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ABSTRACT 

A number of comments are made on issues raised by 
experimental results presented to the Conference. Prejudices 
and disconcertions are shared openly. 

INTRODUCTION 

Rather than attempt a summary of what we have heard or 
of where our field stands, I want to share with you my re- 
actions to the findings reported here. These will include 
expressions of delight and of bewilderment, clarifications 
of folklore, and theoretical background comments. I have 
made little effort to achieve uniform coverage or to present 
all sides of every question. Indeed, what follows is simply 
my critical reading - here provocative, there didactic, 
elsewhere intemperate - of the papers delivered here. 

HADRONIC PRODUCTION OF NEW PARTICLES 

A number of searches for charmed or otherwise novel 
particles produced in hadron-hadron collisions have been 
carried out.'-7 These have yielded a few curiosities but 
no one yet has a compelling candidate for the wallet cards. 
What is the interesting level of sensitivity for charm 
searches in hadron-hadron collisions? 
of my colleagues*" 

My viscera, and those 
say that at Fermilab energies the total 

cross section for charm production is 

c(charm) 5 1 nb . 

If we divide this number by 3 for the distinct species of 
charmed pseudoscalars and multiply by 5% which appears to 
be a reasonable guess lo for a typical nonleptonic branching 
fraction, we arrive at 

u x Branching ratio Q 1 to 10 nb 
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as the interesting level to penetrate. This is so small 
that the unsuccessful searches do not yet surprise or dismay 
the advocates of charm. 

Special triggers have been employed to select events 
in which charmed particle production may be enhanced. If 
charmed particles have appreciable semileptonic decays, a 
(prompt) u trigger might select events in which one charm 

has decayed semileptonically, leaving the other to be ob- 
served. The sensitivity required for this kind of search 
is no less demanding than in the untriggered case. With 
a semileptonic branching fraction of approximately lo%, we 
may expect to require 

u x (Semileptonic branching ratio) 

x (Branching ratio for decay of second charm) 

The use of a J, trigger" to enhance the charm signal to 
background has a&so been attempted. Here it is assumed 
that (I is a (cc) bound state produced in an Okubo-Zweig- 
Iizuka ruleI - respecting exchange process such as 

XijPD W 

where solid lines represent ordinary light quarks and 
broken lines represent charmed quarks. According to this 
line of reasoning, every $ is accompanied by a pair of 
charmed particles. Likewise the replacement of strange 
quarks for charmed quarks in'the exchange diagram leads 
to the expectation that every produced $ should be ac- 
companied by a pair of strange particles. A searchI in 
low energy pp collisions has produced no evidence for 
a @(KU enhancement. What is wrong'" with the argument? 
First, the 021 rule is unlikely to be exact; $ and JI 
do decay into nonstrange and uncharmed hadrons, respec- 
tively. Second, it is not the only influence on production 
cross sections. For example, in 24 GeV/c pp collisions 
a final state like pK$h is energetically far more costly 

than p$p . Finallyc it may be that the dominant mechanism 
for $ production is OZI-rule violating and has nothing 
to do with charmed particle exchange. In this event there 
is no reason to expect any @(Da) correlation whatsoever. 
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We meet such a mechanism by asking whether II,' is 
produced in hadron-hadron collisions. Data presented to 
this conference'5"6 indicate that in 300-400 GeV/c NN 
collisions 

Earlier, the MIT-BNL group reportedI 

U(qJ')/U(1/~) < lilO0 

in 28.5 GeV/c pBe collisions. Regardless of the numbers, 
no one has yet seen a clean J/J' 
actions." 

peak in hadronic inter- 
Is this amazing? How might it be explained? 

