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I. INTRODUCTION

It all started nine months ago, but it seems like nine years. The number
of exciting new discoveries and the amount of new experimental information are
incredible, and we are justified in turning this symposium into a celebration
of physics. The main heroes of our celebration are, of course, our experiment-

al colleagues. First - the MIT-Brookhaven groupl'2 and the SLAC-LBL teams-lo,

and then - the many other groups, including the DASP collaboration at DESYII-IZ
and the HPW collaboration at the Fermilab}3-14 all of which have changed the
face of particle physics during the last nine months.

If the experimentalists were successful, the theorists were doubly
successful. They predicted that R = o(e*e >hadrons)/o(e e »u'n") would be
conétant, and it turned out to be constant twice8 (figure 1)... The clear
threshold5 in R signals the beginning of a new physics as much as the new
particles do, and the question which accompanied us for the last nine months
was: What are the features of this '"new physics'? Does it represent one new
quark (charm) or several? Does it represent heavy leptons or other non-hadronic
particles? Does it represent an observable color degree of freedom? Is it
something entifely new and unexpected?

We believe that some of these questions are now answered while others are
still open, but very close to being settled. We must emphasize, however, that
the rate of events enables us to present in this report, only a summary of our
understanding of the new particles, as of the afternoon of August 22. Our very
recent experiences prevent us from estimating the expected lifetime of the

opinions, evaluations and conclusions presented here.

*Supported in part by the U.S, energy research and development administration
and by the U.S.-Israel Binational Science Foundation.
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Figure 1: R=c (e e +hadrons)/o(e e >y u~) as a function of energy.

"II. THE EXPERIMENTAL y-SPECTRUM ON AUGUST 22, 1975

A summary of the known spectrum of the "y-family'" is presented in figure Z.
of the eight possible states in this figure three were reported yesterday for
. . 8,10,12
the first time

properties of the new particles are summarized in table I.

. 11,6
, and two have been with us for a month or two "’ . Some

Several points should be noted:
(i) No direct hadronic decay of y' have yet been identifiedg. We return to
this in section XI.
(ii) No decay modes of ¥'(4100) or the new ¥'''(4450) have yet been identified.
¥ (4100) may even contain some internal structure. We know, however, that the
decay modes of ¢''(4100) do not include a significant number of ¢(3100) in the

final state.
(iii) The yy and pp decay modes of x(2800) are more or less comparable12
Since pp is, presumably, only one among many hadronic decay modes, the Xx»>yy
branching ratio is probably very small (< a few percent).

(iv) x(3410) is not a pseudoscalar meson, if its wm or KK decay modes

’

are confirmed. This is a crucial point which destroys many theoretical models,
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Figure 2: Present status of the y-spectrum.

and it is important to verify it experimentally.
(v) It is not clear how many states exist in the 3500-3550 MeV range, but the
SLAC-LBL collaboration feels that at least two states are present .
(vi) The transition x(3410)->yy has not been observed at SPEAR. The DASP
group has two events
(vii) The branching ratios for (yy)/(hadrons) are not yet determined for the
various Pc and x states, but it seems that these iatios may be substantially
different for the different states in this region

We will return to these and other points in section X.
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Name Mass Width JP Decay Modes
=J 3095 70 keV 1 e'e”,u u”, hadrons (via v)
Many hadronic modes (G=-1, I=0)
v+x(2800)
P 3684 225 keV 1 e'e”,u’u”, Hadrons (via y)
Y+P(3510), y+x(3410)
Ty, nY
P! 4100 100-200 MeV|1~ ?
P 4450 50-80 MeV |1~ ?
on ? N
x( nc.) n2800 ? ? YY PP
X 3410 narrow P=(-1)J 4m,6m, KK, mm or KK
Yo (?)
Pc(=x?) 3510 (or 32607?) |narrow ? YY
x'(=pc?) 3530 wide or ? 4w,6m,mwKK
two narrow ¥(?2)
states? Y¥Ls

Table I: A short particle data table for the y-family, August 22, 1975

We believe that the y-particles are hadrons.

participate in interactions which are stronger than electromagnetism.

II1.

ARE THE ¢-PARTICLES HADRONS?

they
This

More precisely:

means that they are either hadrons with ordinary strong interactions or that

they possess some entirely new interaction which is stronger than electro-

magnetism. We know of no reason to believe that the latter possibility is

correct.

The indications for the hadronic nature of the y-states are the following:
(1) y'(4100) as well as y'"'(4450) have normal hadronic widths of 50-200 MeV

They are certainly hadrons (but perhaps they are not related to ¢ and ¢'?).
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11,12,6,10 (Pc,x,x(2800),...) indicate that we

(ii) The new C = +1 states
have a full spectroscopy of different JPC states, rather than one or two more
fundamental vector mesons (but perhaps this spectroscopy does not relate to
the strong interactions?)

(iii) The direct hadronic decays of (3100) seem to conserve isospin and
G-parityg. Among the known interactions, only the strong interactions respect
these quantum numbers. (But perhaps some new interaction respects them too?)

(iv) The measured c(yp+wp)15’16

together with vector dominance give an
elastic yp cross section which is larger than yp»p by one or two orders
of magnitude. Similarly, if we further assume that yp->yp 1is diffractive at
present energies, we find ctot(wp) ~ 1 mb. (However, these arguments use
vector dominance, and if ¢ is not a hadron, vector dominance is not applicable).
(v) If ¢ is a bound state of a fermion and an antifermion, the strength of
their binding determines the ¢+e+e- decay rate. The observed values of
T(ypre'e”), T(y'se’e”), T(y'se'e”) are comparable to each other and to the
p,w,$ leptonic decay rates. The binding of the fermion-antifermion pair must
be significantly stronger than an electromagnetic binding. (But perhaps the
y-states are not fermion-antifermion bound states?)

Each of these arguments by itself is not conclusive. For each one of them
there are "ifs" and "buts”l7, some of which we have mentioned above, parenthet-
ically. However, the overall trend is clear. The y-particles seem to have
fairly normal hadronic properties and the suppression of their direct inter-
actions with other, ordinary, hadrons can be qualitatively accounted for by

the Zweig-Iizuka ruie18 to which we return in sections VII and VIII.

IV. THE y-STATES AND THE THRESHOLD IN R

The y partic1e51’3’4

are found in the same reaction and the same energy
range as the new threshold5 which changes R from 2.5 to 5 (figure 1). The
integrated areas under the y,y',y" resonances are comparable to each other
(within factor 3). These areas, if ''smeared" or averaged over an energy range
of 1 or 2 GeV (the ¢y level spacing) would yield an average cross section of

10-15 nb. The threshold in R corresponds to an increment of a similar number
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of nanobarns at Wu4-5 GeV . Consequently, it is reasonable to guess19 that

the y-states are related to the '"step'" in R, and that they may be bound states
of thé same physical system whose continuum is manifested by the new threshold.

We therefore conclude that at least a substantial part of the increase in

R is directly related to the y-particles. Whether the entire increase in R
is due to the same source we do not know, and we will emphasize later that it

may actually reflect two different thresholds.

V. DOES y POSSESS A NEW QUANTUM NUMBER? IS IT '"'COLORED"?

Why is ¢(3100) so narrow?

The simplest explanation would be that ¢ possess a new quantum number
which is not shared by any of the previously discovered hadrons. The conserva-
tion law associated with the new quantum number would then prevent all hadronic
decays of ¢ .

The direct y«>y coupling is comparable to y«*p . Consequently, the
electromagnetic current must have a substantial piece which carries the new
quantum number. As long as charge conjugation is a good symmetry, a quantum
number carried by the photon cannot be additive (like charge, strangeness,
baryon number, etc.). It must be either multiplicative (like Parity, Charge
Conjugation etc.) or vector-like (like Isospin, Spin, SU(3), color, etc.).

