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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 ¢'(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.'"

It is now almost exactly eight months since the discoveryl 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 found? less than
two weeks later. In data published3 at the beginning of this year, there is
evidence for another, much broader state y''(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 ¢ 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
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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 '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. I 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

GT(e+e_ — hadrons)
R =

(1)

+ - + -
olee —pupu)

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

_4.1.1_2
“97975°3 > @)
while if each quark comes in three colors,
_g(d,1 _1.>=
R—3(9+9+9 2 . (3)

The published data>® " on R are summarized in Fig. 1. After the p,
w, and ¢ resonances, R see to settle on a value between 2 and 3 for
center-of -mass energies, \/5155 3.6 GeV. TFollowing the rapid rise in the
4-GeV region (and possible broad resonance at ~4.1 GeV), Fig. 1 and more
recent results8, 9, 10 show that R lies between 5 and 6 up to avalue of\/Q—2 of
7.4 GeV.

The measured value of R below \/Q_z ~ 3.6 GeV is very suggestive of
the theoretical prediction of 2 for colored quarks. Thus, below the y'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 \'/Q—2 nears 4 GeV. Very similarly, the §(3100),
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Fig. 1. R = op(ete” — hadrons)/o(ete- — pFu~) from
measurements at Orsay, ® Frascati, 7 and SLAC.

$'(3700), and possible ¥''(4100) would be associated with the jumpinR toa
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 y's are then to be regarded
as the corresponding bound states of new quarks and new antiquarks. As
such, the y'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 ¢'s are hadrons.

THE $(3100)

As shown in Fig. 2, the cross sections for electron-positron annihila-
tion into hadrons, u*u~, and ete~ all have large enhancements just below
3100 MeV. With the new calibration of the SPEAR storage ring, the mass of
the resonancell is 3095+4 MeV. Various properties of the resonance now
can be determined from examination of the datall in Fig.>2.

JgFC

There is an interference of about three standard deviation significance
between the resonant-amplitude and the quantum electrodynamic amplitude
in ete™ — utu~. 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 ete~ — u*u~ (Fig. 3b), so
the data are consistent with there being a single eigenstate of C and P.
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Furthermore, as the quantum electrodynamic amplitude for ete~ — u*u~ has
only helicity +1 parts, for an interference to exist J#0. The sign of the
interference and/or the form of the angular distribution on resonance then
excludes!! everything except J=1. As seen in Fig. 4, the 1+ cos? @ angular
distribution expected for J=1 is consistent with the data for both ete- — -
and efe~ — e*e~ (after subtraction of the quantum electrodynamic cross
section).

Widths
With the establishment of J=1, the width for y decay into some particu-

lar channel, i, can be obtained by integrating the cross section for produc-
tion of that channel over the resonance,

oete™ — i) dVQZ = el (4)
Res M total

Assuming that Fiotal = Tee + Puu + rhadrons’ the data in Fig. 2 will on inte-
gration give us separately Tees FW’ Thadrons 3nd T'ij4n1- Where they are
comparable, the data from DESY, 12 Frascatil3 and SLAC1! 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 4.8 £ 0.6 keV 11
+ -
uop 4.8 + 0.6 keV 69 = 15 keV 11
hadrons 59 + 14 keV 11
<0.035 T =.17 keV 14
Lt = iy
LAk < 0.0046 rw =.022 keV 15
K'K” <0.0084T, =.040 keV 15
KKy <0.0002T, o =.012keV 9, 10
[¢]
™y <0.005T, . =0.3keV 16
ny 0.1keV < I' < 2 keV 14

+
4 (-004 +.001) Ty, 0 9,10,17

E3
7 (.004%.002) T, . 9,10,17
i (.013.003) Ty . 9,10, 17
41ri7r° including w1r+1r_ and pwrm (.04 £,01) rt.otal 9, 10, 17