Three possibilities leap instantly to mind. The first is 
a kinematical suppression." I find this unappealing at 
several hundred GeV/c, but we may entertain a thermo- 
dynamic argument anyway. According to the usual lore'" 
the ratio of prrduction cross sections for particles whose masses 
differ by AM is, ceteris paribus, exp[-AM/160 MeV]. For 
the case at hand, we have 

0[@'(3684)]/+(3095)) = 0.025 , 

which leaves us with nothing to explain. My only objection 
to arguments of this kind is that I do not understand them. 
A second coneivable explanation is that J, and I)' are 
not closely related objects. I dismiss this at once.*l 
The third possibility is the one I find most interesting, 
if not entirely convincing: it is that the suppression 
has a specific dynamical origin" suggested by the char- 
monium picture of Appelquist and Politzer.23 
has reminded us in his talk,24 

As Appelquist 
the charmonium-positronium 

analogy explains the. narrowness of 9 and (I' by the 
requirement that these C=-1 '5 states decay through 3- 

. gluon intermediate states, wher'eas C=+l psions (such as 

+o 'Ic 
- _ 

and the x or P c states) can decay.through 2-gluon 
intermediate states and should be broader. 
ment, 

On this argu- 
the total width of the pseudoscalar nc 

to be about 5 MeV, 
is expected 

75 times the width of J, . Let us 
now apply this reasoning to the 021 rule violating pro- 
duction mechanism posited by Einhorn and Ellis,3a Drell- 
Yanz5 process for gluons. Evidently 
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(the wavy lines represent gluonsl, so that 

o(x) or o(nc) >:: o(*) or a($') . 

Taking this line of reasoning too literally we arrive at 
the conclusion that no (IS or (I'S are produced directly in 
hadron-hadron collisions. All the Jls we see occur as 
decay products in reactions like 

nN + x + anything 

L $ + y + ..' 

Notice that because x(3500) -f+ +'(3684) + **-, we require 
more massive C=+l psions to feed $' production. If 
these lie below the putative charm threshold, El tran- 
sitions to $ should be favored over those to $' by 
the larger Q-value. If they lie above the threshold, 
they may not decay appreciably into either J, or JI'- 
In either instance we have reason to expect 

u($J) >> O($') . 

It is important to put this proposal to the test by search- 
ing for the decay photons accomF#anying (IS and by searching 
directly for x production in reactions such as 

nN + x f anything 

I---+ nin- . 

Unfortunately, the branching ratios I glean from Friedberg's 
reportz6 do not encourage the hope that this will be easy. 
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HADRONIC PRODUCTION OF LEPTONS 

One may ask whether J, is produced strongly, or 
through the intermediary of a virtual photon. An old but 
good argument against the latter possibility is that a 
direct (i.e., nonelectromagnetic) coupling of J, to 
hadrons is implied by the observation that 

r($+hadrons) >> r(~~,+~~~(e'e-jhadrons) 
u (e+e-+p'u-) off 

I resonance . 

A less devious proof can be had by verifying that J, pro- 
duction respects strong interaction symmetries such as 
isospin invariance. The ratio 

atn+c -f $ + X) = 1 
ata-C + J, + X) 

for strong production, including the cascade mechanism 
reviewed in the preceding section. I believe we know the 
outcome of this measurement before it is done: the J, 
is produced strongly. However, for lepton pairs in general 
Ge origin and the production mechanism are quite uncertain. 
The same test applies.*' We define 

P= 3.c (n+c + .t+ll- + X) -YE (n-c + R+a- + X) 
I 

, 
dMZ dM2 

where M is the invariant mass of the R'R- pair. If 
the pairs are produced through 

sT+C + hadron + X 

L !L+g- , 

p=l I but if they are produced through 

a"C -f yv + x 

I.+ t+il- , 

Pfl in general. An extreme example of the latter is 
Drell-Yan production by valence quark annihilation. For 
incident n+ , the elementary process is da -f yv; for 

incident r- it is uii + y" . The cross section is pro- 

portional to the square of the quark charge, so we find 

P'% 
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In a less schematic Drell-Yan model, with valence and sea 
quarks, the value 
lepton pair masses. 

p=& is attained only for rather large 
At very small masses, for which sea 

quark-sea quark annihilations are dominant, p-+1 . 
is shown in Fig. 

This 

utions. 
1 for two choices28'23 of parton distrib- 

du (T+C - fi+w-X)/d M* 

dcr(rC -p+p-X)/dM2 

I- I I I I I I I I I 

------- 

O.lo I I I I 1 I I 1 I 0.2 0.4 0.6 0.8 1.0 

T= M2/S 

Fig. 1: Ratio of lepton-pair production in IT~C 
collisions expected in the Drell-Yan model. The solid 
line is based on the parton distributions of Ref. 28; 
the dashed line on those of Ref. 29. 