Regardless of the explicit choice of the new non-additive quantum number, the

following "script" emerges in such a model:

(a) ¢ is the lowest lying vector meson possessing the new quantum number. It
has no direct decays to ordinary hadrons.

(b) ¢' could decay strongly into ¢mm, yn. Its narrow width must be due to an
entirely different mechanism (such as the Zweig-Iizuka rulels).

(c) The threshold in R represents the production of many wide, overlapping
new excited states with the new quantum number. Their dominant decay modes

are into the lowest lying states possessing the new quantum number, such as ¥
or its pseudoscalar neighbour. ’

(d) ¥ can "lose" its new quantum number by radiating a photon. Hence, the

dominant ) decay modes should be: ¢~y +hadrons.
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The many versions20 of the Han-Nambu21 color model for the Y-particles
follow the "script'" outlined above. In addition, they have other common
features. Both y and y' belong to color octets. However, the color-
conserving strong decays y'->ymm, w'4¢n, are suppressed by the Zweig-Iizuka
rule because the ¢ and ' (in analogy to w and ¢) are made out of different
types of quarks. This leads us to expect pseudoscalar neighbours for ¢ and for
y' but there is no need for several states between y and y'. We also_expect
charged wp-particles around ¥(3100) with transitions such as w'*ﬂi+$; etc.

We believe that the color scheme, as well as all other models assigning
a new quantum number to the y-particles, are in serious disagreement with the
data. All such models suffer from the following difficulties:

(i) Many direct hadronic decay of y(3100) have been observedg. They include
np,www,KK*,pﬁ,Aﬁ,Kknw,ﬁpnn, etc. In all pionic y-decays, whenever a > can be
distinguished from a y, it proves to be a . In particular

P mO)ST (Yo m y) .

(ii) In e'e” collisions above W ~ 4 GeV , very few (if any) y-particles are
observed in the final state. This contradicts the basic notion that all strong
decays of all excited states possessing the new quantum number should show a y
or another low lying member of the same '"family".

(iii) The rates for y~>y+hadrons are certainly much smaller than expected for
full strength ordinary radiative decays. For instance T (¢->ny) ~ 100 keV while12
T (y>ny) n 100 eV , T(W»n'y) ~ 1 keV . It is clear that ¢ radiative decays are
strongly suppressed.

(iv) The existence of several C = +1 statesu"6 between y and y' , and the
clear indication that at least x(3410) is not a pseudoscalar meson6’10, is very
hard to digest in such models which expect only JP = 0  states between y and
LA

Color models suffer from several other difficulties such as the absence of
charged wpi in y' decays, and the lack of any explanation for the two-muon
events in neutrino scattering.

We conclude that in spite of the ingenuity that went into some of these

models, their gross features are incompatible with the experimental observations.
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The direct hadronic decays of Y, the lack of important radiative decays
and the absence of y's in high energy e'e” final states lead us to conclude that
the y-particles do not possess a new non-additive quantum number such as the

Han-Nambu version of color.

VI. THE y-PARTICLES AS COLORLESS BOUND STATES OF HEAVY QUARKS

The rejection of the possibility that the w-garticles are colored, returns
us to the conventional theoretical framework of hadron physics according to
which:

(1) All hadrons are made out of quarks.
(ii) All quarks are color triplets.
(iii) The electromagnetic current does not carry color.
(iv) All hadrons are color singlets.
Our set of quarks includes three '"old" "light'" quarks-u,d,s, and one or more
"new" '"heavy'" quarks. We will use the collective notation q for any of the
"01d" quarks while the '"new'" quark or quarks will be denoted by Q.
We expect three types of mesons:
(i) Ordinary mesons are qq states.
(ii) We assume that the entire y-spectrum corresponds to QQ states.
(iii) An additional family of mesons should be formed by qQ and Qq states.
These are the (''charmed") D-mesons which are predicted in any such model.

The important dynamical ingredient which is responsible, in such a theory,
for the narrow width of the ¢ , is the Zweig-Iizuka (ZI) ru1e18. Both
y~hadrons and y'»ymm, Y'shadrons decays are suppressed by this rule and the
narrow widths of both ¢ and y' are '"explained" by the same mechanism. It is
significant that this mechanism was not invented for the purpose of 'explaining"
the y-width. It is a natural consequence of dual models (such as the '"string
model™) and it has been in use for ten years for the purpose of explaining the
production and decay properties of the ¢- meson.

The quantitative aspects and the theoretical foundations of the ZI-rule
are far from clear. The fact that it works much better for y.than for ¢

was predicted by Appelquist and Politzer22 before the y was discovered, but
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the magnitude of the suppression remains to be understood. The asymptotically
free gauge theory of colored quarks and gluons predicts that ZI-forbidden
transitions are weaker for heavier quarks. It is extremely crucial to test

this and to understand this better. We return to this issue in section VIII.

VII. QUALITATIVE FEATURES OF PROCESSES INVOLVING y-PARTICLES

We now review several classes of processes involving the new mesons, and
discuss some of their qualitative features. We will use the symbols ¥,D, M for
QQ, Qq or qQ, qq mesons, respectively.

(A) ¥-MM (figure 3a)

Such processes are suppressed by the ZI-rule. The total hadronic widths
of ¢ and y' are, of course, very small. It is important to note, however, that
the much wider " (4100) is unlikely to decay into M-mesons for the same reason.
Its branching ratio into all ordinary hadronic modes would presumably be
1073-107*, and we cannot hope to determine its isospin or G-parity by investigating
Y''->pions.

(B) Y¥>wW (figure 3b)

Such processes are also suppressed by the ZI-rule, although in this case
the total energy transferred by the gluons is much smaller, and the degree of
suppression may be somewhat less spectacular. The decays ¢'->ymm and ¢'»yn
are indeed suppressed. It would be interesting to search for y'»w+x(2800),
but its strength is guaranteed to be small by the total y'-width. All y" decays
involving w,w',x,Pc etc. in the final state are also suppressed. Consequently,
we should not find many ¢'s in the final state around 4.1 GeV. This is confirmed
by the data.

(C) ¥»DD (figure 3c)

These are unsuppressed, regular, strong decays. They presumably account
for almost all of ¢'"(4100) and y'''(4450) decays. The lower-lying states
¥(3100), ' (3700), P_, X, x(2800), cannot decay into DD because of energy
conservation.

(D) ¥>v¥ (figure 3d)
These are ordinary radiative decays, and their rates should be of order a.

Experimentally, the partial widths for ¢'»>yx, ¢'+7Pc, P>yx(2800), seem to be
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6’10’11’12. This is substantially smaller than decays

of the order of 1-10 keV
of the type MyM (e.g. w>my, ¢-ny, A++py, etc.). No convincing explanation
has been offered for this fact, so far.
(E) Y¥»yM (figure 3e)

These radiative decays are suppressed by the ZI-rule. They should be
smaller than V¥-y¥ transitions because of this suppression, and smaller than
¥>MM decays, by a factor a . The only observed decays of this class, so far,

are12 F(y»ny) ~v 100 eV; T(@»n'y) v 1 keV .

M
\»Q q_ A///”///% Q _
) — _’ ' _'< v
Q q \ Q HHH1
M Y
(a) (d)
'

(¢) (f) 2830A3

Figure 3: Quark diagrams for reactions involving M, D and

Y mesons.
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(F) e' e ¥ (figure 3f)

Whenever a QQ pair is prcduced in e'e” collision,an excited ¥ state is
created. Its disintegration follows the rules outlined in (A), (B), (C) above.
Consequently, in almost all cases a DD pair (possibly D* 5**, etc.) will emerge,
while y particles in the final state should be (and are) extremely rare.

