXo, so that the state X should show 
up as a peak (like the $ ) in Fig. 5 recoiling against two charged pions in a 
relative s-wave I= 0 state.45 If X has C= - and I= 1, then z,Q - #‘X0, but 
also $’ 4 7fXr, and there should be a monochromatic pion line. 

Another possibility is et - ti with X decaying into at least one neutral 
much of the time. The difficulty here is that with a strong coupling of the li)’ 
to XX, 2MX would have to be just a few MeV away from M , to keep the width 
for zJ’ -, XX below -100 keV. But then the X particles ar B created almost at 
rest and one may make constrained fits to all charged particles or all 
charged particles plus one neutral using M ,/2 as the energy, and zero as the 
momentum of the X. Needless to say, the 1 e is no evidence from these fits 
for such an X particle. 

This leaves us with basically three outs if our estimate for direct decays 
of the $’ is correct: (a) Some of the experiments are wrong; (b) theX states 
are much wider than we expect, invalidating the experimental limits; or (c) 
there are many such states, X , and each one contributes a few percent 
of the total width of the zl) . Theoretically, at least possibility (b) is not 
particularly appetizing. 

PRODUCTION OF THE NEW PARTICLES 

We have already discussed in some detail Z/ and $1 production in electron- 
positron colliding beams. If the structure3 at - 4.1 GeV (see Fig. 1) is a 
resonance, its total width is 250 to 300 MeV and its leptonic width, Fee = 4 
keV. A search for other narrow resonances now extends up to masses of 
7.6 GeV with no additional narrow states found. 46’ g 3 lo 

In hadronic reactions the + has been observed in pN, nN, and TN col- 
lisions at BNL, 1 FNAL, 47’ 48 and CERN.49 The theoretical treatment of 
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these matters already forms a large subject in itself, which there is no 
space for here. 

The ti has also been photoproduced at FNAL, 5o SLAC 51p 52 and 
Cornell. 53 The +’ is also observed at SLAC52 and FNAL.‘54 Figure 6 
shows some of the recent results from the SLAC-Wisconsin experiment. 52 
Since the value of da/dt(yN 
mer&O at E, - 

- $N) at t=O extracted from the FNAL experi- 
100 GeV is only a factor of two or so above the 21-GeV data, 

it is clear that most of the rise from 
threshold in the cross section for z/ 
photoproduction occurs by -20 GeV. 
A straightforward application of the 
vector dominance model assuming 
purely imaginary amplitudes leads 
to values of the +N and +‘N total 
cross sections of -1 mb. Using the 
measured slope in yN - $N for 
$N - $N leads to an elastic $N 
cross section which is only a few 
percent of the total cross section. 

25 , I I I I I I 
EO-K 

0 0.5 GeV 
0 I .O GeV 
A 5.0 GeV 

1 

CONCLUSIONS t 
THRESHOLD 

0 I I I I I I J 
The evidence from the decay 

modes of both the 9 and q’ strongly 
indicates they are both hadrons with 
I=0 and G=-1. The large width of 
the $“(4100), if it is a resonance, is 
certainly that characteristic of a 
hadron. Especially when coupled 
with the observation of the step in R 
near 4 GeV, this points to the exist- 
ence of some new hadronic degree(s) 
of freedom. This is most simply to 
be associated with new quarks car- 
rying a new additive or multiplica- 
tive quantum number. The Q’s 
would be bound states of a new quark 
and new antiquark. 

However, all the popular 
choices for the new quantum num- 
ber(s) and associated quark(s) are 
in some difficul 

% 
. 

colored states, 5 
If the q’s are 

one immediately 
faces at least the question of why the 
zc) and +’ are not much wider with 
most decays involving a photon. 