Is there indeed any le ton-pair continuum? Is it of 
Drell-Yan origin? Sanders, Bcl reporting on a Chicago- 
Princeton experiment at Fermilab, has raised the possibility 
that there may be no continuum at all between 4 and 
3 GeV/c' , that vector mesons PrW,tJrP’ might account for 
the entire observed signal. Increased resolution and the 
isospin test just discussed will help to clarify the 
situation. In his report on the Columbia-Fermilab- 
Stony Brook experiment, Appel" indicated that perhaps 
there is a continuum contribution above 5 GeV/c'. If 
you believe T(5.97 GeV/c*) is a resonance, the evidence 
for a continuum is very weak indeed. The extant data 
cannot sustain both a prominent resonance and a continuum. 
I cannot agree with Sullivan's conclusion31 that the Drell- 
Yan mechanism is firmly established. We still require 
the convincing demonstration that M4do/dM2 depends only 
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upon M'/s , that the pairs originate from virtual photons 
as distinct from vector mesons, and the observation of a 
credible continuum signal for values of 
not tiny. 

M2/S which are 
Defensible estimatesa of the Drell-Yan con- 

tinuum lie at or below the levels reported by Appel16 and 
by Sanders." The identification of the Drell-Yan signal 
is of great importance for discussions of new accelerators 
intended as W boson factories. 

At low lepton pair masses where we cannot expect 
Drell-Yan arguments to apply, the experimental situation 
is even more confusing - at least to me. There are back- 
grounds from n Dalits pairs and from Bethe-Heitler 
conversion of the photons released in r0 decay. Evidently 
both of these are imperfectly understood in practice. The 
rate for n+n+n-y is only known theoretically, and different 
reasonable choices for the form factor lead to predic- 
tions'" which differ by as much as 30%. Much more work, 
principally on low mass e+e- pairs, will be required to 
assess theoretical speculations34 that copious radiation 
of nearly-real photons is responsible for the bulk of 
prompt lepton production. 

The reports’5”“‘35-39 on prompt production of leptons 
leave me terribly perplexed. I think this is not due en- 
tirely to my hebetude, but to contradictions among data 
sets. 
about 

It appears to me that we speak with confidence 
v/e, !.dn, and e/n when in fact very little is 

known about the dependence of these ratios upon s, x, 
and beyond what was reported in 1974." 
don'tP%now what to believe at small pA 

I simply 
or at low energies. 

I should prefer to have the differences between experiments 
faced directly and not disregarded. 

CHASING DOWN CHARM 

Do charmed particles exist? 
Have they been discovered? 

Beyond reasonable doubt. 

Ask me in a year. 
Almost certainly. By whom? 

I want to issue a warning about charmed particle mass 
formulas, 
quarters. 

which seem to be taken very seriously in some 
If you are told that someone can compute 

charmed particle masses to within a few MeV/c', my advice 
is to get a firm grip on your wallet. There are several 
ways of estimating these masses.4J All are equally 
(injcredible. The situation is not closely analogous to 
the propitious days of the hunt for S- and experimental 
agreement with a theoretical mass is of iar less consequence. 