The emerging overall picture is that the ZI-rule accounts for several

features which are otherwise very mysterious, but that our quantitative under-

standing of the various rates, especially those of radiative decays, is totally
inadequate. It is extremely important to perform many more experimental tests
of the ZI-rule, and to find out if its success indeed depends on the energy
transmitted by the gluons and on the number of gluons involved. We therefore

turn now to a few suggested experiments along these lines.

VIII. HOW TO TEST THE ZWEIG-IIZUKA RULE?

Several interesting tests of the ZI-rule and its theoretical origin, are
the following:
(i) The absolute width of C = +1 statesof the ¥-family will provide us with some
insight into the ZI-rule. If x(2800) is indeed the pseudoscalar analogue of
¥(3100), it can decay into hadrons via a two-gluon state rather than a three-
gluon state23 (figure 4a). If the gluon couplings are small, x(2800) should
have a width of the order of 1-5 MeV. A measurement of the absolute width is,
in principle, possible, using the Primakoff process: y+Nucleus-»x(2800)+anything
via one-photon exchange. This seems like a very difficult experiment, especially
in view of the apparent small branching ratio12 of x(2800) into easily detectable
modes (pﬁ oryy) . Other C = +1 states such as x and Pc states can also decay
via two gluons but their total width is further suppressed by the g=1 angular
momentum of their QQ pair in the nonrelativistic Charmonium schemezs. It is
not clear that we would be able to disentangle the different suppression factors
in that case. :
(ii) If x(2800) is a JpC =0 " state, the decay y'»w+Xx must exist. Itg
strength should teach us something about the ZI-rule. The transition involves

three gluons as opposed to two gluons for ¢'symm, ¢'>yn (figure 4b). The
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total energy carried by these gluons is, however, substantially smaller than
in Y¥>MM decays. In fact, the processes discussed so far in this section
should provide us with some information on the importance of both the number

and the energy of the gluons. This is summarized in table II.

3 gluons 2 gluons
E(gluons)v3 GeV y~hadrons » x(2800)-~+hadrons
E(gluons)~0.5-1 GeV Y '->wx (2800), ¢>3m P>y, P aYn

Table II: Processes suppressed by the ZI rule, involving different gluon

numbers and energies.

(iii) Since y' is now found, it is about time that ¢' be found. The ¢' which
is associated with p'(1550), is expected somewhere around 1800 MeV. Its
dominant decay modes should be into KK,KKm,KKnm, etc. The decays ¢'+pions
and ¢'>¢mm are ZI-suppressed. ¢'+¢n is not suppressed. If the gluon energy
is relevant, we expect T (¢'»>pions)<I(¢>pions) . We expect also:
T(¢'>¢n)>>T(¢'+¢mm) . All of these modes are detectable once ¢' is discovered.
It can most easily be found in e'e” experiments or, possibly, in photoproduction.
(iv) The decay ¢»¢nm 1is predicted to be suppressed even more than y-wmm
(figure 4c). In theories with gluons, (»¢mm involves four gluons while
y>wrm  has only three. The fourth gluon connects the ¢ to the wm system and
does not carry too much energy, and the degree of gzzzg_suppgession is not
expected to be spectacular. We now have a preliminary experimental valuegz

I (y>¢nm) /T (y>wrm) ~ 0.2 + 0.1 . This should provide us with more constraints
on the ZI-rule. Note that y=¢n is not doubly suppressed and should have a
larger matrix element than y-¢mr .

(v) There are many ZI inequalities for ¢-production. We expect

o (pp>pp¢KK)>o (pp>ppénn) etc. This should be investigated in detail. The
implications for ¢ and D production are, of course, clear. We expect

a(pp>y+anything) to include many DD pair524

328




Harari 13
P P
wm« xmﬁ):(

L P

(a)
\p /\_)__’,/7/’(
i | w

(b)

¢
w
:ﬁf@ w:%§<
m
m
2830A4 | q: (c) q1‘7'_

Figure 4: Quark diagrams for processes suppressed by the ZI-rule.

(vi) Processes such as yp>mmmp oOr yp>ymmp are suppressed by the ZI-rule.
The dominant inelastic channels in yp scattering are of the type
yp->DDmmp 24. Since the production of such final states is probably much
smaller than, say, wp>mmmnp , we expect atot(wpgz<ctot(wp)_. Moreover,
otot(wp) should show a striking threshold effect®  at the DD threshold
(Vs ~ 5 GeV) . yp scattering experiments are, of course, impossible, but
y-photoproduction should reflect some of these features. We especially expect
a clear threshold in yp»yp around ¥s ~ 5 GeV or p ~ 13 GeV . Present
datal5:16525 Y

threshold. These and other quantitative investigations of the ZI rule are

are consistent with, but do not prove,the existence of such a

absolutely crucial for our understanding of the new particles.
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IX. WHY DO WE NEED NEW QUARKS?

The conventional V-A theory of the weak interactions, and the SU(2)

"weak isospin" of a Weinberg-Salam gauge theory provide us with two doublets
of left handed leptons:

Y
e \’]J

e H

Cabibbo's theory of the hadronic weak interactions contains a "weak

isospin'" doublet and a singlet of left handed quarks:

u
N
where
d' =d cosec +'s sinec
s!' =

-d sine_ + s cos®
c c

It is clear that such a theory shows no resemblance between leptons and

quarks. Furthermore, the neutral weak-isovector current includes a term

“f 1
d'(1 + ys)yud

which contains a neutral [AS| = 1 component of strength G cose_ sing

Such a term would induce a large K§+u+p- decay and a large Kg-Kz mass
difference. The s'-quark does not participate in any charged weak transition
in such a theory, and the famous triangle anomalies26 (figure 5) are not

cancelled. The cancellation condition for such anomalies in a pure V-A theory
. 27
is

all
fermions
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This relation is, of course, not obeyed in a theory of four leptons and three

quarks.

Fermion
(quark or lepton)

2830A5

Figure 5: The triangle anomaly graph.

All of this unpleasantness is immediately rectified if we follow the

brilliant suggestion of Glashow Il]liopoulos and Maianizs, and introduce a fourth

charmed quark c with Q = + %-. The four left handed quarks now form two
weak-isodoublets:

u c

d' s'

The symmetry between the four leptons and four quarks is obvious. The V-A

neutral current includes a term:

d'd' + s's' = dd + ss

and is, therefore, diagonal in the quark states and conserves all additive
quantum numbers, including Strangeness and Charm. The KL+u+u' and KL-KS
transitions are very small. The s'-quark is now a full participant in

charged weak transitions. In fact, all weak decays of charmed particles
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involve a c¢»s' transition. Since s' is mostly (95%) a strange quark, most

weak decays of charmed particles involve strange particles. The leptons have:

I Q =-2
leptons

While the four tricolored quarks have:

2 1.2 1
R R TR
quarks

Hence: ) Q. =0

fermions
and the anomalies cancel. It is remarkable how much you can get, by introducing
only one new quark! It might be even more remarkable if this quark is found
and if it has all the predicted properties, especially the dominant -weak decay
into étrange particles.