In the charm scheme, 25~ 26 
where one new quark is added with 
charge + 2/3, the lack of evidence 

80 

60 

40 

20 

0 
8 

6 

8 IO 12 14 16 18 20 22 
K (GeV) 

t- ’ I I I I I 

F K = I9 GeV (b) 

b = 2.9 (GeV/c12 

4 
- trn,, 

t 
2 I I I I I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

I tl [(GeV/cj2] ,,,IEl 

Fig. 6. (a) The cross section, ex- 
trapolated to t=O, for $(3100) photo- 
production on nucleons. E. is the 
bremsstrahlung end point energy and 
K the photon energy assuming elastic 
production. (b) The differential 
cross section for ~(3100) photopro- 
duction at K= 19 GeV, EO = 20 GeV.52 
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for substantial radiative decays of the e1 into the p-wave states and the lack 
of approach of R to the charm rediction of 3 l/3 are particularly bother- 

% some. Moreover in any model 6 3 57 with an additive quantum number and 
new quarks carrying it, the absence of the pseudoscalar partners of the $ 
and qt, reachable by gamma ray transitions from the $‘, is a se.rious diffi- 
culty . 

Thus, although a great deal of experimental progress has been made on 
the Q’s in the past six months, the critical, 
they were in January. 58 

unanswered questions remain as 
For any theory with a new quark and associated 

additive quantum number, the most pressing issue is spectroscopic. First, 
there should exist bound states consisting of one new quark and old quarks, 
and which therefore carry the new quantum number. We have every reason 
to believe that above -4 GeV in electron-positron collisions, pairs of such 
particles should be present in a good fraction of the events, but none have 
been found. Second, additional new quark-new antiquark states should exist. 
The most unavoidable of these are the ‘S6 pseudoscalar states which are the 
quark model partners of the 3Sl +‘s. Again, experimental establishment of 
their existence has not been forthcoming. 

Therefore, the complete implications of the discovery of the q’s still 
remain to be found. For the future, the only guarantee that we can make on 
the basis of theory is that further major experimental discoveries lie ahead. 

REFERENCES 

1. J. E. Augustin et al. , Phys. Rev. Letters 33, 
et al. , Phys. RzrLetters 33, 1404 (1974). 

2. G. 3. Abrams et al. , Phys. Rev. Letters 33, 
3. J. E. AugustinTtTl. , Phys. Rev. Letters 34, 
4. M. Gell-Mann, ?hs. Letters 8-, 214 (1964). 

1406 (1974); J. J. Aubert 

1453 (1974). 
764 (1975). 

5. 
6. 

7. 

8. 
9. 

10. 

11. 
12. 

13. 

G. Zweig, CERN preprints TH. 401 and TH. 412, unpublished (1964). 
D. Benaksas et al., Phys. Letters E, 289 (1972); ibid. 42B, 507 
(1972); ibid. @T 155 (1974); ibid. E, 159 (1974); $&. , z, 685 
(1972). G. Cosme et al. , 
August 1973 (UnpublzGd). 

papcubmltted to the Bonn Conference, 

G. Salvini, talk presented to the Italian Society of Physics, October 28- 
November 2, 1974 (unpublished). The total cross sections used are 
“grand average” values from Frascati experiments. 
C. Morehouse, Bull. Am. Phys. Sot. 20, 649 (1975). 
V. Luth, SLAC seminar, June 16, 1974. 
A. Boyarski et al --’ f Paper submitted to the PalermoConference by the 
SLAC-LBL magnetic detector collaboration, June 23~28, 1975 
(unpublished). 
A. Boyarski et al., -7 Phys. Rev. Letters 34, 1357 (1975). 
W. Braunschwelg et al. , -- Phys. Letters E, 393 (1974); ibid. 56B, 491 -- 
(1975). 
C. Bacci et al., Phys. Rev. Letters 33, 1408 (1974); Erratum, Phys. 
Rev. LettGs3, 1649 (1974). W. W.Ash et al., Nuovo Cimento 
Letters 11, 705(1974); R. Baldini Celio et%i, Nuovo Cimento Letters -- 
11, 711(1974); G. Barbiellini et al., Nuovo Cimento Letters 11 718 -- -’ 
(1974). 