* O, N
67 7 including wrrrm (.029 £ .007) rtotal 9,10, 17

+ 0
grm (.009%.003) T, .. 9,10, 17
KRr

* *
K°R® (890) +R°k°" (890) (-0024 + .0005) T . 9.10
% - *
K'R ™" (290)+R K" 890) (.0031 % .0007) T, . 9,10
Xk % %
K°R®" " (1420)+ R%k°" (1420) <.0019T, . 9,10
KR 14200+ kK 9,10
(1420)+ KK (1420 <.0019T, ,1
KR#r
* *x * ok .
K% (890)R®" (1420)+R®" (890)K°" (1420) (0037 £ .0010) T . 9,10
* 0% * *
K® (890)R® (890)+K° (890)x°” (890) <.0006 Ty 0 9,10
*k * % *%k *%

K® (1420R° (1420)+R°" (1420)K°" (1420) < .0018 Tyotal 9,10
KRnrr seen 17
KK art 003 £ .001) T 9,10

T (:003£.00h) Iy J
ne seen 17
(036 .0L) T = .17+ .05 keV 15
PP Hp :
(.0021%.004) T, .\ = .15 .03 keV 9,10
AR (.0016 + .0008) T’y . 9,10
-0 -- - +
NRr (.0037 £ .0019) T, ., for ppr, pAr , and npr 9,10
pf)1r+1r- seen 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 eMi/f J enters the amplitude at the y-y vertex, then

2 /M

470
Fee= 5 (= ®)
Y

The leptonic width in Table I translates into
2
f z/)/47r =~ 11 , (6)

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

Moreover, the existence of y — v — e'e” implies the existence of

¥ — v — hadrons with a width .

I'(y — v — hadrons) =R Pee

=12+ 2keV . (D
In particular, the decays y — 47" and y — 67 are compatible with proceed-
ing via the one photon intermediate state, since the ratios 47" /utu~ and
67t/uTu~ are the same on and off the resonance within errors. If y — ntr~
also occurs via one photon, the upper bound1® on the width in Table I gives a
bound on the pion form factor at the ymass:
2

le((s. 1 GeV)2>! <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 Fﬂ(Qz) from the Q2 ~ 1
GeV~ region.

Direct Decay Phenomenology

Since I'pygrons i much larger than Eq. (7), there must exist other
hadronic decays. In particular, the decays of the y into 3w, 57, and 7w occur
at rates much too large to be comFPaﬁble with proceeding through a single
photon intermediate state. 9,10,1 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 AA,
pp, KK*(890) or from the ratio of 7*p=:77p+:7%° in the 37 decays.9, 10,17

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 thatl8, 19

@) rur ) = T(5m (92)
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%F(Gwiwo) < I'(7n) < 3T (67" 71°) (9b)
T(NNm) = 6T (ppr°) (9c)
['(KR7) = 3r(K0K+7r‘)
. . . (9d)
= ST EK 1 + KK )
STK'K ™ 77) < T(KRm) < 6T (KK 7 1) (9€)

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 KK+nn's. With an-
other 5% to 10% of the decays of the form NN+nr'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)

If the y acts in its direct decays like if has I=0, it could be an SU(3)
singlet or the eighth component of an octet! OBy 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 y — M;+Msg, where My and Mg are mesons
belonging to octets with the same &, the SU(3) generalization of charge con-
jugation. € 1is 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 y — pseudoscalar +
pseudoscalar, the relative widths for which are collected in Table II assum-
ing SU(3) invariance and the two possible assignments21 for the y 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 component of an octet (or any mixture of an
octet and singlet) 3 4 7t but y — KK~ and KgKj, at equal rates. Since,
as shown in the table, the second order electromagnetic decay into KgKj, is
forbidden by SU(3), the observation of § — KgKj,, or lack of it, reflects most
sharply on the SU(3) assignment of the yin its direct decays.