The model including four leptons and four quarks is the minimal extension
of the previously known set of particles (foﬁr leptons and three quarks), which
is consistent with the absence of neutral IAS[ = 1 currents and anomalies.
However, we may extend the scheme by adding more weak-isodoublets of leptons and
quarks. The next simple extension could be to introduce two new leptons for a

total of six:

Ve v, 23
e u L
. .29
and two extra quarks for a total of six"7:
u c t
d* s' b

Here t and b (for top, bottom) must have Q = + respectively, in

W
1
W=
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order to preserve all the required features. The c and t quarks may be mixed
by a Cabibbo-like angle ¢ :

c' = c cosd + t sing

t'

-c sin¢ + t cos¢
and the weak-isodoublets are then:

u c' t!

d s! b

One quark can always be chosen to be an eigenstate of the strong interaction
symmetry and the '"weak-isospin'". We choose it to be u . The b-quark may, in
principle, mix with d' and s' but the fact that independent measurements of
sinec and cosec give sinzec + coszec = 1 means that b mixes very little, if
at all. Hence ec and ¢ are the only relevant mixing angles.

Within the V-A theory there is no theoretical reason to increase the
number of leptons and quarks to six or more. However, if more than four leptons
or more than four quarks are found experimentally, this becomes a necessity
within the framework outlined above.

The quark-lepton symmetry, absence of IASI = 1 neutral currents,
cancellation of anomalies and dominant strange particle decays of the new quarks
are common to any pure V-A model which has an equal number of weak-isodoublets
of leptons and quarks. )

We therefore conclude that the existence of four left-handed leptons leads
us to expect a fourth quark while the possible existence of a fifth and a sixth
lepton might imply two more quarks for a total of six. We return to this in

section XVI.

X. ¥-SPECTROSCOPY

The spectroscopy of the ¥-family should provide us with answers to several
important issues such as the number of new types of quarks and the dynamics of

the QQ interactions. Until two months ago, when we had only three of the present
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eight states of the y-family, several options appeared to be equally reasonable:

{(a) We have one new (charmed) uarkzs. p 1is the ground state 138 vector meson.
» q 1

P! is the first radially excited state23 2381. " is the next radial excitation
3381 . Almost any reasonable potential23 predicts, in this case, that the lowest
lying P-states, 3PO, 3Pl, 3Pz, are somewhere between ¥ and ¥' and can be discover-

"ed in the radiative decays of y'

(b) We have several (two or three) new quarks. ¢ and ¢' are both ground state
vector mesonszg, corresponding to different quark‘combinations (1ike p, w, ¢).
In such schemes the only C = +1 states below y' are presumably the JPC = O'+
S-state analogues of ¥ and V'

(c) We have several (two or three) new quarks. ¢ is a certain combination of
such quarks. ¥' is a radial excitation of the same combinationso. The other
ground-state vector mesons correspondong to other QQ combinations have much
smaller couplings to the photon and are not seen. In such models the three
P-states are expected between ¥ and '

It is clear that options (a) and (b) are the simplest logical possibilities.
(c) was motivated by attempts to reconcile the large increment in R which suggests
several new quarks, and the assignment of y' as a radially excited state.

The discovery of two or three C = +1 states between ¥ and ¢' , and the
determination of the natural spin-parity of x(3410) have made option (b) an
unlikely possibility. It seems that the assignment of ¥' as a radially excited
state is probably correct.

' The choice between the natural option (a) and the somewhat artificial (c)
depends on R and several other factors and we will return to it later, in
section XVI. The discussion of the observed level structure is, however, common
to (a) and (c), and we will pursue it, assuming, for simplicity, that we have
only one new (charmed) quark.

The so-called "Charmonium'" level scheme is shown in figure 6, as predicted23
in December 1974 when only ¢ and y' were known. A comparison with figure. 1
shows a dramatic qualitative success. Many questions remain open, however.

We discuss here only a few of them.
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More
P-States

———e
F-States

335,

2830A6

Figure 6: The '""Charmonium' level scheme.

(i) The lowest lying 3D1 state presumably has a very small coupling to the
photon. Its wave function allegedly vanishes at the origin and its mixing -
with the 2351 state is very small. Consequently, it is not seen as a bump in
e'e” collisions.

(ii) The next 301 state is above the DD threshold. Through charmed meson pairs
it mixes more with the 3351 state. The result is perhaps31 the relatively
.small ¢''(4450) bump which is then mostly a radially excited D-state, with
some 3381 mixing. The alternative assignment for y'' as a 4351 state is un-
likely, since the latter state is expected at a higher mass.

(iii) The absolute magnitude of the partial widths for ¢'»y+x, w'+Y+PC was
predicted23 to be around 25-125 keV. Experimentally it seems to be 5-10

6,10,11,12

keV This is a serious discrepancy. Attempts to bridge the gap .

between theory and experiment have left the theory at least a factor 3 away from
the experimental number531. No satisfactory explanation has been offered, so

far.
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(iv) The mass difference between x(2800) and ¢ is much too large for any
version of the nonrelativistic Charmonium picture. It is possible, however,
that the pure cc 0~" state is near ¥ but that the physical pseudoscalar

particle is not a pure cc state in ihe same way that neither n nor n' are pure
ss states. In this case, however, x(2800) production in ordinary hadronic
collision should be substantially larger than y-production. Moreover, n or n'
should have a small cc component and y and y' would have relatively large n
and n' decays. The transition ¢'»>yn is indeed somewhat large. In any event-
either x(2800) is not a pure cc state, or the nonrelativistic picture is in
grave difficulty.

(v) The radially excited pseudoscalar state near y' could be one of the observed
states around 3500-3550 MeV. We must remember that we altogether expect four

C = +1 states between y and ¢': three P-states and the 2380 pseudoscalar state.
(vi) The exact level spacing of the three P-states, if and when they are found,
will provide us with a tight test of various properties of the binding
potentialsz. Certain level patterns are unacceptable while others are allowed
and may determine the detailed behaviour of the potential.

(vii) The matrix elements for radiative transitions between 238 and 138 states
are predicted to be much smaller than 2381—1+2380 or 1381—1-&350 . This follows
from the suppressed overlap between the orthogonal 2S and 1S wave functiOn523
(viii) The (x»v¥)/(x>hadrons) branching ratio will also provide insight into the
intricate Charmonium picture. Large variations of this ratio for different x
and PC state seem to exist, and need to be explained.

Independent of the Charmonium picture, the search should continue for charged
y-like objects (predicted not to exist in the charm scheme) and possible neutral
y-like states beyond the ones recommended by the charm model. If such states are
found, we will be thrown back into two-quark and three-quark schemes for the
W—familyso.

One experimental puzzle which may or may not be related to such states

is the question of the missing y'-decays to which we now turn.

336




Harari 21

XI. THE MISSING DECAYS OF ¢'(3700)

The known decay modes9 of y' are summarized in table III. Only 65% of the
decays are accounted for. The remaining 35% or 80 keV are mysterious. They

should include all direct hadronic decays of y'

¥'*y+anything 57%
Yo 32%
wﬂono 16%
¥n V4%
Yy 5%
Y'>y>anything 5%
e'e” 1%
wi” 1%
hadrons 3%
">y +
VT few %
hadrons
Y!ry+P
¢ included in y' > yyy
Lvyﬂp
total "65%

Table III: Known decay modes of y'

However, no specific hadronic channels have been observed. The upper limits,
on the partial widths for ¢'smp, pp, m 7 7 7 1° are smaller by factors of
2-3 than the corresponding partial widths for ¢ decays. This is consistent

with the prediction of the Charmonium scheme23 which says that direct
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hadronic decays of y' and ¥ should obey the same ratio as their respective
leptonic decay ($':yv1:2) . In any event, since P(¢+hadrons)&50 keV, we
suspeci, on the basis of the present experimental limits, that ' (y'»hadrons)<20
keV. That leaves at least a partial width of 60 keV which is unaccounted for.
The "missing" decay modes are not direct hadronic decays, they cannot be re-
constructed as four-constraint or one-constraint fits and they cannot be related
by isospin or other symmetries to identified decay modes.