- 18 - 

14. B. Wiik, talk at the Xth Rencontre de Moriond, Meribel-les-Allues, 
France, March 2-14, 1975. Also, W. Braunschweig et al., Physics -- 
Letters 53B, 491 (1975). 

15. W. Brauihweig et al., -- DESY preprint DESY 75/14, unpublished 
(1975). 

16. 
17. 
18. 

19. 

20. 

21. 

22. 

23. 

24. 
25. 

26. 

27. 

28. 

29. 
30. 

C. Bacci et al. , Nuovo Cimento Letters 12, 269 (1975). 
B. Jean-Marie, SLAC seminar, May 20,1975. 
The results for multipion decays can be found in the complete treat- 
ment of C. H. Llewellyn Smith and A. Pais, Phys. Rev. D 2, 2625 
(1972) and A. Pais, Phys. Rev. Letters 32, 1081 (1974). Also, 

- A. Pais, private communication. 
All these results, and many more, are easily derived using the method 
of I. M. Shmushkevich, Dokl. Akad. Nauk SSSR 103, 235 (1955). For 
an I=0 object with either C = - or C = +, this techm-e gives a number of 
useful bounds which considerably restrict unseen modes involving T’S, 
K’s and’N’s (F. J. Gilman, unpublished). 
We arbitrarily dismiss the possibility of “exotic” representations like 
10, n, 27, etc. The SU(3) character of the photon and new resonances 
has also been considered by V. Gupta and R. Kogerler, Phys. Letters 
@, 473 (1975) and some consequences of a singlet assignment are 
noted in H. Harari, SLAC preprint SLAC-PUB-1514, unpublished 
(1974) * 
Results for mixtures of a singlet and eighth component of an octet, like 
the physical w and $, are easily computed. One may use Zweig’s rule, 
Ref. 27, to relate the otherwise arbitrary ratio of singlet and octet 
coupling strengths. 
For decays into two octets with the same (opposite) charge conjugation 
properties, an octet $ or an octet photon has F(D) type SU(3) coupling 
to two meson octets. 
All the results in Tables II, III, and IV neglect phase space differences 
between modes. Assuming p3 phase space for these p-wave decays 
makes KK* smaller than 7rp by a factor 0.85, which is in the right 
direction for a singlet, but no where near large enough to remove the 
discrepancy with experiment. 
Assuming s-wave phase space, A&/p; = .88 for equal matrix elements. 
B. J. Bjorken and S. L. Glashow, Phys. Letters 11, 255 (1964); 
S. L. Glashow, J. Iliopoulos, and L. Maiani, Phys. Rev. D 2, 1285 
(1970). 
T. Appelquist and H. D. Politzer, Phys. Rev. Letters 34, 43 (1975); 
A. De Rujula and S. L. Glashow, Phys. Rev. Letters 34, 46 (1975); 
T . Appelquist et al. , -- Phys. Rev. Letters 34, 365 (1975T 
T. Appelquist, Bull. Am. Phys. Sot. 20 222 (1975) and Caltech pre- -’ 
print, unpublished (1975), 
G. Zweig, Ref. 5 and unpublished work. See also J. Iizuka, Supple- 
ment to the Prog. of Theoretical Phys. 37-38 21 (1966). - m’ 
This assumes that the $ is below threshold for decay into two new 
mesons (each composed of one new and one old quark). Such a decay is 
allowed by the empirical rule and would have an ordinary hadronic 
width. 
G. S. Abrams et al., 
J. W, Simpsonytyl. , 

Phys. Rev. Letters 34, 1181 (1975). 

unpublished (19z)r 
Stanford University preprint, HEPL No. 759, 



31. 
32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 
41. 

42. 

43. 

44. 

45. 

46. 
47. 
48. 
49. 
50. 
51. 
52. 

53. 

54. 