With appropriate substitutions, Table O is applicable to decays into
pseudoscalar + tensor, vector + vector, tensor + tensor, etc. Thus the
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Table II Relative rates22 for y 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

v]o\ VS\A H,-Y"
g 0 0 1
7r07r0 0 0 0
KK~ 0 1 1
KSKL 0 1 0
nn 0o 0 0

upper limits in Table I on decays into KgKy,, 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 y into two meson octets which have
opposite values of €. 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
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,
ete,

Since R°K*®/R K** is not ~4 (and no/1°p° is not ~3) from the data in
Table I, the observed decays of the (3100) into a pseudoscalar meson +
vector meson cannot be occurring through a one photon intermediate state.
Taking them as direct decays, hgwever, and comparing the preliminary
decay width for K°K*(890)° or K K*(890)~ (which are compatible with being
equal) with that for 1r°p° from Table I gives results more compatible with the
3 being the eighth component of an octet than a singlet. 23 One should be
aware that the comparison of the mp 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 y 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 y doesn'’t have any observed direct
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Table III Relative rates22 for y 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 components of an octet characteristic
of a photon. V8=~ J1/3 w + 2/3 ¢ and % are the
eighth members of the vector and pseudoscalar octets,

respectively.
Mode SU(3) Assignment

v}'\ v%\ n,yn
rp =1 =1%° 1 1 1
KR+ = RR*" 1 1/4 1
K°R*° = R%k*° 1 1/4 4
n8V8 1 1 1
%o 0 0 3

0,8

m V 0 0 3

decays into two mesons with the same value of ¢, 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 ¢ are more difficult to find since an SU(3) octet has two possible cou-
plings to BB, as indicated in Table IV.

The absence of AZ0 + AZ© at six times the rate of AA can be used to
eliminate the possibility of an important contribution from an intermediate
photon. The relative rates for pp versus AA 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 y into 7%y and ny will be
deferred until we discuss ¢'(3700) — ny¥(3100).

The SU(3) character of y decays is of some importance, both for spe—
cific theoretical schemes, such as charm?2% where the Y is an SU(3) smglet
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 -y coupling and in y — hadrons, then an SU(3)
singlet character of the final hadron state implies an SU(S) 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 y decays into baryon + 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' and D',

respectively).
Mode SU(3) Assignment
a1t
M A v
AR 1 1 1
»°58° 1 1 1
=*z* 1 - 1 (1+3 F'/D)?
Tz 1 1 (1-3 F1/D)?
1 3FV 2
A =2 1 '
pp 1 (2 2D> (1+3 F'/DY)
; L (R-EY :
nn 2~ 2D
2
050 1,38
= g 1 (2 +3 4
— 1, 3F\2 2
ot T ol Sl - 1 1
EE 1 (2+2D) (1-3 F'/DY)
=° 0 0 3
(o}

") 0 0 -3

even possible that the decay mechanism acts as a "filter" between the SU(3)
properties of the y 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 $(3100)

The ¥(3100) has JPC=1-- 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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1=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 1ndlcates the (3100) is a hadron. Its small width is at least qualita-
tively understood theoretically if it 1s 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
y annihilate and form hadrons composed of "old" quarks. 2

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 discovery?‘ of a

second such state with a mass of 36845 MeV.

JPC and widths

The properties of this state can be established in much the same way as
for the y(3100). Recently analyzed data®: 10 from the SLAC-LBL magnetic
detector establishes that J¥ C=1"" for the '(3700) through observation of an
interference of the resonant and quantum electrodynamic amplitudes in
ete~ — utu~. The decay widths of the y' are then obtained from Eq. (4):
present information is summarized in Table V. Extraction of a y-y' cou-
plin, § from the leptonic width results

in f /4T =~ 30.
2000 T T T T

Pr — Ty

The observation2? of this mode
is shown in Fig. 5. The two pions 3 1000
are dominantly in an s-wave, iso- o
spin zero state, so that if this is an 8
isospin conserving decay, the y' has S
I=0 (and G=-) like the y. The 2 0
mass spectrum of the two pions is a
strongly peaked (after phase space & 100+ .
and detection efficiency are tanen
out) toward the high end. S
Several recent theoretical papers
papers33 34,35 nave attempted to O Lanmsaad somuon ool monac | L
explain this peaking by invoking an 28 29 30 3l 32 33
Adler zero in the amplitude. While Mx (Gev) o
qualitatively in the right direction,
it is not yet clear that this explana- Fig. 5. (a) The missing mass re-
tion, with a linear zero in the am- coiling against pairs of oppositely
plitude, can be made to agree charged particles (assumed to be
quantitatively with both the ob- pions) in y' decay. (b) Subset of
served y' — mmp and 7w — T am- events in (a) for which energy and
plitudes without moving the zero momentum are conserved by the

above wr threshold. observed particles.
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Table V. Decay modes and widths for the y'(3700).