These mysterious decays may turn out to be f&irly "harmless'". This would
be the‘case if they include a substantial w+x(2800) mode or modes such as
¢'+ﬂ°yx(2800). However, they may turn out to be crucial and sensational if

°%* . Another possibility

they represent decays such as w'+ﬂix+ or ¢'+ﬂtﬂ
is that we have several additional y'+y+x decays with too many x-states. The
last two options would clearly lead to models with several new quarks.

We feel that no theoretical idea for the y-spectrum should be accepted as
true as long as the missing y'-decays are still missing, and we urge our

experimental colleagues to try and straighten out this puzzle.

XII. THE ELUSIVE CHARMED MESONS AND THEIR PREDICTED PROPERTIES

Let us assume that the existence of the y-particles reveals the existence
of only one new quark and that the weak interaction properties of the new quark
are then suggested by the '"classical" GIM28 Charm scheme. What would be the
expectéd properties of the charmed mesons ("D-mesons') and how would they be
reflected by e'e” data above W n 4 GeV?

(i) The mass of the lowest lying D-meson is presumably 1.85-2.0 GeV. This
follows from: m(y') < 2m(D) < m(y") . ~

(ii) Most decays of D-mesons should include K-mesons in the final state. .A
reasonable estimate for the number of charmed meson decays containing K-mesons
might be 60-80%. '

(iii) It is hard to estimate the average multiplicity. However, known mesons
around 1600-1700 MeV have average decay multiplicities <n>v3.5-4 (see e.g. the
ptand the g mesons). Proton-antiproton annihilation at rest (Mn1.9 GeV) have

<n>n5 . We estimate <n>v4  for an "average'" D-meson. This gives
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<n> .~2.5-2.7 per D-meson and <n> ,A5-5.5 for each DD pair.

(iv;:h The fraction of the energy Eeried by charged particles is eipected to
be as in any hadronic process. However, if the abundant K-mesons are
treated as pions, the apparent ratio Ech/Etot should be smaller than normal. g
The Bch/Etot ratios measured at SPEAR assume that all charged tracks are pions .
Consequently, we would expect it to decline above the DD threshold.
(v) The inclusive spectrum for ordinary hadrons coming out of D or D decays at
SPEAR should be mostly confined’> to x<0.5 .
(vi) Two body decays such as (Kn) are expected to be fairly rare, since
<n>v4 . The branching ratio of D-Kr 1is probably, at most, a few percent.
(vii) The pure leptonic ev, uv decays are very sma1133. If the lowest lying
D is a pseudoscalar, and we have a V-A transition, TI'(D>uv)>>T(D-»ev)
(viii) The contribution of DD pairs to R is asymptotically %—. It is possible
that at present energies it is 10-20% higher, i.e. ARn1.5 .

This is the type of list that one would make if one had not seen the
SPEAR data above Wn4 GeV . It is a reasonable, unbiased list of predictions

of the Charm scheme.

XIII. COULD ALL OF THE 'NEW PHYSICS' BE DUE TO CHARM?

In order to study the experimental features of the '"new physics', we have
to compare the data for e'e” collisions below and above the new threshold.
Figure 7 shows some of the relevant data8. Comparing the results to the
expectations outlined in the previous section, we learn that:

(i) The Wv4 GeV threshold is consistent with the production of pairs of
2 GeV particles.

(ii) The percentage of events containing K-meson does not change substantially,

when we cross the new threshold. This is a very serious difficulty for charm
(see, however, section XV).

(iii) The average charged multiplicity above Wu4 GeV is <n>chw4 rather
than the expected 5-5.5. This means that each of new (pair-produced) pa;ticles
decays on the average into two charged particles, and probably one or two

additional neutrals.
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(iv) The apparent energy fraction taken by charged particles is decreasing,
as expected (but the alleged reason for it, namely the large K/m ratio, did
not materialize!)

(v) The inclusive spectrum of hadrons coming from the decays of the new
particles is limited to x<0.5 , as expected (figure 8).

(vi) No peaks are observed in invariant mass plots for Km, mm, Kmm, wwmw
final statessg. This by itself should not be so worrisome, if the D-mesons

decay on the average into four particles. However, since <n> ,n2 , it is

>
ch
hard to see how they can avoid substantial decays into two body channels.
- +
(vii) The events of the type e'e +e"+pi+neutralswhich are observed at
SPEAR» 10

D-meson decays (more in section XIV).

are too numerous and have the wrong properties for purely leptonic

(viii) The increment in R is 2.5-3 , twice the expected value of 4/3.

We conclude that the K/m ratio, the value of R, the eiﬁ+ events, and
probably also the combination of low multiplicity and absence of KT peaks,
present the charm scheme witch very serious difficulties. _We will now see,
however, that the picture may change radically if the eiu+ events7’10 represent

the production and decay of a heavy lepton pair.

XIV. A NEW HEAVY LEPTON AND ITS PREDICTED PROPERTIES

- +
The e+e ->e"u+ events found at SPEAR7’10 seem to indicate very clearly

that a‘pair of new particles are created. The simplest explanation for these

events is the process:
ete U +U”
Followed by

+ * o
U »e +neutrals; U -p +neutrals.
The two simplést possibilities for the interpretation of the U-particle
are to identify it as a charmed meson or as a heavy lepton.
We believe that the heavy lepton possibility is strongly favored. The

. . . 10
U-particle seems to decay into three particles rather than two , the energy
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dependence of its production is consistent with 1/s (but also with other
possipilities)lo; the rate is larger than expected for a D-meson; the e/u
ratio is inconsistent with a(V-A) decay of a pseudoscalar meson (but perhaps
the lowest lying D is a vector meson?). All of these indicate (but do not
prove) that the heavy lepton assumption is preferred.

We believe that there is one more important argument which points in the
same direction. In figure 9a we plot the energy dependence of the quantity
(R-2.5), assuming that it represents the '"new physics'. If the eiﬁ+ events
are indeed due to D-mesons, their production rate should follow a similar
curve including the peak at Wv4.1 GeV. Moreover, near the 4 GeV threshold, a
D-meson will be produced almost at rest, and its two-body decay will always
yield an ei or ui with pvl GeV . Such a lepton has a very high detection
probability in the SPEAR experiment, which identifies only leptons with
pa0.65 GeV7’10

observed rate has two good reasons to peak at Wv4.1 GeV: The real peak in R,

. + + .
. Consequently, if the e u events come from D-mesons, their

and the large experimental efficiency. Figure 9b shows the quantity
cobserve&(e+e-+eih+)/o(e+e'+u+u-). It certainly does not peak at Wv4.1l GeV and
it is perfectly consistent with a gradual rise from threshold towards a constant
fraction of a unit of R, as expected for a heavy lepton.

We therefore conclude that we may be facing a new charged heavy lepton
with a mass around 1.9 GeV.

Can the entire rise in R be due to it? Probably not, because of the "
and Y'"' which have hadronic widths and because of our arguments in section IV.

' In that case we may be in the incredible situation of producing new pairs

of mesons and new pairs of heavy leptons with approximately the same mass. As
a theoretical idea this sounds unbelievable. However, the eiu+ events do point
towards a heavy lepton and the rest of the data, including the y-spectrum, point
towards new quarks and their new mesons.

What are the predicted properties of such a heavy lepton?
(i) 1Its decay into strange particles is proportional to sinZBCNS% . There may
be perhaps another 5% from nonstrange final states which decay into KK pairs.

The overall percentage of decays containing K-mesons is, at most, 10%.
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(ii) The dominant decay modes are, presumably: U »e v vy TIRY vy “-VU,

- 0 - 00 - - 4+ ~ . -e u
T vU, AWV TV, etc. Of these, the first five have n, = 1 and
the last has ng = 3 . A reasonable guess for the average charged multiplicity
is probably <n>chm1.3-1.5 .