Although I am unprepared to state who has discovered 
~~~r~~~-pa~~6~~~~:t~~shav~~e~~t~ssured'"-4",t"at it.isn't 

One possibility is that 
the quark of which psions are made is not the charmed 
quark. We lack any indication of a connection between 
the constituents of J, and the weak interaction, but let 
us tentatively put aside this possibility in the interest 
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of simplicity and because the charmed quark we believe we 
need' ought to lie in the explored mass region. More to 
the point is that we don't know how many new phenomenab7 
are occurring in the range 3 GeV ( sk < 5 GeV. 
fidence grows44'4B 

As con- 
in the reality of the heavy leptons 

reported by Per1 and coworkers at SPEAR,"' the limits on 
charmed meson production recede from the threatening 
levels5' of last summer.51 
bility of these excuses, 

Despite my faith in the relia- 
I shall feel more confortable 

when they no longer have to be made. 

ISSUES IN NEUTRINO-INDUCED PRODUCTION OF CHARMS 

In the Glashow-Iliopoulos-paiani (GIM) scheme,52 the 
hadronic weak current'mediated by W+ has the form 

J+ % ;(d cos8 c + s sinBC) 

+ c(s cosec - d sin8C) " 

The observation of 
at Fermilab and in 

K e+(v)u- 
al 

events in the 15' chamber 
e Gargamelle chamber at CERN'" 

hints that the GIM current may indeed by operating. It 
was anticipated' that of the charmed pseudoscalar mesons 
D+(=ca) would be most likely to have appreciable semi- 
leptonic decays. The simplest semileptonic decay mode is 

D+ -f i?9.+v , 

which invites identification with the observed events. 
Two questions of vital importance are whether the 
KSe+p- events truly signal charm, and how the apparent 
new objects are produced. At the moment we can answer 
neither of these incontrovertibly. i I shall therefore in- 
dicate some of the processes whereby charmed particles 
may be produced in (u,ij)W collisions.55 

Let us first consider charged current interactions. 
The most reasonable possibilities for charm production in 
VN collisions are indicated in Fig. 2. The Cabibbo- 
favored diffractive process56 vN+u-+F *+ + anything likely 
results in the semileptonic decay 

F+ + (a+") (SE) 

L 0" or KE . 

It is a "delayed threshold" reaction in which the total 
hadronic energy must be large enough that the four- 
momentum transfer squared required to put the F* on 
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% 

valence quarks 

ciiuud 

All 
W+ diuud 

sin 
% 

sea quarks 

Fig. 2: Partial list of the charm-producing mech- 
anisms which may operate in (v,v)-nucleon collisions. 
See Ref. 55 for additional discussion. 
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Fig. 2 (continued): 
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mass shell is small. The other reactions indicated lead 
to final states containing a single charmed meson or baryon, 
plus anything else. 
decays are5' 

Some examples of expected semileptinic 

c1 -+ c?.+v . 

Antineutrino-induced collisions are distinguished in two 
important ways from neutrino-induced collisions: No 
charm-changing interactions with valence quarks can take 
place, and no charmed baryons will be produced. The 
remaining mechanisms for the production of charmed par- 
ticles, shown in Fig. 2, are counterparts lof those we 
have already mentioned in the vN case. 

Opportunities for charm production are more restricted 
in neutral current interactions. The neutral current 
can be represented schematically by 

Jo % UC + c: - da - ss , 

which gives rise to the diffractive production of charmed 
particle pairs by the last diagram in Fig. 2. Because 
two (heavy) charmed particles are produced by this 
process, I expect it to have an effective threshold energy 
about four times that required for diffractive F* pro- 
duction. Following Einhorn and Lees6 I estimate the 
needed beam energy at about 120 GeV. 

PSION SPECTROSCOPY 

The observationz6 of the transition 

Q' + ~(260 MeV) + X 

at the S-10% level removes a principal embarrassment for 
charmonium spectr+copistsT4'58 The remaining great pro- 
blem is the mass of the apparent O-+ state"""5'59 nC(2800). 
With theoretical success comes theoretical hubris. Theor- 
etical hubris wants the n mass to lie between 3000- 
3050 MeV/c'. It would be geliqhtsome if nature could be 
persuaded to cooperate. 

We learned from Breidenbach'@ that the SIAC-LBL Grou 
has failed to confirm the existence of T(5.97? GeV/c2) PO 
in the mass interval between 5.8 and 6.1 GeV/c". It is 
conceivable the 
lisions but not iz e'z-prod 

uced copiously in pp col- 
annihilations ,if it is not a 

vector particle, or if its branching fraction into lepton 
pairs is tiny. To my mind it is too early to be very quan- 
titative, but one should be prepared to be put off by the 



implication of a large production cross section (i.e., 
much greater than that of $ ) in hadronic interactions. 
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Another argument discourages the belief that T rep- 
resents the $-analog of yet another quark. If it were 
a bound state of a new heavy quark, we should expect a 
step in 

R = a(e+e-+hadronsl 
u (e+e-+i+p-) 

within about 1 GeV. The step need not be as spectacular 
as the one near 4 GeV, where several new phenomena may 
coincide. For a quark of charge l/3, the increment in 
R would be only l/3, but there is no evidence" for even 
such a small change above 6 = 5 GeV. 1 have the same 
uneasiness about a heavy quark interpretation of the 
noname(4.3 Ger:/cz).'" 
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