l

Mode Width Reference

e+e_=u+u_ 2.2+ 0.3 keV

295 + 56 keV 9,10
hadrons 220 + 56 keV
¥ + anything (.57 £ .08) Fhadrons 29
R (.82 .04 Tp o 29
i (.04%.02) T . 9,10
Xy — ¥yy <.066 rhadroné 9,10
vy +X < (.01 to .07) rhadrons 30,31

for X narrow

o 0
p <001 Ty o 9,10, 17
+ 0
At T RO S 9,10
oD <(.0003) T 0o 9,10
P =1y

This confirms that the y and ' have the same isospin and G parity. If
the n were purely in an octet and the  and ¢ were singlets, 36 the decay
y' —~mny 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 y' — 7m)p (which has no reason to be suppressed by SU(3)) the p-
wave y' —ny mode has little phase space available. Conversely, if the ob-
served 'yn coupling is coming purely from the small®‘ singlet piece of the
physical n, then the y'yn' coupling must be quite strong.

The strength of the y%n coupling may be related to another possible dif-
ficulty with the singlet assignment of the y's. If the n were purely in an octet
and the y a singlet, ’

0
_I‘_(.LT’_W_SQ’) = 3 (10)
'@ —n"7

This is on the edge of being in disagreement with experiment (see Table I).
However, a naive application of y' vector dominance to the amplitude for

i — 1y, together with the y-y' and y'yn couplings extracted from Table V,
yields a value38 for T'(y — 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 , or an incorrect SU(3) assignment of the y or §', the apparent
experimental discrepancy with Eq. (10) and the relatively large y'yn coupling
are likely coupled theoretical problems. 39

P =y X —yvy

Within the charmonium explalnation26 of the new resonances as s-wave
charmed quark-charmed antiquark bound states, one expects‘w’ p-wave
bound states to lie between the y and ¢'. In addition, within any model that
proposes new quarks to explain therisein R and the new particles, one
expects *S, pseudoscalar states to be nearby in mass to the 381 vector (¢ and
") states. The 1SO and 3PJ states (with J=0, 1, 2) have the appropriate
quantum numbers to allow the decay y' — yX, followed by X — vy . Early
charmonium calculations26, 40, predict a combined width of several hun-
dred keV for y' — v + 3PJ via electric dipole transitions, and then 3PJ — Y
being the overwhelmingly dominant decay of these p-wave states.

The sum of all such gamma ray cascade decays passing through either
3p.or 1s_ states may be bounded by looking at the mass squared distribution
of ghe neugrals in ' — y + neutrals. 43 This follows since parity conservation
demands that for a decay of the form §' — yX — yw, My, be symmetrical
about the midpoint of its distribution. But the neutral mass spectrum in
' — ¢ + neutrals is strongly peaked toward high masses. 32 Thus the deple-
tion of events below 1/2(M¢1—M4)2 gives a tight bound on the sum of all de-
cays of the form ' —yX - yyy. The limit in Table V obtained using this
method is more than an order of magnitude below the naive theoretical
expectations. Alternately, after ny and 7°7°y events are subtracted from
the neutrals spectrum, this provides a method of searching for such cascade
decays with small branching ratios.