(iii) An unusually large percentage of the total energy is taken by neutral
particles (the usual 7° percentage plus the neutrinos!). We therefore expect
Ech/Etot 35
(iv) The predicted leptonic branching ratio™ is:

to be below normal, probably well under 50%.

U>evy o
m'\i 15 - 20%
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The observed rate indicates a branching ratio of 7-15%. This is reasonable.
In order to test these predictions we should be able to separate heavy
lepton pairs from charmed meson pairs. If we could trigger on neutrinos(!)
we could do it. At present, it is not easy to separate the two types of
particles.
We can assume, however, that the heavy leptons obey the above properties,
and then use the data in order to determine the experimental properties of

the charmed mesons.

XV. COULD THE NEW PHYSICS, EXCEPT FOR THE HEAVY
LEPTON PAIRS, BE DUE TO CHARM?

We now return to the data for the '"new physics" which we discussed in
section XIII, and "remove" from it the contribution of the heavy lepton,
according to its predicted properties (section XIV). We find an amazing
picture:

(i) Both new thresholds are around Wn4 GeV . Of the 'mew physics' events
35-40% are due to the heavy lepton pair (AR = 1) and 60-65% are due to the
charmed mesons (ARV1.5).

(ii) On the average, the number of K-mesons per event below or above Wv4 GeV
is around 0.9 (assuming equal numbers of K, K+, Ko, Ko). But the heavy lepton
pairs presumably contain an average of 0.2-0.3 K-mesons per event. This means
that the rest of the new physics contains 1.3 K-mesons per event and each
charmed meson decays on the average, into 0.65 K-mesons! This is in remarkable
accord with the expectations of the charm idea!

(iii) The averaged charged multiplicity of the '"new physics" is <n>chw4 .

The heavy lepton pairs presumably have <n>chm2.6-3 . Hence, the rest of the
new physics has - <n>chw4.8. This is closer to our original estimate of

5-5.5 (section XII).

(iv) The apparent E /B is expected to decrease for both charmed mesons

tot
(because of K's) and heavy leptons (because of neutrinos). It does decrease
experimentallys.

(v) The inclusive cross section for both DD and U'U™ is expected to be

concentrated at x<0.5 , as it does experimentally (figure 8).
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(vi) The absence of Kmw peaks34 is not so worrisome if <n>ch is larger, and
if only half of the new physics events come from DD pairs. For instance, the
limit on (D++R°ﬂ+)/(D++a11) is then34 <7% while the dominant modes are
presumably the four body decays such as Kmwm .
(vii) The eiu+ events are mostly or entirely explained by the heavy lepton
pairs and pose no problem as far as the D-mesons are concerned.
(viii) The increment in R is 2.5-3 as compared with AR = %— (possibly plus
10%-20%) for charm and AR = 1 for the heavy lepton. The total "expected"
AR is 2.5. The experimental R is still a bit too large, but it is not hopeless.

The overall lesson is clear - the presumed presence of a heavy lepton with
the most reasonable properties, has completely changed the picture for the gross
features of the new hadronic physics. The picture is now perfectly consistent
with the charm scheme.

Three remarks should be added here -
(a) Several measurable quantities such as the K/m ratio and > 4 have similar
values for the "old physics" and the 'new physics' while they have radically
different values for the two different components of the 'mew physics'". This
appears to be extremely artificial and unlikely. However, we reached this
conclusion by analyzing the experimental observations rather than by inventing
a new incredible theory. If the heavy lepton exists, we see no way of avoiding
such a conclusion.
(b) Even if the K/m ratio and D> remain largely unchanged below and above
the new threshold, we expect them to show a small but detectable peak around
Wv4,1 GeV. Better data are needed to test this, but there is no experimental
evidence for it at the moment.
(¢) The charm scheme with four quarks and four leptons is theoretically very
attractive (see section IX) but experimentally in grave trouble (section XIII).
The addition of two leptons (for a total of six) restores the experimental
viability of the four-quark model. However, its theoretical foundations are
shaken. If we have six leptons and four quarks, the anomalies do not cancel

and the quark-lepton symmetry disappears. Do we then need more quarks?
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XVI. HOW MANY QUARKS AND HOW MANY LEPTONS?

Now that we have analyzed various possibilities concerning new quarks and
leptons we may review the options which are open to us. We know that above
W4 GeV we have RA5  and the new physics corresponds to ARV2.5 . This requires
several new fermions. Starting with the well known four leptons (e, Voo s vu)
and three quarks (u, d, s) we now review the possibilities still remaining within
the conventional V-A theory:

(A) One new quark (c) and no new leptons

This gives the wrong R and K/m ratio, and does not provide a reasonable
. + 4+
explanation of the u e events.

(B) Two or three new charged leptons. No new quarks

Does not explain either the narrow ¢, ¢' or the wide y", y"' . Solves
nothing. Almost certainly wrong.

(C) Three or two new quarks (c, t, b). No new leptons

. . 30
Daes not explain the spectrum of the ¥-family (unless the quarks are degenerate
and more y-states are to be found). Gives the wrong K/m ratio and does not
. . i
provide a reasonable explanation for the u e’ events.

(D) One new quark (c) and two new leptons (U, le

Agrees with all known data. Does not possess quark-lepton symmetry. Anomalies
are not cancelled.

We see that, at present, (D) seems to be the only viable scheme from the
experimental point of view. Theoretically, however, we prefer to supplement

the six leptons:

e H U

e H U

with six quarks. Within a V-A theory, these must be (see section IX):
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where t, b have electric charges + %3
are presumably produced at energies above WA7.8 GeV , or eise we would have

- %3 respectively. The t and b quarks

already seen the tt and/or bb vector mesons.

We find no experimental reason to introduce additional V+A currents into

the scheme which involves six leptons and six quarks. The two muon events

13,14

found in neutrino experiments at the Fermi laboratory could possibly provide

us with such a reason. This might happen if the u+u- events are proved to be
too numerous to be produced by - :

v+da>yp +c
followed by -

+
cC>s + 1y "'\)“I

or if the u events14 are confirmed, and are proved to be too numerous for -

v+d->p +u+c+c

followed by -

At the moment we do not believe that the two-muon events necessitate a
modified weak current36, but more data are clearly needed.

The possibility of (V+A) currents is, however, theoretically interesting.

We now turn to it.

XVII. DO WE HAVE A (V+A) CURRENT?

Empirically we know that the charged weak currents involving the u, d, s
quarks and the four "old" leptons are of the V-A type. Theoretically, there
is no reason to exclude the possibility of a V+A current for quarks and leptons.
. . . . 37-44
In fact such currents have been proposed with various motivations , some
of which related to the new particles. The right-handed quarks which couple
to the (V+A) current cannot follow the same '"weak-isospin' classification as

the left-handed quarks. In fact, if all right handed quarks belong to weak-
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isodoublets, we must have six quarks, and there is only one weak-isospin
assignment. Since u cannot have a substantial (V+A) transition into d
or s , it must be in the same weak isodoublet with the right handed b-quark.
That leaves only one question open: is the left handed c-quark associated
with d or s ? The K.-K. mass difference41 as well as the PCAC analysis of

Sysl 39,42

K>27m and K-»37m decay - prevents us from having a significant V+A

c«+d transition. Hence, the right handed quarks must be classified as?0’41’44

u t c

PiR d)r SIR

as compared with:

u Cc

ot

] 1
d L s')y, b L

The introduction of similar V+A currents into the leptonic world involves

several new neutral 1eptons43’44

and theoretical complications related to
nonconservation of lepton-number.