- 19 - 

G. Abrams, Bull. Am. Phys. Sot. 2, 649 (1975). 
J. A. Kadyk, talk presented at the Xth Rencontre de Moriond, Meribel- 
les-Allues, France, March 2-14, 1975 and LBL-3687, 1973, 
unpublished. 
D. Morgan and M. R. Pennington, Rutherford Laboratory preprint 
RL-75 -062, unpublished (19 75). 
L. S. Brown and R. N. Cahn, FNAL preprint, FERMILAB-Pub- 
75/33-THY, unpublished (1975). 
J. Schwinger et al. , 
(1975). -- 

UCLA preprint UCLA/75/TEP/8, unpublished 

Both the $ and qt are SU(3) singlets in the charm model, as the 
charmed quark is itself a singlet. This is not true in all models-see 
H. Harari, Ref. 57. Even if the Zc, and $’ are not singlets, if the dy- 
namics are such that the 77 is made from SU(3) singlet colored gluons, 
the decay into an octet n violates SU(3) invariance. 
With a quadratic mass formula, the mixing angle for the pseudoscalars 
is -10.5O. 
With p3 phase space and 10 keV for l?(+’ - q$), one finds I’(# - ny) = 
1 keV. Of course, there are totally unknown $, @‘, . . . contributions 
to the vector dominance relation. We only are noting that the result 
is the right order of magnitude. 
These questions are also treated by R. N. Cahn and M. Chanowitz in a 
forthcoming preprint (private communication). 
E. Eichten et al. , Phys. Rev. Letters 34, 369 (1975). 
B. J. HarriGzn et al., -- Phys. Rev. Letters 34, 168 and 706 (19 75) ; 
H. J. Schnitzer, Harvard preprint, unpublished (1974). 
J. Borenstein and R. Shankar, Phys. Rev. Letters 34, 619 (1975); 

- S. Rudaz, Cornell preprint, unpublished (1974). 
G. J. Feldman and F. J. Gilman, SLAC preprint SLAC-PUB-1582, 
unpublished (19 75). 
In the charmonium calculations we are neglecting the (slow) variation of 
the strong coupling constant between 3.1 and 3.7 GeV, which would 
make F($’ - hadrons) still smaller than Eq. (11). 
One may arbitrarily suppress this by moving the X close to the $’ or 
giving it a high s 
Also, if X has J 3 

in, but then it isn’t an important decay in any case. 
C=O’- (an exotic of the second kind) (7r~)~ X is for- 

bidden, but 7X is allowed as noted by R. P. Feynman (private commun- 
ication). 
A. M. Boyarski et al., Phys. Rev. Letters 34, 762 (1975). 
B. Knapp et al., Whys. Rev. Letters 34, 1044(1975). 
R. Weinstein, Bull. Am. Phys. Sot. 20, 649 (1975).- 
F. W. Busser et al. , -- Phys. Letters 56B, 482 (1975). 
B. Knapp et al. , Phys. Rev. Letters3 1040 (1975). 
J. T. Dakin et al. , 
U. CameriniytZl. , 

Phys. Letters E, 405 (1975). 
SLAC preprint SLAC-PUB-159 1 and Wisconsin 

preprint WIS-?6z unpublished (1975). 
D. E. Andrews et al, , Phys. Rev. Letters 34, 231 (1975); K. Hanson, 

- Bull. Am. Phys. Sot. 20, 649 (1975). 
B. Knapp et al., paper5 be presented by A. Wattenberg to the 
Palermo Conference, June 23-28, 1975 (unpublished). 



- 20 - 

55. For a review, see 0. W. Greenberg, invited talk presented at the 
Orbis. Sciential II, Coral Gables, Florida, January, 1975 and Univer- 
sity of Maryland preprint, No. 75-064, unpublished (1975). 

56. R. M. Barnett, Phys. Rev. Letters 2, 41 (1975); M. Suzuki, 
Berkeley preprint, unpublished (19 75). 

57. H. Harari, SLAC preprints SLAC-PUB-1568 and SLAC-PUB-1589, 
unpublished (19 75). 

58. F. J. Gilman, invited talk presented at the Orbis Sciential II, Coral 
Gables, Florida, January, 1975 and SLAC-PUB-1537, unpublished 
(1975). 