' — hadrons

Motivated by the potential model calculations of quark-antiquark bound
states, particularly those of the charmonium type, 26,40,41 one might guess
that the rates for y or y' decay into leptons and into hadrons are both propor-
tional to the bound state wave function squared at the origin. In that case,
one expects for direct decays

@' —
I'(y' — hadrons) =~ I'(y — hadrons) '17%'—:%3

~ 22 keV (11)

i.e., direct decays of the y' are ~10% of all the hadronic decays. The upper
limits on 7°°, 4757 and pp in Table V are all consistent with Eq. (11) and
indicate that the absolute value of the y' width into these channels is less than
that for the y into the same channels. In other words, if the direct decays

of the ' have the same pattern as those of the y, the experimental results in
Table V indicate a width for y' direct decays to hadrons less than

Ty — hadrons)direct ~ 47 keV
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Decays of the y' through one photon into hadrons are calculated to be
I(#' — v — hadrons) = RI(y' —e'e)
~6.6 keV . (12)
This is ~3% of the total width.

Missing Decays of the ¢’

Totalling up the decays of the y' which are observed or can be reason-
ably estimated, we have from y' — y + anything, ¢' — hadrons (direct de-
cays), and ' — vy — hadrons a sum of ~70% of Tiota;: What are the roughly
30% of y' 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 y' decays, such that there
are two or more neutrals in the resulting final state ?

If X has C=+ and either I=0 or 1, y' — 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 y' — 1°7°X° but also ¢' — 77 7~XO, 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.4® If X has C=-andI=1, then y' — 7°X°, but
also ' — FX;, and there should be a monochromatic pion line.

Another possibility is 3' — XX with X decaying into at least one neutral
much of the time. The difficulty here is that with a strong coupling of the '
to XX, 2My would have to be just a few MeV away from M, to keep the width
for y' — XX below ~100 keV. But then the X particles aré 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, there 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 3' is correct: (a) Some of the experiments are wrong; (b) the X 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 3 . Theoretically, at least possibility (b) is not
particularly appetizing. -

PRODUCTION OF THE NEW PARTICLES

We have already discussed in some detail ¢ and ¢' production in electron-
positron colliding beams. If the structure® at ~4.1 GeV (see Fig. 1) is a
resonance, its total width is 250 to 300 MeV and its leptonic width, I'g, =~ 4
keV. A search for other narrow resonances now extends up to masses of
7.6 GeV with no additional narrow states found. 46,9,

In hadronic reactions, the ¥ has been observed in pN, nN, and 7N 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 y has also been photoproduced at FNAL, 50 SLAC, 51,52 5nd

Cornell. 93

The y' is also observed at SLAC%2 and FNAL,54 Figure 6

shows some of the recent results from the SLAC-Wisconsin experiment.
Since the value of do/dt(yN — yN) at t=0 extracted from the FNAL experi-

ment®0 at E
it is clear that most of the rise from
threshold in the cross section for
photoproduction occurs by ~20 GeV.
A straightforward application of the
vector dominance model assuming
purely imaginary amplitudes leads
to values of the yN and y'N total
cross sections of ~1 mb. Using the
measured slope in yN — yN for

YN — yN leads to an elastic yN
cross section which isonly a few
percent of the total cross section.

CONCLUSIONS

The evidence from the decay
modes of both the y and y' strongly
indicates they are both hadrons with
I=0 and G=-1. The large width of
the y"(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 ¢'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 difficulty. If the y's are
colored states, °° one immediately
faces at least the question of why the
P and y' 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

~ 100 GeV is only a factor of two or so above the 21-GeV data,

25
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Fig. 6. (a) The cross section, ex-

trapolated to t=0, 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) pho’(;opro—52
duction at K=19 GeV, E;=20 GeV.
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for substantial radiative decays of the y' into the p-wave states and the lack
of approach of R to the charm % rediction of 3 1/3 are particularly bother-
some. Moreover in any model 6,57 with an additive quantum number and
new quarks carrying it, the absence of the pseudoscalar partners of the y
and y', reachable by gamma ray transitions from the ¢', is a serious diffi-

culty.

Thus, although a great deal of experimental progress has been made on
the y's in the past six months, the critical, unanswered questions remain as
they were in January. 58 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 unavo1dab1e of these are the ~S; pseudoscalar states which are the
quark model partners of the 81 Y's. Again, experimental establishment of
their existence has not been forthcoming.

Therefore, the complete implications of the discovery of the y'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.
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