The theories with V+A and V-A currents can be rewritten, in the limit of
zero fermion masses, as a pure vector theory42’43’44. This is a very attractive
idea, since it implies that the weak interactions are fundamentally pure parity
conserving vector interactions like electromagnetism and, possibly, the strong
interactions. According to this philosophy the mechanism which generates the
fermion masses and the weak mixing angles, also generates parity violation and
axial vector currents. This entire approach, however, is not freé of theoretical
difficulties, and we will have to watch its development in the next few months.

At this point we must repeat that, with the possible exception of the two-
muon events at the Fermi laboratory, we see no experimental or phenomenological

reason to introduce V+A currents.
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XVIII. WHAT NEXT?

As of now, August 22, 1975, it seems that below Wv8 GeV , six leptons and
four quarks are sufficient for accounting for all the experimental facts. The
theory suggests that two additional quarks may be around the corner, and should
be found in the next generation of e'e” machines.

However, many experimental surprises may appear in the next few months.

It is especially crucial to: _

(i) Verify that the U particle of the eiu+ events7’10 is indeed a lepton.
(ii) Discover the charmed mesons.

(iii) Study the y-spectrum with special emphasis on the C = +1 levels and the
missing decays of '

On the theoretical front, the "burning" issue is, of course, the number of
quarks and leptons and the nature of the weak currents.

The total number of '"fundamental" fermions is now at least 18 (four tricolored
quarks and six leptons) or perhaps 24 (six quarks and six leptons). This is
comparable to the number of known hadrons when SU(3) symmetry was introduced.
We cannot avoid the feeling that the connection between quarks and leptons46
as well as attempts to explain the proliferation of 'fundamental" fermions will

occupy an important place on the theoretical agenda for the next few years.
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DISCUSSION

J. Rosner, Minnesota: As this looks like the last
chance for this, can you or someone else show a slide
of the fit to the angular correlations of e and mu in
the e-mu events based on the heavy lepton hypothesis?

H. Harari: I don't have the slide. Perhaps Martin

Perl has it.

M. Perl, SLAC: We don't have the slide with us. I
will certainly bring one in on Monday. I would like,
however, to make one comment. In my optimistic and
cheerful moments I certainly agree with many of Haim's
thoughts about the U particle. But sometimes in the
middle of the night, or very early in the morning, I
wake up with the following worry about all this. When
we make these fits and seem to see the heavy lepton as
tring a reasonable fit, we are assuming that all the
e-mu events left after background subtraction are pro-
duced by a single mechanism, namely a production of
particles of one type only. If the U particles are of
several different types (heavy leptons, various charmed
mesons, etc.), all being produced together, and the
background is mixed into it in a strange way, then we
have no real understanding of the events, and many hy-
potheses can fit again. I want to emphasize that the
heavy lepton is the simplest hypothesis at the moment,
but it is not the only one. The job of verifying that
the U is indeed a heavy lepton requires getting rid of
all other possibilities, including very complicated
ones such as three or four things happening at once.
We fully realize the magnitude of making such a claim.

Harari: I think Fred Gilman would agree with me
that both our talks were worthwhile if they served to
impress you with the crucial importance of fully under-
standing these e-mu events. Whether or not the simple
charm scheme makes sense depends strongly upon the
final understanding of these events.

H. Schnitzler, Brandeis University: I would like
to point out that if the state found at 2800 MeV is the
expected ng 0~ of charmonium spectroscopy, this would
pose grave difficulties for those who view it as a
non-relativistic system, since the ¥(3.1) - n (2.8)
splitting is half the Y (3.7) - ¢(3.1) splitting. It is
hard to believe that this is a (v/c)“ correction in non-
relativistic models.

Harari: I didn't have time to discuss that point,
but I would add that the problems of the splittings of
the states, namely the splittings between the 3p states
(if they are indeed the states observed between the V¥
and ') and the splittings between each vector and its
friendly pseudoscalar, are important to the determin-
ation of the parameters of the potential, if indeed
you can talk about such a potential. However, that
type of problem is really a second-order problem in
these charmonium models. You can see that these various
splittings give one handle on whether the binding is
relativistic or not, what kind of spin-orbit couplings
there are, etc.

M. Roos, Helsinki: 1In the picture presented you

put the 2351 state below the 3D1 state? Are you forced
to do that? Or could you identify the ¥(3.7) with the
3D1 state?

Harari: Well, according to these models the D states
would have a vanishing wave function at the origin, and
the wave function at the origin is the only thing that
determines the decay rates of these particles into lep-
ton pairs. Now we know that the ¥(3.7) decay rate into
lepton pairs is approximately half of the ¥(3.1) decay
rate into lepton pairs. Therefore, the wave function
at the origin is presumably of the same order of magni-
tude in the two cases and is unlikely to be something
which is vanishingly small. This is the motivation of
the charmonium people for identifying it with the S
state. As I said, there is a possibility of a small
mixture. Now what is important is that if there is a
mixture which is substantial, then this fellow 3D;
should also be seen as a spike at SPEAR (whether narrow
or wide is not clear, and the area under it depends on
the mixing). That, presumably, has not been seen yet,
but maybe it is so small that it will be seen. This is
the party line on that issue.

H. Kluberg-Stern, Saclay: In your favored model a
new heavy lepton and the charmed quark are solely rele-
vant to the SPEAR data. You mentioned that all experi-
mental SPEAR data are consistent with this model. From
your point of view, to what channels do the charmed par-
ticles decay, since two- and three-body hadronic chan-
nels are still small? Do you expect any hadronic or
semileptonic decay to be dominant?

Harari: Obviously, neither I nor anybody else knows
what is the best game you can play. However, let me
suggest one. The game is to look at pp annihilation at
rest, which is a system of mass 1.9 GeV (which is close
to the mass of the alleged charmed meson) decaying into
mesons, and to copy it, except that every time you see
a couple of pions there you replace it by a K meson
here, because there are many pions there but here you
need a K meson. Let's take this as a guess for lack of
anything else. If that is the case, then the most fa-
vored thing in the final state would be typically some-
thing like one kaon and three pions; there will be a
fair number of events with one kaon and four pions and
of one kaon and two pions, although the latter will be
somewhat smaller. There will be very few events with
one kaon and one pion, and that is more or less the
case. The semileptonic branching ratio is still as un-
predictable as ever. It is probably 5% or 10% or what-
ever, and I think that is the situation. Now, if you
are asking how, experimentally, we are finally going to
find them, there are obviously two possibilities. One
has simply to get one or two or three more orders of
magnitude of data on the Km final states because that
decay must exist at some level. What I mean is that
even y decays sometimes into Pp, for example, although
it occurs only once in 500 decays. Maybe the decay
D + Km also occurs only at the 1/5% level. The other
possibility is to look at things like K and 37's.in the
final state which is supposed to be an abundant decay
mode, but this is very difficult to do experimentally.
I don't see any alternative.

Kluberg-Stern: When you say abundant, do you mean

10% or more?
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Harari: I would guess that K3m is probably some-
thing of the order of 30% maybe, but this is just a wild
guess. Don't forget that there are probably half a doz-
en different charged decay modes, so we are making life
very difficult for the experimentalists (but then, they
are reciprocating).

G. Karl, Guelph University: I would like to ask you
about a point that I didn't understand. Why do you feel
that the discovery of natural parity states between the
Yy and Y' forces you to assign Y' to a radial excitation
of Y rather than having a model with several quarks in
which ¥ and y' are composed of different quarks? Or
have I got you wrong?

Harari: No, no, you have got me right, except for
the word "forces". I don't think it really forces any-
thing but, in my opinion, there is a very strong indica-
tion in that direction because it is the simplest ex-
planation. If that would have been the only thing that
happened in the last month or so, I would have said that
we have a big puzzle. In fact, that is what I did say a
month ago, namely that the Y spectrum does look like
radial excitations and one new quark; but the value of R,
which is a very important clue, certainly doesn't look
like one new quark. If, however, the following things
are happening and are descending upon you at the same
time--(1) the e-u events begin to look more and more
like a heavy lepton, (2) the Y spectrum begins to look
more and more like that of a radial excitation, and (3)
the two things are really performing the perfest crime
by concealing everything in such a clever way--then I
find this to be the simplest possibility at the moment.
I am not forced, but I find it attractive.

C. A. Heusch, UC-Santa Cruz: I have a comment con-
cerning your remark that one of the principal tasks of
the experimentalists will be to dig up information that
would make us understand the Zweig rule better. I feel
that the first task in front of us is to prove or dis-
prove that there is such a thing as the Zweig Rule. If,
say, we don't find more strange particles in fully re-
constructed pp + ¢ +... events, then the Zweig Rule as
we invoke it to explain the narrow width of the y's is
dead.

Harari: We are not sure whether the Zweig Rule is
right. So far it has been right wherever it has been

tested, but wherever means about four or five places so
we are not sure. We have. to test whether it is right or
wrong in as many experiments as possible, and I made a
partial list in my talk. Every such piece of guantita-
tive evidence will give us parametrizations, and we will
start to understand the importance of whether there are
two or three gluons, of whether it is a light or heavy
quark, etc., etc. In this way we will get more and more
clues. Then the people who write the underlying theory
behind all of this may have some kinds of things to con-
tradict the theory or to prove it. It is that kind of
thing which I am looking forward to. Any experimental
piece of work that you can do that will kill or improve
or explain or parametrize the Zweig Rule is very rele-
vant, I think. If you can kill it you will give work to
the speaker at the next conference.

J. Kirkby, SLAC: In my opinion, the easiest experi-
mental way to pin down charm is the K/m ratio. I don't
understand why you say that this extra lepton makes
everything OK now. The present data shows a rise in
this ratio of 10% * 10% as the center-of-mass energy is
swept through 4 GeV, whereas in the absence of the
lepton one would expect it to rise by roughly 50%. Would
you go through the arithmetic to show how accurately the
experimentalists need to measure this quantity before
charm is in serious trouble?

Harari: I cannot give you a quantitative estimate
of that, but I do want to give you two or three numbers.
Let us take the most stupid possibility as an example.

Suppose that 5% of the heavy lepton decays have K-mesons
in the events, and 60 - 70% of the charm particle decays
have K-mesons, which is a typical estimate. Now what
you have to do is to average these two numbers, with
somewhat more weight for the charm number because the
lepton gives you one unit of R, while charm gives you
one and one-third or perhaps somewhat more. So you have
as an average, say, 35%, perhaps an additional 5%, and
that is it, roughly. Now in the "old" physics, approxi-
mately 40% of the events have some kind of K-meson in
them. So what you find is that this crazy mixture of--
half beef and half chicken, or whatever you want to call
it--this mixture of heavy lepton and charm is really
imitating the 35 -~ 40% very cleverly. Now you are ask-
ing me to put better numbers on it. I haven't done it
as carefully as I would like to do, and as I will do,
but I can guarantee that for anything I do, somebody
else will get 10% more or 10% less. It is very hard to
get better accuracy than that because you are averaging
two uncertain numbers like this and asking only for
variations. I think that if the heavy lepton is con-
firmed, the global K/m ratio will teach us very little.
I say if the heavy lepton is confirmed. That is very
crucial.

H. Lipkin, Weizmann Institute: Continuing along
this same line, another possible signature for charmed
pair production would be an apparent strangeness viola-
tion if one charmed particle decays with a kaon in the
final state and the other without. If you had just a
few events, with one kaon and three or five pions, and
if you knew that all the particles had been seen, that
would be enough to tie it down. What are the experi-
mental possibilities for detecting this?

Harari: This question is simple enough so that even
I can answer about the experimental situation. There
are very, very few events which are fully reconstructed,
namely that satisfy four-constraint or one-constraint
fits, so that you can be absolutely sure that no K es-
capes. There are even fewer events which are fully re-
constructed and have K/m identification on all particles.
In fact, I have never heard of even one such event above
4 GeV although there might be one among the 50,000 or so
events observed above that energy. So, at present, it
is hopeless. I don't know what the chance for seeing
this might be elsewhere, or with the new magnetic de-
tector at SPEAR, which will have a much better solid
angle and somewhat better K/m identification. I hope we
don't have to wait for that, since it is two years away.

E. Derman, University of Pennsylvania: About a month
ago, at the SLAC Summer Institute, you attributed the
dimuon events of the same charge, seen in neutrino
scattering, to the t and b quarks, which you now "post-
pone.”" How can you now account for these events with
only c quarks in a V - A framework?

Harari: I think that I said quite clearly that my
opinions have changed in the last month. I think that
is perfectly legitimate; this happens--to some of us at
least. More seriously, I did not discuss dimuons since
they will be discussed by Professor Wolfenstein next
week. Incidentally, the V and A issue will be discussed
by Ben Lee in his talk. I just didn't have enough time
to get into all of this.

I would say that the opposite-charge dimuon events
would be likely to come from the production of charmed
particles. I don't know how the like-charge dimuon
events are explained in this way. The last I heard there
were only 4 such events, but perhaps next week we will
have more. If they are confirmed, then this would be a
possible motivation for introducing V + A currents. Re-
member that what I said was that I do not see a definite
motivation for introducing V + A currents. Some of the
people who introduced V + A currents originally, for ex-
ample, Glashow and company, did so in that context and
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liked it as a possible explanation. It is a fairly in-
volved question, and I hope that Wolfenstein will dis-
cuss it.

P. Condon, UC-Irvine: Have the experimentalists
looked at the K/7 ratio in events that have been select-
ed to have a muon or electron present?

Harari: That is a very good question, but I don't
know the answer.

Perl: The answer is no.

J. J. Sakurai, UCLA: I would like to point out that
the decay of a heavy lepton provides a fantastic oppor-
tunity for cleaning up the "old" spectroscopy of G-odd
pseudoscalar and axial vector states. It seems a little
strange to me that we know so much about the 3p bound
states of ¢ and C quarks while we don't even know whether
the ordinary axial vector meson nonet is complete. For
example, the question of whether or not the Aj exists
can be conclusively settled by looking for U - Ay + v.
There are certain chiral symmetry estimates which were
made long before heavy leptons became fashicnable. . By
studying the decay products of the heavy leptons we can
get information that could otherwise be obtained only by
constructing an electron-antineutrino colliding-beam
apparatus with an.astronomical luminosity.

Harari

Harari: The whole situation is ridiculous. We have
four excitations of the Yy but we haven't yet found the
$', and, as you say, there is the problem of the A;. I
mean that there are many respects in which the ¥ spec-
troscopy is already better understood than the old spec-
troscopy, although far from being understood in all res-
pects, of course. However, this is partly because they
are narrow states and partly because of the unusual ex-
perimental circumstances.

G. A. Snow, University of Maryland: What would you
speculate about the mass of the neutral brother of the
heavy lepton?

Harari: That is a very good question. I have no
speculations. As far as I am concerned, it could either
be a massless neutrino, or it could even have a small
mass. There is no evidence against some mass. Pre-
sumably, most of the analysis of the SPEAR people was
done assuming a massless neutrino, but I am sure that,
with the present data, much of the analysis wouldn't
be affected if it had a mass of a few hundred MeV. I
would find it very hard to believe that this neutrino
has a very large mass because that would presumably
affect all the momentum distributions, etc., but it is
clearly an open question theoretically and experimental-
ly.
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